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Preface

Hydrogen greatly influences the properties of various materials which is important
for almost all industrial technologies. Hydrogen can enter the molten metal and
remain in it after solidification. During the exploitation of metal parts, hydrogen
saturation occurs due to corrosion, friction, or plastic deformation. Water is the
most common source of hydrogen. The properties of metals are drastically affected
in the presence of any additives. They become brittle, crack, and lose durability.
Only one hydrogen atom per hundreds of thousands of metal atoms is enough while
other impurities can cause some harm only in much higher concentrations reaching
a fraction of a percent. A small concentration of hydrogen is difficult to fix, which
makes difficult the direct measurement of its content in metals. That is why various
approaches to the problem of hydrogen diffusion and distribution in metals are
attracting a vivid attention of the researchers from many countries.

In consideration of success of workshop on advances in hydrogen embrittlement
study which took place in the framework of the First International Conference
“Corrosion in the oil & gas industry” in St. Petersburg in May 2019, we feel
honoured and privileged to present a collection of papers in this volume “Advances
in hydrogen embrittlement study” in the world leading publisher Springer. The
workshop covered, among the others, the subjects that reflected some challenging
research items in theoretical and experimental studies. These include both devel-
oping adequate experimental techniques for characterizing fracture/damage and
efficient theoretical and numerical approaches. The volume contains predominantly
the papers presented at the above workshop and completed by new scientific
achievements in a number of papers by the world experts in the field of hydrogen–
metal interaction.

St. Petersburg, Russia Vladimir A. Polyanskiy
November 2020 Alexander K. Belyaev
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Chapter 1
Potential Effects of Short-Range Order
on Hydrogen Embrittlement of Stable
Austenitic Steels—A Review

Motomichi Koyama, Burak Bal, Dermican Canadinc, Kishan Habib,
Toshihiro Tsuchiyama, Kaneaki Tsuzaki, and Eiji Akiyama

Abstract Here, we present a review of the hydrogen embrittlement behavior of face-
centered cubic (FCC) alloys with short-range order (SRO) of solute atoms. In this
paper, three types of FCC alloys are introduced: Fe–Mn–C austenitic steels, high-
nitrogen steels, and CoCrFeMnNi high-entropy alloys. The Fe–Mn–C austenitic
steels show dynamic strain aging associated with Mn–C SRO, which causes defor-
mation localization and acceleration of premature fracture even without hydrogen
effects. The disadvantageous effect of dynamic strain aging on ductility, which is
associated with the deformation localization, amplify plasticity-assisted hydrogen
embrittlement. Cr–N and Co–Cr–Ni SRO effects in high-nitrogen austenitic steels
and high-entropy alloys enhance the dislocation planarity, which causes stress con-
centration in the grain interior and near the grain boundaries. The stress concentration
coupled with hydrogen effects causes quasi-cleavage and intergranular fractures.

Keywords Hydrogen embrittlement · Austenitic steel · Short-range order ·
Dynamic strain aging · Dislocation planarity
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1.1 Introduction

Austenitic steels have been noted for their hydrogen-resistance, owing to the low
hydrogen diffusivity and isotropic plasticity levels stemming from their face-centered
cubic (FCC) structure. The former prevents hydrogen localization at dislocations and
microstructural interface compared with body-centered cubic (BCC) structure, and
the latter enables accommodation of the microstructural stress concentration under
loading because of the larger number of slip systems comparedwith hexagonal close-
packed (HCP) structure. In this context, even if the initial crystallographic structure
is FCC, a martensitic transformation to a BCC [1–4] or HCP [5–8] structure triggers
the occurrence of hydrogen embrittlement. Therefore, with the scope of applica-
tion in hydrogen-related infrastructures, austenite has been stabilized through the
addition of solute elements such as Ni, Cr, Mn, C, and N. Figure1.1 shows the
hydrogen embrittlement susceptibility plotted against the equivalent Ni concentra-
tion, Nieq (austenite phase stability increases with Nieq .), which clearly indicates
that the increase in austenite stability improves hydrogen embrittlement resistance
when Nieq is below 40%.

However, we additionally note that there are some exceptions showing signifi-
cant hydrogen embrittlement even when the austenite phase is fully stabilized. For
instance, hydrogen embrittlement susceptibility deteriorated when Nieq increased
by over 40%, as shown in Fig. 1.1. Furthermore, stacking fault energy has been pro-
posed as another criterion for screening hydrogen embrittlement resistance [9, 10].

Fig. 1.1 Austenite stability effect on hydrogen embrittlement susceptibility when hydrogen was
introduced at a hydrogen gas pressure of 45 MPa. Nieq indicates the austenite phase stability [2].
Specifically, the effects of various solute elements on the austenite stability were converted to the
effect of Ni in terms of the thermodynamically equivalent Ni concentration in mass %. A more
quantitative relationship between Nieq and solute element concentration is shown in the label of
the X-axis. 304L, 316, and 316L indicate commercial austenitic stainless steels. A286 and A718
indicate precipitation-strengthened austenitic stainless steel and nickel alloy, respectively. Relative
R.A. indicate relative reduction in area. Reproduced with permission from ISIJ International, 56,
405–412 (2016) Copyright 2016, ISIJ
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Fig. 1.2 Stacking fault energy criterion for screening hydrogen-resistant ferrous alloys [9]. 300-
series and Mn-stabilized indicate austenitic stainless steels and high-Mn steels, respectively. The
stacking fault energies were calculated for room temperature. The third dashed line is a fit to all
the data in the range of 25 to 50 mJ/m2 stacking fault energy. Shaded and open points indicate
specimens tested after being saturated with internal hydrogen and specimens tested in external
hydrogen, respectively. Reproduced with permission from JOM, 72, 1982–1992 (2020) Copyright
2020. This is a U.S. government work and not under copyright protection in the U.S.

As shown in Fig. 1.2, remarkable hydrogen embrittlement occurred when stacking
fault energy was lower than 39 mJ/m2, regardless of whether martensitic transfor-
mation occurred. Therefore, we must recognize that the austenite stability criteria
to predict the hydrogen embrittlement resistance of austenitic steels are incomplete,
and that further significant factors triggering the hydrogen embrittlement of stable
austenitic steels exist.

In general, the factors affecting embrittlement are local stress/plastic strain and
the strength of microstructural interfaces, such as grain boundaries. To further spec-
ify from a metallurgical aspect, local stress/plastic strain are factors associated with
the dislocation density evolution behavior and dislocation planarity. The dislocation
density evolution is dependent on various factors related to recovery and dislocation
multiplication. In terms of dislocation multiplication, dislocation pinning by solute
atoms has a significant effect. Specifically, dynamic strain aging, which occurs dur-
ing plastic deformation, provides high dislocation density and is associated with
extraordinary work hardening [11, 12]. The high work-hardening capability delays
the satisfaction of the plastic instability condition, which increases elongation. The
occurrence of hydrogen embrittlement may be assisted by an increase in dislocation
density; however, when local dislocation density has a detrimental effect on local



4 M. Koyama et al.

stress/plastic strain at cracking sites. In fact, when austenitic steels containMn and C
simultaneously, distinct dynamic strain aging occurs [13, 14]. Dynamic strain aging
affects hydrogen embrittlement properties by changing local plastic deformation
behavior [15, 16]. Therefore, the hydrogen embrittlement behavior of Fe–Mn–C
austenitic steels is relatively atypical compared to that of conventional austenitic
stainless steels [17] and binary Fe–Mn alloys [18]. Hence, the effect of Mn–C SRO
on dynamic strain aging is a key phenomenon in understanding some exceptional
behaviors of hydrogen embrittlement.

Regarding dislocation planarity, stacking fault energy is the primary controlling
factor in FCC alloys because the extension of dislocations suppresses cross slip.
The suppression of cross slip reduces the accommodation capability at the obstacles
blocking dislocations. For instance, the grain boundary is a representative obstacle
that stops the motion of planar dislocation arrays. Because the stress concentration
at the grain boundary increases with increasing the number of piling-up disloca-
tions, enhancement of dislocation planarity can assist intergranular cracking when
the grain boundary strength is weakened by hydrogen. A reduction in stacking fault
energy causes planar dislocation motion in addition to the promotion of twinning
and martensitic transformation, which increases the hydrogen embrittlement sus-
ceptibility (Fig. 1.2). However, even when the stacking fault energy is not very low,
high-nitrogen austenitic steels have shown strong dislocation planarity [19, 20] and
according hydrogen embrittlement [21, 22]. Specifically, the dislocation planarity of
the high-nitrogen steels have been discussed to arise from Cr–N coupling/clustering,
i.e., short-range ordering (SRO) [23, 24]. Therefore, atomic interactions such as
Mn–C and Cr–N can be significant factors that control the hydrogen embrittlement
susceptibility of stable austenitic steels.

Evidently, significant amounts of varying solute elements must be added to stabi-
lize austenite and increase its strength, for example, Fe–Mn–C twining-induced plas-
ticity steel and high-nitrogen steel. Hence, many advanced austenitic steels involve
the effects of SRO. Therefore, understanding the short-range order effects is of cru-
cial importance to fine-tune the alloy design strategy for simultaneous improvements
in strength and ductility, both in air and hydrogen environments. In this paper, we
present a focused review of our recent work on SRO-related hydrogen embrittlement
in stable austenitic steels.

1.2 Mn–C Interaction

1.2.1 Case: High-Stacking Fault Energy

Initially, we introduced the effect of Mn–C on plastic deformation and hydrogen
embrittlement. The Mn–C interaction has been reported to affect the behavior of
dynamic strain aging, which results in serrated flow and enhances work harden-
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Fig. 1.3 a Engineering stress–strain curves of Fe–33Mn–xC austenitic steels (mass %), which
show serrated flow associated with dynamic strain aging [12] b dislocation density increment with
plastic strain in a Fe–14Mn–1C steel (mass %) [33]. Reproduced with permission from Scripta
Materialia, 141, 20–23 (2017) and 55, 299–302 (2006) Copyright 2016, Elsevier

ing [25, 26].1 Here, we introduce the effect of Mn–C-related dynamic strain aging
on hydrogen embrittlement in the case of a relatively high-stacking fault energy
in a group of high-Mn steels (over 50 mJ/m2), because the deformation twinning
formed by reductions in stacking fault energy complicates the hydrogen embrittle-
ment behavior.

The effect of dynamic strain aging in Fe–Mn–C austenitic steels becomes dis-
tinct with increasing solute carbon content, as shown in Fig. 1.3a. Since most high-
performance high-Mn steels contain more than 0.6 wt. % C, the effect of dynamic
strain aging on plastic deformation behavior is always significant. Specifically, the
dynamic strain aging facilitates pinning of dislocations at an increased rate, resulting
in dislocation multiplication for further plastic deformation (Fig. 1.3b). Therefore,
the dislocation accumulation rate in Fe–Mn–C austenitic steels is markedly higher
than in other FCCmaterials, as listed in Table1.1. Furthermore, dynamic strain aging
triggers deformation localization [28–30]. The localized extraordinary accumulation
of dislocations deteriorates the ductility associated with deformation band cracking
[31] and transgranular void formation [12] even without hydrogen uptake. Hydrogen
accelerates the reduction in ductility (Fig. 1.4a), which results from transgranular and
intergranular fractures (Fig. 1.4b). Note here that the intergranular fracture surface
involves traces of plastic deformation, as shown in the inset of Fig. 1.4c. Furthermore,
the morphology of the transgranular cracks is wavy, indicating that the cracked sur-
face does not have any specific crystallographic features and is not along deformation
bands such as twin plates [32]. The dislocation microstructure between the deforma-
tion twins is either a cell or a dislocation wall (Fig. 1.4d). These facts imply that a
transgranular crack is formed by dislocation accumulation and interactions.

Intrinsically, hydrogen embrittlement becomes significant with decreasing strain
rate, because it gives a longer time for hydrogen diffusion, accumulation, hydrogen-

1Currently, the effect of Mn–C interaction is still under debate. A recent work pointed out a type
of dynamic strain aging is triggered by a pipe diffusion of carbon without Mn–C SRO [27].
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Table 1.1 Increasing rate of dislocation density per unit strain (K) in various FCC alloys. The
Fe–Mn–C Hadfield steel shows a significantly higher dislocation accumulation rate than the others
[25, 33]

Material Deformation K
(m−2 per unit strain)

References

Aluminum Torsion 2.9 × 1015 [34]

Copper Torsion 3.1 × 1015 [34]

Copper Compression 1.5 × 1015 [35]

Nickel Torsion 2.0 × 1015 [36]

γ phase of type 304 austenitic
stainless steel

Rolling 1.3 × 1015 [37]

Fe-Mn-Si-Al TWIP steel Tension 4.0 × 1015 [38]

Fe-14Mn-1C steel
(Hadfield steel)

Tension or
compression

1.7 × 1016 [33]

Fig. 1.4 aEngineering stress–strain curves of the Fe–33Mn–1.1C austenitic steel (mass%)with and
without hydrogen precharging. Hydrogen charging was performed at a current density of 7A/m2at
353K for 72h in a 3% NaCl aqueous solution containing 3g/L NH4SCN. b Fracture surface and c
transgranular sub-cracks of the fractured specimen with hydrogen precharging. dMagnification of
c. [39] Reproduced with permission from ISIJ International, 56, 405–412 (2016) Copyright 2016,
Elsevier
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Fig. 1.5 a Strain rate effect on mechanical degradation in the Fe–33Mn–1.1C steel (mass%)
with and without hydrogen precharging. Hydrogen charging was performed at a current density
of 7A/m2at 353K for 72h in a 3% NaCl aqueous solution containing 3g/L NH4SCN. b, c Strain
contourmaps of the uncharged specimen deformed to 20%macroscopic tensile strain at initial strain
rates of 10−5 and 10−2 s−1. [40] Reproduced with permission from Metallurgical and Materials
Transactions A, 50, 1137–1141 (2019) Copyright 2019, The minerals, Metals & Materials Society
and ASM International

dislocation interaction.Moreover, decreasing the strain rate decreases the dislocation
velocity,which increases the interaction timebetweendislocation and carbon (orMn–
C). Therefore, the strain rate effect of ductility degradation in Fe—Mn–C austenitic
steels with high-stacking fault energy is extremely remarkable, as shown in Fig. 1.5a.
The strain rate effect is associated with the multi-scale phenomenon. That is, the
appearance of mesoscopically localized deformation bands, which is called Portevin
Le-Chatelier (PLC) band, becomes clear as the strain rate decreases, even without
hydrogen (Fig. 1.5b, c). In the PLC band, hydrogen reacts with dislocations and grain
boundaries, which assists the occurrence of embrittlement under the low strain rate
regime.

1.2.2 Case: Low Stacking Fault Energy

When the stacking fault energy is reduced to 20–40 mJ/m2 in high-Mn austenitic
steels, deformation twinning acts as a primary work-hardening mechanism. These
steels are called twinning-induced plasticity (TWIP) steels [41, 42]. Twinning-
assisted hardening can homogenize plastic strain distribution, which thereby sup-
presses the effects of dynamic strain aging on ductility degradation. For instance,
Fe–Mn–C TWIP steels without hydrogen charging do not show distinct degradation
of uniform elongation with decreasing strain rate [43]. However, the occurrence of
dynamic strain aging is still important to consider the hydrogen embrittlement pro-
cess. It should be noted that a portion of hydrogen-induced cracks propagates along
twin boundaries [44–46] (Fig. 1.6a). The factor causing the twin boundary cracking
is a localization of hydrogen in the deformation twins [46, 47]. According to an
experimental study, hydrogen can be trapped at twin boundaries [48]. However, it
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Fig. 1.6 a Cracking along deformation twins in a hydrogen-charged Fe–18Mn–1.2C steel [45].
b Surface potential figure showing hydrogen localization in the deformation twin plates, which
was obtained by scanning Kelvin probe force microscopy [47, 54]. c Schematic showing the for-
mation of steps on a coherent twin boundary via dislocation dissociation. [45] Reproduced with
permission from Acta Materialia, 61, 4607–4618 (2013) Copyright 2013, Elsevier, and Journal of
Electrochemical Society, 160, C643 (2015). Copyright 2015, The Electrochemical Society

has been theoretically clarified that hydrogen cannot be trapped in a coherent twin
boundary [49]. To enable hydrogen entrapment at twin boundaries, the boundary
character must be incoherent. It is known that dislocation reactions at coherent twins
can form steps on the boundary [50, 51], which creates an incoherent portion [52].
It is considered that the incoherent portion of twin boundaries would act as a trap
site for hydrogen [45, 53]. In this context, the high accumulation rate of dislocations
per strain can increase the frequency of dislocation–twin boundary interactions, thus
creating an incoherent portion on the twin boundaries, which results in twin boundary
cracking.

Furthermore, the effect of strain aging also affects the delayed fracture property.
Figure1.7a shows the engineering stress–strain curves with a displacement holding
process for 10h at 69% strain. The 69% deformation strain was performed in air, and
hydrogen chargingwas performed during the displacement holding. Interestingly, the
time period until fracture during the displacement holding decreased with decreas-
ing pre-strain rate (Fig. 1.7b). A cause of the pre-strain rate effect was that the flow
stress increased with decreasing pre-strain rate. Because the work-hardening capa-
bility associatedwith dynamic strain aging increases by decreasing the strain rate, the
external stress applied during the displacement holding increases as well, thus, accel-
erating the occurrence of delayed fracture. It should be noted that the delayed fracture
was accelerated at the low pre-strain rate even after manipulating the pre-strain to
make the external stress lower than that at the highest strain rate (Fig. 1.7c). This
fact indicates that the effect of dynamic strain aging on the delayed fracture property
results from both the variation in flow stress, as well as the microstructural changes
(or deformation localization). Although the specific changes in microstructural evo-
lution or deformation localization behavior are not clear, it can be concluded that
Mn–C SRO associated dynamic strain aging is a disadvantageous factor in hydrogen
embrittlement.
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Fig. 1.7 a Engineering stress–strain curves including the process of displacement holding at the
69% strain with different pre-strain rates in Fe–22Mn–0.6C TWIP steel (mass %). Hydrogen charg-
ing was initiated immediately after the onset of the displacement holding and was performed at a
current density of 7A/m2 and ambient temperature in a 3% NaCl aqueous solution containing 3g/L
NH4SCN. b Time for failure under displacement holding. c Delayed fracture behavior with differ-
ent pre-strain and pre-strain rates. [15] Reproduced with permission from Scripta Materialia, 66,
947–950 (2012). Copyright 2012, Elsevier

1.3 Cr–N Interaction

1.3.1 Grain Boundary Cracking

Following, we noted the effects of Cr–N interactions on the evolution of dislocation
microstructures, which is associated with hydrogen embrittlement. Cr–N interac-
tions have been noted in high-nitrogen austenitic steels. The formation of Cr–N
couples results in planar dislocation slips (Fig. 1.8a, b), which increased the dislo-
cation pile-up stress and were associated with the high work-hardening capability
[55] (Fig. 1.8c). However, the stress concentration associated with the planar dislo-
cation slips occasionally assisted brittle fracture even without hydrogen [19, 56, 57]
(Fig. 1.8d).

Hydrogen charging causes remarkable degradation of ductility of high-nitrogen
austenitic steels (Fig. 1.9a). The degradation of ductility results from the occurrence
of intergranular and quasi-cleavage fractures. The intergranular fracture surface is
shown in Fig. 1.9b. Note that the intergranular fracture surface contains slip marks
and voids, which are traces of plastic deformation. Furthermore, the planar disloca-
tion arrays and associated stress concentration, which corresponds to the schematic
shown in Fig. 1.8c, are observed in the postmortem high-nitrogen steel specimen
(Fig. 1.10a–c). This fact implies plasticity-driven intergranular cracking caused by
Cr–NSROvia the planar dislocation slip, which is the primary cause of the hydrogen-
induceddegradation of ductility. In addition, the behavior of hydrogen-assisted crack-
ing is dependent on the number of activated slip systems. When a single slip system
is activated, the planar dislocation slip causes intergranular cracking. When multiple
slip systems are activated, quasi-cleavage cracking occurs, as reported in the next
section.
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Fig. 1.8 Dislocation patterns of type 316L austenitic stainless steel (base chemical composition:
Fe17.6Cr12.3Ni1.19Mn0.55Si2.08Mo0.012C0.04N inmass%) awithout extra nitrogen and bwith
0.45 mass % nitrogen in solute [55]. c Schematic depicting the occurrence of stress concentration
stemming from planar dislocation slip [55]. dOccurrence of quasi-cleavage fracture at low tempera-
ture in a Fe–19Mn–17Cr-0.5N austenitic steel without hydrogen [19]. Reproduced with permission
fromMaterials Transactions, 61, 678–684 (2020). Copyright 2020, JIM, and Acta Materialia, 46,
1577–1587 (1998) Copyright 1998, Elsevier

Fig. 1.9 a Engineering stress–strain curves of the Fe–25Cr–1N steel (mass%) with and without
hydrogen pre-charging.Hydrogenwas introduced at a hydrogen gas pressure of 100MPa.bPresence
of slip marks and voids on the intergranular fracture surface of the hydrogen-charged steel [21].
Reproduced with permission from International Journal of Hydrogen Energy, 45, 10209-10218
(2020). Copyright 2020, Elsevier
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Fig. 1.10 Dislocation planar arrays with different observation scales in the hydrogen-charged high-
nitrogen steel after fracture, which correspond to Fig. 1.9 [21]. The dashed squares in a, b indicate
the observation regions of (b) and (c), respectively. Reproducedwith permission from International
Journal of Hydrogen Energy, 45, 10209–10218 (2020). Copyright 2020, Elsevier

1.3.2 Transgranular Cracking

When multiple slip systems were activated, hydrogen-assisted quasi-cleavage crack-
ing occurred. Numerous slip marks appeared on the quasi-cleavage fracture surface
of the high-nitrogen steel, indicating the occurrence of dislocation-driven cracking
Fig. 1.11. Themicroscopic stress distributionwas qualitatively visualized as the ECC
contrast gradient to evaluate the cause of the quasi-cleavage cracking. The ECC con-
trast gradient near the grain boundaries in multi-slip grains was less than that in
the single-slip grain. Instead, the multiple slip of extended dislocations results in a
Lomer–Cottrell lock, which creates sessile dislocations. The sessile dislocations act
as strong obstacles against dislocation motion [58], resulting in stress concentration
in the grain interior (Fig. 1.12a). Accordingly, quasi-cleavage cracking occurs along
the slip plane (Fig. 1.12b). Hence, the Cr–N driven planar dislocation motion causes
a distinct tensile orientation dependence of the cracking behavior, which results in a
mixed fracturemode consisting of intergranular and quasi-cleavage fracture features.

Fig. 1.11 Quasi-cleavage
fracture surface of the
hydrogen-charged
Fe–25Cr–1N steel, which
corresponds to (Fig. 1.9 and
1.10 [21]. Reproduced with
permission
from International Journal
of Hydrogen Energy, 45,
10209–10218 (2020).
Copyright 2020, Elsevier
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Fig. 1.12 a Contrast change at the intersection of planar dislocation arrays and b transgranular
crack initiation, which corresponds to Figs. 1.9, 1.10 and 1.11 [21]. Reproduced with permission
from International Journal of Hydrogen Energy, 45, 10209–10218 (2020). Copyright 2020, Elsevier

1.4 Multiple Atomic Interactions: High-Entropy Alloy

The SRO effects on strengthening and dislocation patterns have also been reported
in high-entropy alloys (HEAs), which have been noted as new types of high-strength
and ductile materials [59–62]. A representative chemical composition of HEA is
equiatomic CoCrFeMnNi with an FCC structure. The mechanical properties of FCC
HEAs are similar to those of stable austenitic steels, yet showing relatively excep-
tional deformation behavior, perhaps owing to the presence of Co–Cr–Ni SRO. The
SRO plays two important roles: tuning local stacking fault energy [63] and enhanc-
ing dislocation planarity [64]. The latter has a similar effect to that of Cr–N SRO.
Because the quinary equiatomic HEA intrinsically shows low stacking fault energy,
the additional effects of SRO result in distinct planar dislocation slips. Similar to
other materials with high dislocation planarity, HEAs also show hydrogen-induced
mechanical degradation (Fig. 1.13a) associated with plastic deformation near grain
boundaries (Fig. 1.13b), causing the intergranular fracture (Fig. 1.13cwhen hydrogen
was introduced by 100 MPa hydrogen gas charging [65, 66].2

In case a local stress near grain boundaries plays a critical role in intergranular
fracture, grain refinement enables dramatic improvements in the ductility of metals,
including austenitic steels, even when hydrogen was significantly introduced [69,
70]. Accordingly, the resistance to hydrogen-induced intergranular fracture can be
improved by grain refinement in terms of tensile strength. As seen in Fig. 1.14a, the
hydrogen-charged HEA with a grain size of 1.9 μm (FG800) shows comparable
tensile strength to that without hydrogen charging, although the degradation of the
ductility occurs even after grain refinement (Fig. 1.14b, c). The formation of precip-
itates such as the σ phase should be noted; however, it would degrade the strength

2When the hydrogen gas pressure was 15 MPa, the HEA showed no degradation of elongation and
strength [67] .
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Fig. 1.13 a Engineering stress–strain curves of the equiatomic CoCrFeMnNi HEA. b Grain refer-
ence orientation deviation (GROD)map containing a crack and (c) fracture surface of the hydrogen-
charged fractured specimen [66, 68]. Hydrogen was introduced at a hydrogen gas pressure of
100 MPa. GROD values indicate distribution of local plastic deformation. The inset indicates
high-magnification of the region highlighted by the yellow square. Reproduced with permission
from Scripta Materialia, 150, 74–77 (2018). Copyright 2018, Elsevier

Fig. 1.14 a Engineering stress–strain curves of the equiatomic CoCrFeMnNi HEA with different
grain sizes. b, c Fracture surfaces without and with hydrogen pre-charging [71]. Hydrogen was
introduced at a hydrogen gas pressure of 100MPa. Reproduced with permission from International
Journal of Hydrogen Energy, 44, 17163-17167 (2019). Copyright 2019, Elsevier

via hydrogen-assisted cracking at the interface between the FCC and σ phases. For
instance, the degradation of work-hardening capability and tensile strength in the
HEA with a grain size of 1.5 μm (FG700) results from the σ /γ interface cracking
[71]. Therefore, decreasing the annealing temperature to obtain further grain-refined
HEAs contains a risk of causing hydrogen embrittlement associated with the forma-
tion of the σ phase.
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1.5 Summary

In this paper, we reviewed the potential effects of SRO on hydrogen embrittlement.
Mn–C SRO induced dynamic strain aging and the subsequent enhancement of dis-
location accumulation. Furthermore, the enhanced dislocation accumulation was
localized in the form of PLC bands. Localized dislocation accumulation assists the
occurrence of hydrogen embrittlement in high-Mn steels. Furthermore, as another
type of SRO effect, Cr–N interactions were introduced. Cr–N SRO enhanced dis-
location planarity, which subsequently caused microscopic stress concentrations as
obstacles against planar dislocation motion. Stress concentration played a critical
role by causing intergranular and transgranular cracking when hydrogen was intro-
duced. Similar to the effect of Cr–N, Co–Cr–Ni SRO also enhanced dislocation pla-
narity, subsequently assisting the occurrence of hydrogen-induced intergranular frac-
tures. Hence, SRO possessed multiple disadvantageous effects on hydrogen embrit-
tlement, although the SRO effect can realize an unconventional ductility-strength
balance when hydrogen was not introduced. Since the majority of advanced FCC
high-strength steels or alloys contain multiple components, we must carefully con-
sider the SRO effects in avoiding unpredicted hydrogen-induced failures in terms of
localization of plasticity.
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Chapter 2
Acoustic Anisotropy and Hydrogen
Concentrations During
Thermomechanical Loading of
Single-Crystal Nickel-Based Superalloys

Alexander K. Belyaev, Aliya R. Galyautdinova, Vladimir A. Polyanskiy,
Artem S. Semenov, Dmitry A. Tretyakov, and Yuriy A. Yakovlev

Abstract Investigations of hydrogen concentrations and acoustic anisotropy in
single-crystal nickel-based specimens were carried out. The growth of creep and
thermal fatigue cracks for different modes of thermomechanical loading was stud-
ied. Experimental data and theoretical estimates of acoustic anisotropy in specimens
with crystallographic direction 〈011〉 of face-centered cubic lattice were obtained. It
was found that anisotropy of elasticmodulus provides amain contribution to acoustic
anisotropy in the case of single-crystal alloys. Measurements of hydrogen concentra-
tions revealed its accumulation after thermomechanical loading in a weakly bound
state along edges of specimens to the level of 4 ppm. It indicates a significant degrada-
tion ofmechanical properties and the presence of developed hydrogen embrittlement.
The obtained results allow one to develop an integrated approach for estimating the
residual life of single-crystal structures by analyzing hydrogen concentrations and
acoustic anisotropy parameters.

Keywords Single Crystal Superalloy · Creep · Thermal fatigue · Acoustoelastic
effect · Hydrogen diffusion · Elastic sound waves
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2.1 Inroduction

Estimation of residual life of power equipment is one of the urgent tasks of tech-
nical diagnostics. Blades are critical elements of modern gas turbine engines. They
are grown from heat-resistant materials according to the Bridgman method [1]. It
is known that the destruction of polycrystalline blades occurs along grain bound-
aries under influence of centrifugal forces. The exclusion of grain boundaries by
using single-crystal materials with directional crystallization allows one to increase
strength and durability of gas turbine blades.

There are strict requirements for high-temperature strength, thermomechanical
fatigue, and high-temperature creep of gas turbine blades at operating temperatures
above 1000 ◦C. At the same time, there are no substantiated experimental criteria for
thermal fatigue strength of single-crystalmaterials under complex thermomechanical
loading. Also, there are no universal approaches for detecting defects caused by
hydrogen embrittlement, thermal fatigue, and creep. For this reason, development of
modern methods of non-destructive testing is necessary to ensure safe operation of
power plants.

The use of acoustic anisotropy parameter for estimating current state of indus-
trial structures has shown its effectiveness [2–5]. The observed stable correlations
between acoustic anisotropy of shear waves, concentrations of dissolved hydrogen,
and damage measures [6] suggest new possibilities for detecting hydrogen embrit-
tlement in metals. In particular, the skin effect of hydrogen accumulation [7] and the
surface effect of acoustic anisotropy [8] were discovered for polycrystalline mate-
rials. The fundamental problem of mutual influence of hydrogen concentrations,
microdefects, and changes on acoustic parameters was posed earlier [6].

The aim of this work is to study distributions of acoustic anisotropy parameter
and dissolved hydrogen concentrations in single-crystal heat-resistant specimens
after thermal fatigue tests.

2.2 Acoustoelastic Effect in Single-Crystal Materials

Acoustoelasticity as a property of solids has been known for a long time [9]. Bridg-
man studied the influence of high compressive pressures on elasticmodulus ofmetals
[10, 11]. Birch [12] and Biot [13] solved the problem of elastic wave propagation in
initially stressed isotropic media. Hughes and Kelly [14] obtained equations describ-
ing the propagation of longitudinal and shear waves in a nonlinear elastic material
according to Murnaghan’s theory of finite deformations [15]. They laid foundations
of the acoustoelasticity theory for the case of uniaxial stress state [15]. The theory
of acoustoelasticity describes the influence of mechanical stresses on velocities of
elastic waves propagation in solids. Benson and Raelson called it the acoustoelastic
effect [16] by analogy with the photoelastic effect.



2 Acoustic Anisotropy and Hydrogen Concentrations … 21

The general theory of acoustoelasticity was developed by Toupin and Bernstein
[17]. They obtained equations for velocities of elastic waves in a nonlinear elas-
tic material with arbitrary symmetry. Fukuoka [18], based on results obtained by
Tokuoka [19] and Okada [20], found the acoustoelasticity equation (2.1) for an
isotropic material:

VT1 − VT2

VT0

= α + CA(σ1 − σ2), (2.1)

where VT0 is shear wave velocity in unstressed material, VT1 , VT2 are shear wave
velocities polarized along axes of principal stress σ1 and σ2, α is the coefficient
of texture-induced anisotropy, CA is the acoustoelasticity constant of material. The
value of acoustic birefringence �a = �V/V0 (2.1) of elastic shear waves is called
the acoustic anisotropy. The coefficient α and the constant CA can be obtained from
Eqs. (2.2) and (2.3):

CA = 1

2μ
(1 + ν3

μ
), (2.2)

α = C55 − C44

2μ
, (2.3)

where μ is the second-order elastic constant, ν3 is the third-order elastic constant in
the notation of Toupin and Bernstein [17], C44 and C55 are the elastic constants in
the notation of Voigt.

Practical results of acoustoelasticity investigations are mainly related with deter-
mination of the third-order elastic constants for different materials [21–24] and esti-
mation of biaxial stresses in weakly anisotropic structures [25–30]. Technology for
measuring biaxial stresses in industrial structures made from polycrystalline mate-
rials was developed in [31]. Equipment for acoustic anisotropy analysis in extended
structures such as pipelines was developed in [32, 33].

At the same time, acoustic anisotropy is a more complex characteristic of the
current state of structures [34, 35]. Recent studies indicate its relationship with
surface damage [8], accumulated due to plastic deformation [36–39], corrosion [40],
hydrogen embrittlement [6], and other reasons leading to destruction of material.

Scientific results related to acoustoelastic effect in single-crystalmaterials are lim-
ited to theoretical description of wave propagation in nonlinearly elastic media with
different crystal symmetry. Seeger and Buck [41] determined the third-order elastic
constants for single-crystal germanium. Hikata [42, 43] investigated the attenuation
of ultrasonic waves using dislocation theory. Einspruch andManning [44] calculated
the third-order elastic constants for tetragonal, orthorhombic, and hexagonal crystal
lattices. Generalized equations describing wave propagation in stressed crystals were
obtained by Thurston [45].

Theoretical study of acoustoelastic effect in undamaged elastically loaded crystals
was carried out by Tokuoka and Saito [19]. However, the relationships obtained
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in [19] cannot be applied to real single-crystal structures grown according to the
industrial technology of directional crystallization.

Experiments on rotor blades of high-pressure turbocharger were carried out by
Nikitina [46, 47]. Acoustic anisotropy was measured on heat-resistant blades before
and after testingduring thewarranty periodof 9000h.Themaximumvalueof acoustic
anisotropy observed on single-crystal specimens made of heat-resistant alloy AISI
431 was equal to 1.65% [47].

The observed values of acoustic anisotropy [47] are explained as the result of
thermal fatigue accumulation in blades during their exploitation. At the same time,
acoustic anisotropy should be related to internal anisotropy of mechanical properties
in accordance with formula (2.1). Anisotropy of elastic moduli is due to crystallo-
graphic direction of specimen growth [17].

It is necessary to study distributions of acoustic anisotropy and accumulated
hydrogen concentrations in single-crystal heat-resistant specimens with different
crystallographic orientation.

2.3 Experimental Studies of Acoustic Anisotropy
and Hydrogen Concentrations in Single-Crystal
Nickel-Based Alloys

Investigations of hydrogen concentrations and acoustic anisotropy parameter were
carried out on plane single-crystal specimens made of two different nickel-based
alloys, which were modifications of EPM102 and CMSX-10 heat-resistant alloys.

Nickel-based alloys have a dendritic-cellular structure with a face-centered
cubic lattice (FCC) oriented along different crystallographic directions. They have
improved properties of long-term strength, ductility, heat resistance, and gas corro-
sion resistance due to nickel alloying. It allows one to use nickel-based alloys in the
production of gas turbine blades.

Single-crystal specimens (in Fig. 2.1) were tested in the case of creep cracks
growth and thermal fatigue accumulation after different modes of thermomechani-
cal loading [48, 49]. Figure2.1 shows the halves of destroyed specimens after test-
ing. Large specimens with a size of 35×35×7mm were made of Alloy 1. Their
schematic view is shown in Fig. 2.2. Smaller specimens from Fig. 2.1 with a size of
31×31×6mm were made of Alloy 2. Their schematic view is similar to specimens
shown in Fig. 2.2.

Investigations were carried out on specimens grown along different crystallo-
graphic directions. In addition to structural anisotropy, the influence of creep cracks
and thermal fatigue was taken into account. For this reason, the conditions of ther-
momechanical loading at operating cycle temperatures of 20 ◦C and 1000 ◦C were
considered.
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Fig. 2.1 Single-crystal specimens after thermal fatigue tests with different temperature loading
conditions

Fig. 2.2 Schematic view of
single-crystal specimens
from Alloy 1

35

35

10

7

Fig. 2.3 Propagation of
shear waves V1, V2 with
mutually perpendicular
polarization

Ultrasonic measurements were carried out using acoustic sensor (in Fig. 2.3) of
industrial acoustic anisotropy analyzer (in Fig. 2.4) [47]. Generation of shear wave
pulses was carried out using piezoelectric transducers with a wave frequency of
5MHz.
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Fig. 2.4 Industrial acoustic
anisotropy analyzer with
ultrasonic sensor

Table 2.1 Experimental values of acoustic anisotropy for single-crystal heat-resistant specimens
after thermal fatigue tests with different modes of thermomechanical loading

Nickel-based alloy and
specimen number

Crystallographic
direction

Load, kN Temperature,
◦C

Acoustic
anisotropy
|�a|,%

Alloy 1, Specimen No.1 〈011〉 5 20 47.79

Alloy 1, Specimen No.2 〈011〉 3 1000 46.81

Alloy 1, Specimen No.3 〈001〉 4 1000 4.23

Alloy 1, Specimen No.4 〈001〉 5 1000 0.46

Alloy 2, Specimen No.5 〈011〉 3 20 33.89

Alloy 2, Specimen No.6 〈011〉 3 900 33.65

Measurements of timedelays t1, t2 betweenmultiple reflected packets of ultrasonic
pulses were provided using digital software of device. Calculation of shear wave
velocities V1, V2 was carried out by direct measurements of average thickness in
zones of time delays t1, t2 measurement. Acoustic anisotropy �a was calculated
using velocities V1, V2 according to Eq. (2.4):

�a = v1 − v2
(v1 + v2)/2

(2.4)

The experimental values of acoustic anisotropy modulus |�a| for six single-
crystal specimens from two different alloys are presented in Table 2.1. Table 2.1
shows the crystallographic directions of specimen growth, temperature conditions,
and extreme loads in one loading cycle.

Investigation of hydrogen concentrationswas carried out on three specimensNo.7,
No.8, and No.9 from Alloy 1 according to the vacuum heating method [50]. The
schematic view of specimens is the same as for large specimens from Alloy 1 shown
in Fig. 2.2. Specimen No.7 was cut from material in its initial state. Specimens
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Fig. 2.5 Industrial hydrogen
analyzer

Fig. 2.6 Experimental curve
qH (t) of hydrogen extraction
for Alloy 1

No.8 and No.9 were subjected to thermal fatigue tests until destruction. Hydrogen
concentrations were measured in two areas located near the center and at the edge
of each specimen.

Measurementswere carried out using an industrial hydrogen analyzer (in Fig. 2.5).
The optimum temperatures of hydrogen extraction are equal to 530 ◦C and 800 ◦C
for Alloy 1. The binding energies of hydrogen were estimated using the multichannel
diffusion model [7]. Comparison of the experimental extraction curves (in Fig. 2.6)
with results of numerical simulation revealed main hydrogen energy states, which
were equal to 0.5, 1.2, and 1.5 eV.



26 A. K. Belyaev et al.

The study revealed hydrogen accumulation at the edges of specimens No.8 and
No.9 after thermal fatigue tests. The concentration of weakly bound hydrogen
increased by more than 10 times and reached the critical level of 4 ppm.

2.4 Discussion

Experimental studies show that initial acoustic anisotropy in case of single-crystal
specimens significantly exceed values of �a observed for isotropic materials. The
maximum acoustic anisotropy level of isotropic polycrystalline metal don’t exceed
3% [5]. At the same time, observed values of acoustic anisotropy turn out to be close
to 50% in the case of single-crystal specimens (see Table 2.1). It indicates a strong
influence of anisotropy of elasticmodulus on values of acoustic anisotropy parameter
�a.

The generalized Hooke’s law for anisotropic material has the form (2.5):

σ = 4C · · ε, (2.5)

where elastic modulus tensor 4C for material with cubic symmetry is determined by
relation (2.6):

4C = λ1 ⊗ 1 + μ(1⊗1 + 1⊗1) + α

3∑

k=1

mk ⊗ mk ⊗ mk ⊗ mk . (2.6)

The symbols of direct and indirect dyadic multiplication (A ⊗ B)i jkl = Ai j Bkl ,
(A⊗B)i jkl = Aik B jl , (A⊗B)i jkl = Ail B jk were used in (2.6). The unit vectors mk

correspond to mutually orthogonal directionsm1 = [100],m2 = [010],m3 = [001]
of crystal lattice. The basic unit vectors e1, e2, e3 of the laboratory coordinate system
do not coincide with the unit vectors m1, m2, m3 in general case. In relation (2.6),
three independent material constants λ, μ, α were used. The first and last constants
were calculated through Young’s modulus and Poisson’s ratio using Eqs. (2.7):

λ = νE

(1 + ν)(1 − 2ν)
, α = E

1 + ν
− 2μ. (2.7)

The positive definiteness of elastic modulus tensor 4C (2.6) is satisfied for μ > 0
and λ + 2μ + α > 0. It corresponds to conditions for an isotropic material E > 0
and −1 < ν ≤ 1/2.The parameter α can take both positive or negative values.

Phase velocities v of plane monochromatic wave propagation in the direction
N(|N| = 1) (2.8)

u(r, t) = A exp ik(N · r − νt) (2.8)
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characterized by elastic modulus tensor 4C and density ρ. In this case, the phase
velocities are determined from the solution of Eq. (2.9):

det(N · 4C · N − ρν21) = 0, (2.9)

where (2.9) is the condition for determining eigenvalues of acoustic tensor Q =
N · 4C · N.

Acoustic tensor Q can be specified in the form (2.10) for a material with cubic
symmetry:

Q = N · 4C · N = (λ + μ)N ⊗ N + μ1 + α

3∑

k=1

(N · mk)
2 mk ⊗ mk . (2.10)

The acoustic tensor Q can be obtained from (2.10) by wave propagation in the
directionN = e3. It will have the following form for the laboratory coordinate system
(2.11):

Q = (λ + μ)e3 ⊗ e3 + μ1 + αei ⊗ e j

3∑

k=1

α2
3kαikα jk , (2.11)

where αi j = ei · m j . The components of the fourth rank tensor of elastic modulus
4C change according to rule Ci jkl = αi pα jrαksαltCprst .

Nonzero values of acoustic anisotropy appear in the case of specimen axes devia-
tion from crystallographic axes. It agrees with Okada equations [20] obtained in lin-
ear theory of acoustoelasticity. The orientational dependence of acoustic anisotropy
�a(φ, θ) obtained from the solution of Eq. (2.9) is shown in Fig. 2.7b.

The maximum values of acoustic anisotropy �a (2.4) among all possible crystal
orientations are observed to twelve directions 〈011〉 (in Fig. 2.7b). They do not
correspond to the maximum values of elasticity modulus realized for eight directions
〈111〉 (in Fig. 2.7a). An abnormally high level of initial acoustic anisotropy reaches
46% for unstressed and undamaged specimens No.1 and No.2 from Alloy 1.

The roots of Eq. (2.9) for direction [101] have the following form (2.12):

⎧
⎪⎨

⎪⎩

ν3 = √
(λ + 2μ + α/2)/ρ

ν2 = √
(μ + α/2)/ρ ,

ν1 = √
μ/ρ.

(2.12)

The maximum values of acoustic anisotropy �a for 12 directions 〈011〉 are deter-
mined by the relation (2.13):

�a = α/μ

2 + α/2μ + 2
√
1 + α/2μ

. (2.13)
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Fig. 2.7 Orientation dependence of Young’s modulus Ez a and acoustic anisotropy�a b for single
crystals with cubic symmetry

In accordance with (2.13), acoustic anisotropy�a is determined only by the value
α/2μ and does not depend on the Poisson’s ratio ν and density ρ.

According to Eq. (2.13), acoustic anisotropy |�a| for Alloy 1 with the elastic
modulus E[101] = 130000MPa, ν = 0.39,μ = 119000MPa at the temperature of 20
◦C is equal to |�a| = 45.9%. This result correlates with the experimentally observed
value for specimenNo.1 |�a| = 47.8%(seeTable 2.1). The acoustic anisotropyvalue
|�a| forAlloy 2with elasticmodulus E[101] = 137000MPa, ν = 0.395,μ = 125000
MPa at the temperature of 20 ◦C is equal to |�a| = 45.8%. This value is higher than
experimentally observed acoustic anisotropy for specimen No.5 |�a| = 33.9%. It is
due to deviation of the specimen orientation from crystallographic direction [101].
The theoretical value of acoustic anisotropy decreases by 7% in the case of deviation
of specimen axial orientation from crystallographic direction [101] by the angle 10◦.
The values of acoustic anisotropy for specimens No.3 and No.4 with direction [100]
are lower than for direction [101] by an order of magnitude.

Residual deformations and damage also impact on acoustic anisotropy [4, 5, 8].
Their contribution to integral value of acoustic anisotropy is equal to 0.1-0.3% for
steel and aluminum alloys [5]. The values of acoustic anisotropy related to residual
deformations and damage have the same level in single crystals as for polycrystalline
materials (see Table 2.1).

Investigations of hydrogen concentrations were carried out according to the vac-
uum heating method [7]. Hydrogen accumulation in a weakly bound diffusion state
was observed at the edges of specimens. The accumulated hydrogen concentrations
in specimens No.8 and No.9 were equal to 4 ppm. It is known that the maximum
hydrogen concentration in nickel-based alloys at atmospheric pressure is equal to 5
ppm. Thus, specimens after thermal fatigue tests accumulated critical hydrogen con-
centrations. This diagnostic sign indicates a significant degradation of mechanical
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properties of single-crystal specimens. It leads to brittle fracture of material due to
hydrogen embrittlement [7].

2.5 Conclusions

The study of acoustic anisotropy �a and hydrogen concentrations of single-crystal
heat-resistant specimens from nickel-based alloys was carried out. The values of
�a for specimens with crystallographic direction 〈011〉 of a cubic crystal system
exceeded acoustic anisotropy observed in polycrystallinematerials and single-crystal
specimens with direction 〈001〉 by order of magnitude. It was found that anisotropy
of elastic modulus can provide main contribution to the value of acoustic anisotropy
in case of single-crystal materials. The maximum levels of �a were observed for 12
directions 〈011〉.

The results of ultrasonic measurements showed that accumulated damage and
residual deformations in single-crystal specimens have a weak influence on acoustic
anisotropy �a in comparison with anisotropy of elastic modulus. It is comparable
to the effect observed in polycrystalline steel and aluminum alloys.

The accumulation of hydrogen concentrations to the level of 4 ppm in a weakly
bound state along the edges of specimenswas revealed. The observed significant con-
centrations are close to limiting hydrogen concentrations for nickel-based alloys at
atmospheric pressure. The critical values of hydrogen concentrations indicate degra-
dation of mechanical properties of single-crystal specimens and their destruction by
the hydrogen embrittlement mechanism.

The obtained results are important for the development of new approaches based
on analysis of hydrogen and acoustic anisotropy distributions for estimating the
residual life of machine parts and structures made of single-crystal materials.
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Chapter 3
Skin Effect of Acoustic Anisotropy
and Dissolved Hydrogen in Metals

Alexander K. Belyaev, Aliya R. Galyautdinova, Vladimir A. Polyanskiy,
and Dmitry A. Tretyakov

Abstract The work is devoted to study the influence of damaged surface layer on
mechanical properties ofmetal structures.Comparative studies of acoustic anisotropy
distributions and dissolved hydrogen concentrations measured according to the vac-
uum heating method were carried out. The correlation of distributions in rolled steel
and aluminum specimens after elasto-plastic and fatigue destruction was revealed.
The obtained results indicate the possibility of using the acoustoelasticity method
for detecting localized plastic deformations, surface microcracking, and zones with
increased concentrations of dissolved hydrogen in metal. It can be used to develop
newnondestructive ultrasonic approaches in technical diagnostics ofmetal structures.

Keywords Acoustic birefringence · Dissolved hydrogen · Elasto-plastic
deformation · Nondestructive ultrasonic testing · Vacuum heating method

3.1 Inroduction

The acoustoelasticity method is an ultrasonic nondestructive testing method used to
estimate mechanical stresses in solids [1–7]. It is based on phenomenon of acoustic
birefringence observed in elastically stressed materials with a crystalline structure.
This phenomenon is also called the acoustoelastic effect. It consists in splitting elastic
shear waves into components V1, V2 polarized along axes of principal stresses σ1, σ2
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in case of plane stress state. The acoustoelastic effect was theoretically predicted in
1930s and 1940s by Biot [8], Birch [9], Lazarus [10], and others.

The modern technology of acoustoelastic measurements is based on the theory
of wave propagation in a nonlinearly elastic stressed medium. It was obtained after
the research was carried out by Hughes and Kelly [11], Toupin and Bernstein [12],
Truesdell [13], Tokuoka and Saito [14], Iwashimizu and Kubomura [15], Okada [16,
17], Clark [18] and others. Generalization of results obtained for more than fifty
years was carried out by Fukuoka in [19, 20].

The essence of results proposed in [11–17] is contained in relation (3.1) obtained
by Hirao and Pao in [21, 22] for a weakly anisotropic material:

V1 − V2

V0
= C55 − C44

2μ
+ 4μ + n

8μ2
(σ1 − σ2) + α1(ε

p
1 − ε

p
2 ), (3.1)

where�a = (V1 − V2)/V0 is non-dimensional parameter of total acoustic anisotropy
of material, μ is the second-order Lame constant, n is the third-order Murnaghan
constant [23], C44 and C55 are elastic constants in Voigt’s notation, α1 is the exper-
imentally determined constant according to Hirao and Pao [21, 22], σ1, σ2 are the
principal biaxial stresses, ε p

1 , ε
p
2 are the principal plastic deformations. Nondestruc-

tive testing methods based on estimating value of acoustic birefringence widely use
the acoustic anisotropy parameter �a.

Classical acoustoelasticity is limited by the use of first two components in relation
(3.1). The first component α0 = (C55 − C44)/2μ is related with intrinsic anisotropy
caused by microstructure and anisotropic texture of material. The second compo-
nent ((4μ + n)/8μ2)(σ1 − σ2) is related with the acoustoelastic effect in case of
an elastically stressed medium. The experimental results of linear acoustoelasticity
were obtained by Benson and Raelson [24], Smith [25], Crecraft [26, 27], Hsu [28],
Papadakis [29], Blinka and Sachse [30], Egle and Bray [31, 32], Kino [33], King
[34], Janssen [35] and others.

Hirao and Pao [21, 22] proposed to expand application of the acoustoelasticity
method [24] by including component α1(ε

p
1 − ε

p
2 ) linearly related to plastic defor-

mations (3.1). It was experimentally verified in the case of four-point bending of
annealed prismatic beams at plastic deformations of 1% order [21]. The study of
small plastic deformations according to relation (3.1) was also carried out in [36].

More than 30 years have passed since the appearance of [21, 22] results. Recent
studies indicate a significant influence of damage accumulated duringmonotonic [37]
and cyclic loading [38] on acoustic anisotropy of industrial structures. In addition,
influence of hydrogen embrittlement on ultrasonic measurements was found during
standard hydrogen-induced corrosion tests (HIC) [39].

At the same time, uneven accumulation of plastic deformation and damage is
usually observed. The periodic structure of plastic deformation waves called “chess-
board” is observed in polycrystalline materials [40–42]. Microcracks localized in a
thin surface layer have a significant influence on the degradation of mechanical prop-
erties of metal [43, 44]. Therefore, the use of relation (3.1) obtained for specially
prepared isotropic specimens may be incorrect for real structures.
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The aim of this work is to carry out comparative studies of acoustic anisotropy
and high-precision measurements of hydrogen concentrations in rolled specimens
from steel and aluminum alloys.

3.2 Experiments

3.2.1 Methods

Three stages of experimental research were carried out. At the first stage, metal
specimens cut from rolled sheet were subjected to uniaxial loading. Thus, the Hirao–
Pao relationship (3.1) was tested in a wide range of loads and deformations.

At the second stage, ultrasonic measurements were carried out using the Benson–
Raelson approach [24] with calculation of total acoustic anisotropy �a according to
relation (3.2):

�a = V1 − V2

(V1 + V2)/2
, (3.2)

where denominator (V1 + V2)/2 is used instead of shear wave velocity V0 for an
unstressed isotropic material.

Ultrasonic measurements were carried out using a standard sensor with 5MHz
acoustic signal frequency. Wave packets were emitted and received by 12 × 12
mm piezoelectric transducers. The ultrasonic sensor was controlled by an acoustic
anisotropy analyzer [5]. This device allowed one to obtain average time delays t1, t2
between multiple reflected pulses. The velocities V1, V2 were obtained after direct
micrometric measurement of specimen thickness h. Shear waves were polarized
along and perpendicular to direction of uniaxial loading.

At the third stage, hydrogen concentrations weremeasured by the vacuum heating
method [45, 46]. It is based on use of hydrogen diffusion during heating of analyzed
metal. The specimen extraction curves contain dependence of extracted hydrogen
flux on heating time in vacuum.

Dissolved hydrogen measurements were carried out using high-precision indus-
trial analyzer. Small prismatic specimens with 8mm-size were tested. The experi-
mental technique for determining hydrogen concentrations is described in [47].

3.2.2 Acoustoelastic Effect in Case of Uniaxial Elasto-Plastic
Deformation

The total acoustic anisotropy �a and velocities of ultrasonic shear waves V1, V2 in
the case of uniaxial elasto-plastic tension were investigated. Cold-rolled 500 × 70
× 15mm specimens from AMts aluminum alloy were tested. Uniaxial rigid loading
was carried outwith 5mm step on INSTRON-8806 hydraulic tensile testingmachine.
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Fig. 3.1 Aluminum
specimen after elasto-plastic
destruction

Fig. 3.2 Schematic view of
measurement points location
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One of the specimens after destruction and unloading is shown in Fig. 3.1. It
was subjected to 19 loading stages. Acoustic measurements were carried out at 10
points located along the specimen axis (in Fig. 3.2). The total axial deformation ε

up to specimen destruction was equal to 26.70%. The initial distribution of acoustic
anisotropy �a obtained along specimen axis turned out to be close to uniform and
was equal to a0 = 0.50 ± 0.03%.

Measurement points No. 1, 4, 7, and 10 were located at 45, 90, 135- and 180-mm
distance from destruction zone. The results of acoustic anisotropy measurements at
each loading stage are shown in Fig. 3.3.

3.2.3 Comparative Studies of Acoustic Anisotropy and
Hydrogen Concentrations

Comparative studies of acoustic anisotropy distributions �a,% and hydrogen con-
centrations CH, ppm were carried out at n = 10 points located along specimen
axis (see Fig. 3.2). The hydrogen concentrations were investigated including surface
layer and inside the aluminum specimen at 2mmdepth from its surface. The obtained
results are shown in Figs. 3.4 and 3.5.

Also, studies on rolled COR-TEN steel specimen (in Fig. 3.6) were carried out.
The specimen was subjected to 380 kN cyclic load and destroyed after n = 5 × 106

loading cycles (in Fig. 3.7).
Similar studies of acoustic anisotropy �a,% and dissolved hydrogen concentra-

tions CH, ppm were carried out at n = 10 points located along steel specimen axis.
The results obtained near fatigue destruction zone are shown in Figs. 3.8 and 3.9.
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Fig. 3.3 Dependence of
acoustic anisotropy �a on
elasto-plastic deformations ε
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Fig. 3.4 Acoustic
anisotropy �a,% at n points
after elasto-plastic
destruction of aluminum
specimen
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Fig. 3.5 Hydrogen
concentration CH , ppm at n
points before and after
removing surface layer of
aluminum specimen
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Fig. 3.6 Schematic view of
steel specimen
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Fig. 3.7 Steel specimen
after fatigue destruction

Fig. 3.8 Acoustic
anisotropy �a,% at n points
after fatigue destruction of
steel specimen
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Fig. 3.9 Hydrogen
concentration CH , ppm at n
points after fatigue
destruction of steel specimen

n
1 2 3 4 5 6 7 8

0.25

0.00

0.50

C
H

, p
pm



3 Skin Effect of Acoustic Anisotropy and Dissolved Hydrogen in Metals 39

3.3 Discussion

3.3.1 Nonlinear Dependence of Acoustic Anisotropy During
Elasto-Plastic Deformation

Several important conclusions follow from results presented in Fig. 3.3. The contri-
bution of elastic deformations to the value of acoustic anisotropy averaged 0.54%.
It is comparable to initial acoustic anisotropy due to influence of anisotropic tex-
ture. Thus, the contribution of component a0 must be studied during acoustoelastic
measurements in cold-rolled structures.

The dependence of acoustic anisotropy is nonlinear with increasing deformations
(see Fig. 3.3). All experimental curves have non-monotonic region at deformations
equal to ε = 1.42 ÷ 2.82%. It is observed with the beginning of plastic flow process.

Two other non-monotonic regions are observed for points No. 1 and 4 after defor-
mations equal to ε = 19.20%. Significant changes in acoustic anisotropy value are
related with the specimen surface curvature due to plastic neck formation. Semenov
[37, 43] obtained relation (3.3) for a small deviation α angle from the surface normal.
In this case, acoustic anisotropy �a is calculated as

�a = α2 9(λ + μ)

(4(λ + μ) − r)

r

μ
, (3.3)

where λ,μ are the Lame constants, r = 4μ2/(H ′ + 3μ), H ′ is inclination angle of
stress–strain diagram [37, 43].

The actual dependence of acoustic anisotropy on plastic deformations has a non-
linear nonmonotonic character (see Fig. 3.3) and cannot be described by linear depen-
dence α1(ε

p
1 − ε

p
2 ) from relation (3.1). It differs from previously published results

obtained on basis of the Murnaghan’s theory of finite deformations [23]. Alternative
mathematical models [37] should be used to describe propagation of shear waves at
large plastic deformations of material.

3.3.2 Skin Effect of Acoustic Anisotropy and Hydrogen
Concentrations

The formation ofmetal defects in atmosphere not subject to drying or fillingwith inert
gases is related to an increase in hydrogen concentrations. Hydrogen is an indicator
of structural changes in metals such as cracking, loosening, pore formation, and
others. It also leads to formation of new defects under external loading.

The diffusion of hydrogen has a great influence on processes of corrosion, crack-
ing, and brittle fracture of metals. The mechanism of hydrogen embrittlement was
explained by Gorsky [48]. He found that deformations of crystalline matrix caused
by mechanical stresses have an influence on hydrogen diffusion in solids.
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Comparative studies of hydrogen concentrations and acoustic anisotropy distri-
butions revealed their correlation both on aluminum (in Figs. 3.4 and 3.5) and steel
specimens (in Figs. 3.8 and 3.9). This effect cannot be due to residual stresses or
influence of crystal structure. The observed macroscopic distributions significantly
exceed the effects related with plastic flow, such as formation of Luders bands or the
Portevin-Le Chatelier effect [49]. It is similar to the phenomenon of propagation of
plastic flow autowaves discovered by Zuev [50].

At the same time, the qualitative coincidence of ultrasonic and hydrogen results
can be due to influence ofmicrocracks leading tomaterial loosening undermonotonic
or cyclic load. The uniform distribution of hydrogen inside the specimen (in Fig. 3.5)
indicates the surface effect of hydrogen accumulation [44]. It also indirectly indicates
the surface effect of acoustic anisotropy predicted earlier in [43].

3.4 Conclusions

Experimental studies have revealed nonlinear non-monotonic character of the acous-
tic anisotropy dependence on elasto-plastic deformations for orthotropic specimens.
This effect is related with the beginning of different stages of deformation process.
It cannot be described using generally accepted acoustoelasticity relations postulat-
ing linear dependence on plastic deformations. Thus, the influence of large plastic
deformations on shear wave velocities should be described using alternative models
not based on Murnaghan’s theory of finite deformations.

The revealed correlation between acoustic anisotropy distributions and dissolved
hydrogen concentrations can be explained only by formation of microcracks systems
localized in a thin surface layer of metal. The results of comparative ultrasonic and
hydrogen studies indicate the possibility of detecting metal saturation with hydrogen
using acoustic anisotropy measurements.

The obtained results allow one to apply the acoustoelasticity method to nonde-
structive testing of plastic deformations and microcracking of metal structures at any
stage of their operation.

Acknowledgements The research is carried out under the financial support by Russian Science
Foundation, project 18-19-00413.
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Chapter 4
Thermal Desorption Spectra of Samples
Charged by Hydrogen in Electrolyte

Anastasia A. Chevrychkina, Vladimir A. Polyanskiy,
and Evgenii A. Varshavchik

Abstract In the framework of the diffusion equation, we discuss the influence of
hydrogen distribution in the sample on thermal desorption spectroscopy. We show
that non-uniform hydrogen distribution after precharging may significantly affect
the Choo-Lee plot. We demonstrate that taking into account influence of hydrogen
distribution is important for understanding experimental results. Good comparison
of experimental and modeling data is also shown.

Keywords Hydrogen diffusion · Choo-Lee plot · Thermal Desorption Spectra

4.1 Introduction

Absorbed hydrogen affects the mechanical behavior of metal. This is the reason that
an analysis of hydrogen transport and the distribution of hydrogen atoms in metals
is important in metallurgy. Hydrogen permeability through metal was discovered as
early as 1864 [1], and the study of hydrogen permeability is still of interest for many
engineering applications, including in the field of energy: hydrogen, nuclear, ther-
monuclear, and thermal energy. Hydrogen permeability of metals is investigated by
many researchers [2–4].Another problem associatedwith the interaction of hydrogen
and metals is hydrogen embrittlement. Hydrogen embrittlement is responsible for
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premature and/or delayed rupture of materials and has become a concern in terms
of the durability of materials. The hydrogen embrittlement phenomenon was first
described by Johnson in 1875 [5]. Many papers are devoted to hydrogen embrittle-
ment [6, 7].

It is assumed that the effect of hydrogen on the properties of metals is caused by
absorbed hydrogen on traps such as dislocations, impurities, and internal interfaces,
voids, micro-cracks, and other defects. Now the most developed approaches for the
study of diffusion in solid are the approaches based on Fick’s laws and statistical
thermodynamics, which was proposed by Kirchheim in work [8]. The influence of
traps is taken into account in both approaches.

McNabb and Foster [9] were the first to suggest separating flux of the lattice
hydrogen concentration and the trapped hydrogen concentration in 1963.

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

∂CL

∂t
+ Nx

∂θx

∂t
= DL

∂2 CL

∂x2
,

∂θx

∂t
= kCL(1 − θx ) − pθx ,

where CL and DL are hydrogen concentration and diffusivity in normal lattice,
respectively; θx and Nx are occupancy and density of trap sites, respectively; k is the
probability of hydrogen jumping from normal lattice site to trap site; and p is the
probability of hydrogen releasing from trap site to normal lattice site.

Oriane showed the standard solutions of the diffusion equations with effective dif-
fusion coefficient can be used to analyze experimental results in the case of assump-
tion of local equilibrium for a restricted domain of degree of trap coverage in 1970
[10].

In 1979, Johnson brought a refinement on the limited capacity of traps, and pro-
posed a clear dependence of the trap concentration on the lattice concentration [11].
Johnson model is the special case of the more general model McNabb and Foster.

Further development of the approach was made by Leblond and Dubois in 1983
[12]. They suggested introducing a new type of irreversible trap and analyzing the
combined effects of reversible and irreversible traps. In 1989, the generalized model
of hydrogen transport was developed by Turnbull which incorporated the combined
effects of reversible and irreversible traps with varying degrees of occupancy [13].
Equations are described by
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∂t
= kiC(1 − θi ),
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where subscripts r and i represent reversible and irreversible traps, respectively.
Another approach based on Fick’s laws is the model of hydrogen multichannel

diffusion [14]. Multiple channels associated with trap sites are assumed.
The generally accepted methods of activation energies’ experimental estimation

is thermal desorption mass spectroscopy (TDS) [15] and its modifications [16] and
experimental layouts for measuring hydrogen sorption [17]. This method generally
includes a hydrogen pre-charged material, then measuring its desorption flux in vac-
uum or in a constant inert gas flow during a constant heating rate. The determination
of activation energy is based on the famous Kissinger equation (4.1) [18].

∂ ln vT
T 2
p

∂ 1
Tp

= U

R
, (4.1)

where vT is a heating rate, Tp is a peak temperature, U is an activations energy, and
R is the gas constant.

It is considered that the peaks of TDS spectra are attributed to the corresponding
energy [5, 10, 13, 19]. Peak temperatures are measured at few heating rates, an
activation energy of hydrogen is determined as a slope of the Choo-Lee plot for each
traps’ group [20].

Basically, in an analysis, the hydrogen distribution in the sample is assumed to
be uniform after hydrogen precharging. The simulation of the ordinary diffusion
equation with one activation energy gives a desorption curve with 2 peaks at an
initial non-uniform hydrogen concentration as shown in the works [15, 21, 22]. It
is noted that non-uniform surface hydrogen causes a new peak to appear at low
temperatures. However, the effect of the non-uniform distribution of hydrogen on
TDS curves needs more clarity.

The present article is focused on the influence of explicit non-uniform hydrogen
concentration on TDS. First, the diffusion equation solution is considered taking
into account the non-uniform initial data in the case of 1D Cartesian coordinates.
It is shown that the dependence ln(vT /T 2

p ) versus 1/Tp on Choo-Lee plot in the
case of a non-uniform initial hydrogen distribution has a nonlinear form. Numerical
calculation according to Fick’s laws with the non-uniform initial conditions gives
excellent agreement with the experimental data. It is shown in the example of TDS
data for steel from paper [23]. The calculation of the diffusion equation is carried by
the finite difference method in the case of axisymmetric cylindrical coordinates.

4.2 Dependence of Peak Temperature on Flux and Heating
Rate

An ordinary diffusion equation in Cartesian coordinates with a specific piece linear
initial condition is reviewed. The system of diffusion equations for a sample half
with a boundary and initial condition follows:
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(a)

(b)

Fig. 4.1 The schematic function Cin(x) of initial condition for the system of equations a (4.2) and
b (4.5)

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

1

D(t)

∂C

∂t
= ∂2 C

∂x2
,

C(t, x)|x=X = 0,

∂C(t, x)

∂x
|x=0 = 0,

C(0, x) = Cin(x),

(4.2)

where C is a hydrogen concentration, D(t) = D0 exp
(

−U
RT (t)

)
is a diffusion coeffi-

cient, D0 is a pre-exponential coefficient, U is an activations energy, and R is the
gas constant and T (t) = vT t + T0 is a linear function of temperature dependent on
time, vT is a constant heating rate. Cin(x) is a piecewise linear function of the initial
condition, it is shown schematically on Fig. 4.1a. The initial condition corresponds
to the situation, which can be as a result after hydrogen pre-charged, namely, a con-
stant initial concentration is in the sample middle and a high hydrogen concentration
is at the sample edge. Artificial saturation that is carried out in solutions leads to
the fact that hydrogen accumulates at the boundary of the sample and does not pass
inside. The possibility of such a hydrogen distribution in a sample after saturation is
mentioned in the experimental work [23]. It is supposed in paper [21] that hydrogen
gradient results from the diffusion of the adsorbate in the bulk.
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Analytical solution for equation (4.2) can be written using the Fourier method.
Hydrogen flux at edges is the most useful for analysis TDS, and the flow formula in
the case of one-dimensional Cartesian coordinates is shown below:

qH = −D(t)
∂C

∂x
|x=X = D(t)

∞∑

n=0

anTn(t), (4.3)

where λn = (
1
2 + n

)
π
X , I (T ) = ∫ t

0 exp
(

−U
kT (s)

)
ds, Tn(t) = exp

(−D0λ
2
n I (t)

)
and

coefficient an is given by

an=(−1)n
2 sin(wλn/2)

wλn X

[
(C2 − C1) sin

(
λn(X1 − w

2
)
)

− C2 sin
(
λn(X1 + w

2
)
)]

.

The flux according to formula (4.3) has two peaks, typical profile of flux (4.3)
is shown in Fig. 4.2. Figure 4.2 shows that form of flux qH is highly dependent on
heating rates vT . The first peak can be very narrow at heating rate vT = 0.01 K/min,
visible as at heating rate vT = 0.05 K/min, and it can be swallowed up by the second
peak as at heating rate vT = 1 K/min. The form flux as Fig. 4.2a can often be found
in experimental data, for example [24–26].

The second peak depends on the uniform distribution of hydrogen in the sample
central part and it is described by the first mode of solution (4.3), this is shown in
paper [14]. The expression for the dependence of the maximum temperature on the
heating rate is expressed by formula (4.4), which is a condition on the extremum of
the first mode and is like the famous Kissinger formula (4.1).

ln
( vT
T 2

)
= ln

(
R

U
D0λ

2
0

)

− U

R

1

T
. (4.4)

We would like to understand connection between the first peak hydrogen flux and
high hydrogen concentration near-edge sample. That is, it is necessary to consider
diffusion equations (4.2) with initial condition as in Fig. 4.1a with C1 = 0. But we
can consider a simpler task at half-infinity (4.5) with initial condition as on Fig. 4.1b,
because they have a similar hydrogen flow at the edge

⎧
⎪⎪⎪⎪⎪⎪⎪⎨
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1

D(t)

∂C

∂t
= ∂2 C

∂x2
,

C(t, x)|x=0 = 0,

C(0, x) = Cin(x),−∞ < x ≤ 0,

(4.5)

where the function Cin(x) has a form as in Fig. 4.1b.
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(a) (b)

(c)

Fig. 4.2 Assessing the effect of the distribution of hydrogen in a sample on the shape of a hydrogen
flux. Curve 1 corresponds to formula (4.3), curve 2 corresponds to first term of formula (4.3), and
curve 3 corresponds to formula (4.6). a vT = 0.01K/min; b vT = 0.05K/min; b vT = 1K/min.
Parameters are shown in Tables 4.1 and 4.2

Table 4.1 Material parameters value

U, kJ/mol T0, K D0, mm2/s

30 291 10

Table 4.2 Geometry parameters value

X , mm X1, mm w, mm C1/C2

10 9.8 0.1 1/4

Solution of the system (4.5) can be written using the Fourier transform and hydro-
gen flux at the edge can be presented as

qH = −D(t)
∂C

∂x
|x=0 = −D(t)S(t), (4.6)
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Fig. 4.3 Choo - Lee plot for
parameters in Tables 4.1 and
4.2. Line 1 corresponds to
Eq. (4.7) for first peak, line
2—(4.4) for second peak

where

S(T, vT ) =
√

π

2

∫ ∞

0
qC∗

in(q)exp(−q2D0 I (t))dq,

with C∗
in is the Fourier sine transformation of the function Cin . Comparison of full

hydrogen flux and the first term of the original task (4.3) and hydrogen flux of the
auxiliary task (4.6) are presented in Fig. 4.2. The flux of original task (4.3) and the
flux of the auxiliary task (4.6) coincide at low temperatures. It can be concluded that
the first peak corresponds to the desorption near-boundary hydrogen, and expression
for the first peak for equations (4.2) coincides with the expression for equations (4.5).
The first peak condition of flux (4.3) can be presented as (4.4).

1

T 2
= R

U

S′(t)
S(t)

. (4.7)

In a simple case, the flux (4.3) of the ordinary diffusion equation (4.2) with a
piece linear initial condition has two peaks and dependence extreme temperatures
on heating rate is nonlinear in Choo-Lee plot, see Fig. 4.3. The dependence for the
second peak, which associated with the exit of bulk hydrogen, is linear in coordinates
1/T and ln

( vT
T 2

)
. But the dependence for the first peak has two asymptotics, for “low”

heating rates is a vertical line, for “higher” one is a line with slope ofU/R as for the
second peak and nonlinear dependence for middle heating rates.

Typically, samples are tested at several heating rates and data may lay on different
sections of the line (4.4). The error of determining the energy can be huge if there is
no understanding under what mode of heating these data were obtained: at low, high,
or intermediate heating rates. If the experimental points correspond to a high or low
heating rate, then the energy value for the first peak will coincide with the energy
for the second or it will be very large. The value of energy will be questionable and
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will only require further research on the data. But if the experimental points belong
to intermediate heating rates or to different types of heating rates, then the energy
value is arbitrary, but it is reasonable. This will allow making a wrong conclusion
about a new type of trap with the corresponding energy.

We can conclude that the assumption that each hydrogen flux peak is associated
with activation energy can be incorrect for some cases. Thus it is necessary to consider
influence from hydrogen distribution in a sample after pre-charged. To assess the
influence of the initial conditions, it is necessary to compare the experimental data
and the simulation results of the corresponding equations.

4.3 Simulation and Comparison with Experimental Data

Popular forms of experimental samples are disk or cylinder. Consequently, a solution
diffusion equation in axisymmetric cylindrical coordinates is needed for compara-
ble analysis experimental and model data. The diffusion equation in axisymmetric
cylindrical coordinates for half sample is shown below:

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

1

D(t)

∂C

∂t
= ∂2 C

∂z2
+ 1

r

∂

∂r

(

r
∂C

∂r

)

,

C(t, r, z)|z=Xz = C(t, r, z)|r=Xr = 0,

∂C(t, r, z)

∂z
|z=0 = 0,

C(t, r, z)|t=0 = Cin(r, z),

(4.8)

where 2Xz is a sample height, Xr is a sample radius . Cin(r, z) is a piece linear
function along the r and z axes. D(t) is a diffusion coefficient, which depends on
time D(t) = D0 exp −U

RT (t) .
System (4.8) is solved numerically, using an semi-implicit finite difference scheme

(4.9) with uniform grid in r and z.
⎧
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i, j
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= �r (1/2) + �z(0),

ri
D(tn+1)

Cn+1
i, j − Cn+1/2

i, j

�t/2
= �r (1/2) + �z(1),

(4.9)

where
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⎧
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�r (α) = ri+1/2
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i, j
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i, j

�r

�r
,

�z(α) = ri
Cn+α
i, j+1 − 2Cn+α

i, j + Cn+α
i, j−1

�z2
,

with superscript means a point in time, for examples, tn+1 = tn + �t, tn+1/2 =
tn + �t/2, subscript corresponds to a coordinate in space Ci, j = C(ri , z j ) is a
concentration at the point (ri , z j ) and ri+1 = ri + �r, ri+1/2 = ri + �r/2, where
0 ≤ i < N , 0 ≤ j < M .

The calculation is carried out for half of the sample with boundary conditions

CN , j = Ci,M = Ci,1 − Ci,0 = 0, 0 ≤ i < N , 0 ≤ j < M.

Our solution strategy (4.9) includes two steps: (i) in the first half of the time step,
the flux in the direction of the z-axis is taken at the previous time; (ii) in the first half
of the time step, the radial flux is taken at the previous moment in time. The Thomas
algorithm is used to solve each equation of system (4.9). Hydrogen flux as the sum
of the fluxes from the side surface and two ends is calculated as

qH = 2πXr D
n
N−1∑

i=0

Cn
i+1,M − Cn

i,M

�r
�z+

+ 4πXr D
n
M−1∑

j=0

Cn
N , j+1 − Cn

N , j

�z
�r (4.10)

Modeling of experimental data can be provided by formulas (4.10). Experimental
data are taken from work [23], ferrite-bainite steels circular samples of 20mm diam-
eter and 1mm thickness were tested at 3.33, 6.66, 13.3, and 20 heating rate K/min,
see Fig. 4.4.

Fig. 4.4 Calculated (by the
present model eq. (4.8)) and
experimental curves [23] for
samples at heating rate 3.33,
6.66, 13.3, 20K/min. All
curves are normalized to the
flux maximum value at a
temperature of 20K/min.
Parameters value are seen in
Tables 4.3, 4.4
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Table 4.3 Material parameters value from Ref. [23]

U, kJ/mol T0, K D0, mm2/s

42.7 291 230

Table 4.4 Geometry parameters value fromRef. [23]. The subscripts r and z denote the coordinates
r and z, respectively

Xr , mm X1r , mm wr , mm Xz , mm X1z , mm wz , mm C1r /Cr2/C1z/C2z

10 9.83 0.1 0.5 0.474 0.024 1/1/1/200

Fig. 4.5 Calculated
Choo-Lee plot. Lines 1 and 2
are the numerical data (by
the present model Eq. (4.8)),
parameters value see in
Tables 4.3, 4.4. Line 1
corresponds to equation (4.7)
for first peak, line 2—(4.4)
for second peak. Black
circles (line 3) are
experimental data from
paper [23]. Additional points
are shown for heating rates
0.1, 0.5, 0.5, and 1 K/min

Curves have two peaks, according to our assumption and formulas (4.4, 4.7), the
slope in Choo-Lee plot for the second peak determines the activation energy U of
equation (4.8). Geometry parameters and D0 are unknown. They are selected from a
fitting of the experimental curve and the curve according to formula (4.10), data for
temperature rate 20 K/min is used as a nominal curve. The material and geometry
parameters are given in Tables 4.3 and 4.4. A higher concentration of hydrogen at the
ends at z = Xz than at surface r = Xr is due to the specifics of sample preparation.

The calculated and experimental profiles for each of rates have similar forms.
The slight difference in the quantitative value may be due to the heterogeneity of the
samples or to the necessary refinement of the model.

Figure 4.5 shows the dependence of the ln(vT /T 2) on 1/T . The curve corre-
sponding to the second peak is a straight line with a slope coefficientU/R, the curve
for the first peak has two asymptotics: vertical for low heating rates and asymptotics
with a slope coefficient U/R for high heating rates. According to our resolution in
Chap. 4.2, the experimental data [23] corresponds to “high” heating rates. But the
dependence for first peaks is more complicated and can be misleading about acti-
vation energy for low heating rates than in work [23], examples 0.1, 0.25, 0.5, and
1K/min . This confirms the importance of understanding the range of heating rates
for thermal desorption analysis.
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It is necessary to note that each surface gives flux, which consists of two peaks.
Real samples are three-dimensional body and they have more than one surface.
Consequently, the flux can have more than two peaks, which are related only to the
inhomogeneous initial hydrogen distribution in the sample, ignoring the hydrogen
trap. In the case under consideration, for thin circular ones, the most important flux
is the flux from the surfaces z = Xz .

4.4 Conclusion

In this paper, we propose a model describing the effect of the initial condition of
hydrogen on TDS. Analytical calculations in the case of one-dimensional Cartesian
coordinates show that the edge flux of the ordinary diffusion equation with a piece-
wise linear initial condition has two peaks, and the Choo-Lee plot for the first peak is
a nonlinear function and has two asymptotics. The first peak of the flux corresponds
to edge hydrogen, and the second peak corresponds to bulk hydrogen. It highlights
the importance of heating rates range for thermal desorption analysis.

Numerical modeling of experimental data shows that the curves obtained at TDS
are well described using the diffusion equation and taking into account the non-
uniform distribution of hydrogen in the sample. Finite difference scheme is used for
solving diffusion equation in antisymmetric cylindric coordinates.

Based on the data obtained, it can be concluded that it is necessary to take into
account the effect of the hydrogen distribution in the sample after pre-charged when
analyzing the experimental thermal desorption curves.

Acknowledgements This study was supported by the Russian Foundation for Basic Research
(project No. 18-08-00201).
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Chapter 5
The Key Role of Dedicated Experimental
Methodologies in Revealing
the Interaction Between Hydrogen
and the Steel Microstructure

Tom Depover and Kim Verbeken

Abstract Understanding the interaction of hydrogen with a steel microstructure is
key toward further material development and a potential future hydrogen based econ-
omy. A reliable determination of the hydrogen diffusivity and trapping are crucial
hereto. Electrochemical permeation is mainly used for the former, while thermal
desorption spectroscopy (TDS) is opted for the latter. Combination of both, together
with a detailedmicrostructural evaluation, provides fundamental insights for the engi-
neering of suitable hydrogen traps and diffusion barriers. Finally, in-situ mechanical
testing enables to evaluate the hydrogen embrittlement susceptibility and identifies
the active deformation mechanism. This chapter summarizes some recent experi-
mental advances and developments of our research group. At first, focus lies on the
electrochemical permeation technique, which has been expanded to apply a constant
load to the materials to evaluate the influence of stresses on hydrogen diffusivity dur-
ing in-situ hydrogen permeation. Elastic load on dual-phase steel increases hydrogen
diffusion due to crystal lattice expansion, while plastic deformation decreases diffu-
sion due to the formation of lattice discontinuities, e.g., dislocations. Next, the ability
to assess hydrogen trapping in austenite-containing materials is critically assessed
for a duplex stainless steel, revealing that the TDS data are dominated by hydro-
gen diffusion in these low diffusivity materials. In-situ interrupted tensile testing
on these materials is further complemented with scanning electron microscopy—
electron backscatter diffraction analysis. ε- and α’-martensite are found in austenite
of the hydrogen-charged tensile specimens, while these martensitic transformation
do not show in the uncharged samples. This is, among others, explained by a reduc-
tion in stacking fault energy due to the presence of hydrogen. Hydrogen-assisted
cracks also initiate in these materials, mainly in the austenite phase. Finally, the
hydrogen sensitivity is evaluated for high strength-low ductility Fe–C steels. Due to
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their brittle nature, a novel in-situ three-point bending setup is developed to eval-
uate their sensitivity to hydrogen. Hydrogen causes a transition from a microvoid
(Fe–0.2C), intergranular (Fe–1.1C), or mixed (Fe–0.4C) fracture surface (air-tested
samples), to a hydrogen-induced cleavage fracture appearance. This is accredited
by the Hydrogen Enhanced Plasticity Mediated Decohesion mechanism, proposing
that hydrogen is preferentially trapped at packet or block boundaries in high carbon
steels, while lath martensitic boundaries play a minor role in the crack development.

Keywords Hydrogen embrittlement · Thermal desorption spectroscopy · In-situ
mechanical testing · Electrochemical permeation · Hydrogen-assisted cracking

5.1 Introduction

The increased global warming awareness, the limited amount of fossil fuels and
concerns about nuclear energy, offer challenges to scientists to provide ecological
friendly solutions to deal with these climate-related concerns. As a clean energy
vector, a fuel and a feedstock, clean hydrogen has the potential to accelerate the
decarbonization of our energy system and of our industrial production pathways.
Hydrogen is thus an attractive candidate to replace fossil fuels since its combus-
tion only generates water avoiding the emission of greenhouse gasses. Despite these
benefits, hydrogen entails a negative connotation linked to several incidents demon-
strating its potential hazard [1], together with the ongoing debate and lack of under-
standing on the role of hydrogen on the structural mechanical integrity of metals.
Besides the development of the hydrogen economy, lowering the fuel consumption
of vehicles comprises another approach to make transportation more environmental
friendly. Therefore, the use of high-strength steels is encouraged in the automotive
industry as it may yield an increased safety together with vehicle’s weight reduction,
mandatory tomeet the rigorousCO2 emission regulations. Unfortunately, these steels
are assumed to be prone to hydrogen-induced degradation [2–4]. Furthermore, steel
alloys for the offshore industry are oftenprotected against corrosionby impressed cur-
rent cathodic protection. Though, when cathodic overprotection takes place, atomic
hydrogen can absorb into material’s microstructure, causing a degradation of the
structural mechanical integrity [5].

Johnson [6]was the first to refer to the detrimental role of hydrogen on themechan-
ical performance. This pioneeringwork inspiredmany researchers, leading to several
reference works in the field [7–14]. Recently, the interest in the topic got significantly
reinforced by the development of numerous applications involving potential interac-
tion with hydrogen, such as oil and gas pipelines, automotive, storage tanks, offshore
structures, and welds [15–17]. The particular detrimental effect of atomic hydrogen
on the material’s integrity is known as the hydrogen embrittlement phenomenon or
hydrogen-assisted cracking. The presence of hydrogen in a material can lead to a
reduced ductility, toughness, and ultimate tensile strength, possibly triggering unpre-
dictable failure. The four most cited mechanisms to explain hydrogen embrittlement
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in non-hydride formingmaterials areHydrogenEnhancedDEcohesion (HEDE) [18],
Hydrogen Enhanced Localized Plasticity (HELP) [19], Adsorption Induced Dislo-
cation Emission (AIDE) [20, 21], and Hydrogen Enhanced Strain-Induced Vacancy
(HESIV) [22]. HEDE considers a decrease in cohesive bond strength between the
metal atoms in the presence of hydrogen, leading to brittle crack propagation under
tensile load. HELP proposes an increased dislocation mobility due to the presence of
hydrogen, causing highly localized plastic deformation and finally accelerated fail-
ure [23–25]. AIDE combines HEDE and HELP, as it comprises localized plasticity,
though the theory proposes that this localized plasticity takes place close to the sur-
face at regions of stress concentrations, e.g., crack tips, including nano-voids ahead.
Finally, HESIV proposes that the focus regarding the crucial factor for degradation
is shifted from hydrogen to vacancies. The theory states that hydrogen promotes the
formation of vacancies upon straining and thus reduces the resistance against ductile
crack growth. Nevertheless, although the detrimental hydrogen effect was already
discussed in [6] and several mechanisms have been proposed so far, no full compre-
hension of the phenomenon governing the observed ductility loss has been achieved
and complexmicrostructures complicate our understanding. Conclusively, the poten-
tial and safe application of hydrogen still offers major challenges to the materials
engineer within the frame of a clearly renewed interest in this research field.

A dedicated experimental methodology is required to gain fundamental under-
standing on the role of hydrogen on the structure/property relationship. Generally,
the presence of hydrogen is known to deteriorate the mechanical performance of
steel. However, a critical hydrogen concentration is required to initiate and prop-
agate a crack in the metal microstructure. The susceptibility to hydrogen-induced
degradation thus depends on the amount of hydrogen able to diffuse to specific, e.g.,
stressed, regions in the microstructure. Though, besides the hydrogen concentra-
tion, the ability to reach these critical zones is a key parameter as well. This ability
is described by the hydrogen diffusion coefficient. Depover et al. [26] visualized
the role of hydrogen diffusion by inspecting the fracture surfaces of in-situ charged
tensile specimens, tested at different crosshead deformation speeds. The calculated
hydrogen diffusion distance, i.e., penetration depth from the edges, is depending
on the applied deformation speed. These distances matched perfectly well with the
detected transition between hydrogen-induced brittle and ductile fracture features
on the fracture surface. The prominent effect of hydrogen diffusivity was further
established by in-situ hydrogen tensile testing. Generally, the ductility loss was more
pronounced at lower deformation speeds [4, 27], since hydrogen had more time to
diffuse and accumulate at critical regions. Hence, the critical hydrogen concentration
for crack initiation was reached faster. Hydrogen can indeed accumulate at hydro-
static stress fields ahead of, e.g., a notch or crack tip. Depover et al. [28] evaluated
the influence of the local hydrostatic stress state and the resulting local hydrogen
concentration on the hydrogen-induced degradation. The maximal concentration of
hydrostatic stress and related hydrogen concentration was located in front of the
notch tip. When inspecting the fracture surface of the dual-phase steel samples,
the present alumina inclusions in this material showed significant embrittlement in
the region where hydrostatic stresses and hydrogen concentration peaked. More-
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over, hydrogen-induced fish-eyes were found surrounding these inclusions, only at
these specific regions of increased hydrostatic stress. Lastly, the synergetic effect of
both hydrogen content and hydrogen diffusivity was confirmed in [27]. This work
nicely demonstrated that the link between the amount of hydrogen and the hydrogen
embrittlement degree is incomplete without integrating hydrogen diffusion into the
discussion.

Besides the importance of hydrogen diffusion, the concept of hydrogen trapping
offers significant opportunities to tweak thematerial design toward an improved resis-
tance against hydrogen embrittlement. An important tool to evaluate the hydrogen
trapping characteristics is thermal desorption spectroscopy (TDS). This technique is
used to evaluate the distribution of hydrogen within a crystal lattice and its discon-
tinuities [29–32]. Hence, hydrogen trapping at microstructural features and defects
can be considered. Every type of trap is characterized by a particular desorption
activation energy (Ea), being the energy needed for hydrogen to be released from
the trapping site. Desorption activation energies can be determined by the Kissinger
equation [33] by TDS measurements at different applied heating rates, as introduced
by Lee and co-workers [34–36]. However, some recent literature debated the restric-
tions of the Kissinger equation, especially during diffusion controlled processes, as
the possible delay by slow hydrogen diffusion is neglected in the referred approach
[31, 37]. Lattice diffusion in body centered cubic (bcc) iron shows a low Ea (8
kJ/mol [38]), while microstructural discontinuities entail significantly higher bind-
ing energies (20–60 kJ/mol [29, 31, 32, 39–42]), while precipitates can even reach
higher binding energies [30, 43–48]. Consequently, the Ea can be determined in a
trustworthy way by means of the Kissinger equation, based on TDS desorption pro-
files at different heating rates. However, lattice diffusion in face centered cubic (fcc)
iron entails a much higher Ea (51–55 kJ/mol). Since the binding energy between
hydrogen and microstructural defects is similar to bcc iron, this largely impacts the
capacity of TDS to characterize microstructural trapping in fcc metals [49].

Finally, in-situ mechanical testing allows the evaluation of the hydrogen embrit-
tlement susceptibility. By interrupted in-site tensile testing, the active deformation
mechanism can be identified by scanning electron microscopy—electron backscat-
ter diffraction (SEM-EBSD) analysis. Laureys et al. [50–52] discussed this specific
topic inTRIP steelwhere retained austenite transformed toα’-martensite upon tensile
straining, creating crack initiation sites inside the martensite islands. The martensitic
phase is considered to be highly susceptible to hydrogen embrittlement and thus the
hydrogen-enriched martensite is very prone to hydrogen-induced cracking. Depover
et al. [53] recently verified these observations during in-situ SEM micromechanical
testing. Although conventional in-situ hydrogen tensile testing allows a quick and
reliable screening method to evaluate the sensitivity to hydrogen embrittlement, the
method is not suitable for all materials. This was demonstrated in [27], where lab
cast Fe-0.2C and Fe-0.4C alloys were prepared to compare the behavior of differ-
entmicrostructural constituents, i.e., ferrite, pearlite, bainite, andmartensite, induced
by dedicated heat treatments. Conventional in-situ testing yielded trustworthy results
for most of these prepared alloys. Only for the Fe-0.4C materials with a martensitic
microstructure, the hydrogen-charged tensile specimens broke upon clamping in the
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tensile machine. For these high strength-low ductility materials, conventional tensile
testing is no longer appropriate to evaluate the proneness to hydrogen. An alternative
methodology is, therefore, needed.

This work provides an overview of some of our recent work on the interaction of
hydrogen with a steel microstructure. At first, the effect of constant tensile load on
the hydrogen diffusivity will be characterized by electrochemical hydrogen perme-
ation experiments during in-situ constant loading on dual-phase steel. Then, a critical
assessment of the evaluation of hydrogen trapping of low hydrogen diffusion mate-
rials will be presented. For this purpose, duplex stainless steels will be characterized
by TDS, combining both ferrite (bcc) and austenite (fcc) to assess the difficulties
in interpreting the TDS data with respect to hydrogen trapping. Furthermore, the
role of hydrogen on the active deformation mechanism in these materials will be
considered as well by interrupted in-situ tensile testing combined with SEM-EBSD
characterization. The initiation for hydrogen-assisted cracking will be assessed as
well. Finally, the development of a novel in-situ bending technique to evaluate the
hydrogen embrittlement sensitivity of brittle materials will be introduced based on
lab cast Fe–C alloys, while the operational hydrogen embrittlement mechanism in
these materials will be addressed based on SEM fractography.

5.2 Experimental Procedure

5.2.1 Materials Characterization

5.2.1.1 Commercial Steel Grades

The commercial steel grades considered in this work are dual-phase (DP) steel and
duplex stainless steel 2205. The first considered material is the DP steel, consist-
ing of ferrite matrix with 23.6% of martensite. The grain sizes of the ferritic and
martensitic grains are about 7 µm and 2 µm, respectively. More details can be found
in [26]. The thickness of the DP steel sheets was 1.1mm, reached after hot and
cold rolling, followed by subsequent annealing via industrial annealing parameters
required to obtain the desiredmicrostructure. The chemical compositions is presented
in Table5.1. The DP ferrite-martensite microstructure results in a good combination
of strength and ductility, making them attractive steel grades for automotive appli-
cations. However, the mechanical contrast between both phases contains specific
hazards, which are even more pronounced in the presence of hydrogen [54–56].
Therefore, this grade deserves further attention toward its hydrogen characteristics
under an applied mechanical load. Inclusions were also detected in this material,
identified as alumina particles by energy dispersive X-ray analysis. Unfortunately,
these oxides were not homogeneously dispersed. Moreover, tensile stresses can con-
centrate at incoherent regions, i.e., a sharp edge or tip of the inclusion, creating a
triaxial stress field where hydrogen will preferentially accumulate [57]. Therefore, a
small scatter on the permeation data can be expected.
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Table 5.1 Chemical compositions commercial steel grades (in wt%)

Wt% C Cr fNi Mo fMn Si Other

DP steel 0.08 0.568 0.025 0.005 0.948 0.129 Cu 0.019, P 0.037,
V 0.005, S 0.003,
Al 0.028

UNS S32205 0.022 22.85 5.50 3.07 1.81 0.32 Cu 0.200, P 0.027,
Co 0.162, N 0.173

An as-received plate ofUNSS32205 duplex stainless steelwith an initial thickness
of 0.8mm was studied as well. The chemical composition is included in Table5.1.
An austenite fraction of 53 ± 2% was measured by magnetic measurements (Fer-
itscope FMP30). The grains are elongated along the rolling direction with an average
thickness of 1.49±0.1µm.More microstructural details can be found elsewhere [58,
59]. Duplex stainless steels are two-phase materials consisting of γ -austenite (fcc)
and α-ferrite (bcc), showing a combination of excellent mechanical properties and
corrosion resistance. The two-phase microstructure causes a complex plastic defor-
mation behavior. Ferrite typically deforms by deformation slip due to its high amount
of possible slip systems, whereas austenite can deform by different mechanisms, i.e.,
dislocation slip, twin formation and martensitic transformations depending, among
others, on its stacking fault energy (SFE). The role of hydrogen on the active defor-
mation mechanism in these duplex stainless steel will be evaluated by interrupted
in-situ tensile testing.

5.2.1.2 Lab Cast Fe–C Alloys

Three Fe–C alloys with a different carbon content were lab cast and synthesized.
The chemical composition of these generic alloys can be found in Table5.2. The Fe–
C alloys were processed by vacuum-induction melting under an argon atmosphere
and hot rolled at 1100 ◦C till final thickness of 1.6mm. The materials were then
austenitized (50 ◦C > Ac3) for 20min, followed by a brine water (7% NaCl) quench
to obtain a fully martensitic structure. The alloys were used in their as-quenched
condition to avoid the formation of cementite. More details can be found elsewhere
[60]. Each alloy consisted of a martensitic structure (cf. Fig. 5.1), although Fe–1.1C
had about 10 vol.% retained austenite, as revealed by X-ray diffraction [60]. Fe–
1.1C also contained quench cracks, mainly propagating along the prior austenitic
grain boundaries (cf. Fig. 5.1 (Fe–1.1C)). These quench cracks appear due to ther-
mal stresses in steels having a carbon content >0.7 wt.%, since the appearance of
plate martensite is necessary [61]. Moreover, when the carbon content exceeds the
eutectoid composition, cementite may form along the austenitic grain boundaries
during the hot rolling stage, which also facilitates cracking.
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Table 5.2 Chemical compositions generic alloys (in wt%)

Wt% C Other (N, S, Al)

Fe–0.2C 0.222 <10 ppm

Fe–0.4C 0.421 <10 ppm

Fe–1.1C 1.111 <10 ppm

Fig. 5.1 SEM images of cross-sections of the Fe–C samples [60]. Fe–1.1C showed quench cracks.
Copyright 2020, Elsevier

5.2.2 Determination of Total Hydrogen Content by Melt
Extraction

Melt extraction is used to determine the hydrogen saturation level. Hydrogen was
introduced in the alloys by electrochemical charging, using a 1g/L thiourea 0.5 M
H2SO4 solution at a current density of 0.8 mA/cm2, for different times depending
on the material of interest. The total hydrogen concentration was determined by
melt extraction with an impulse furnace for heating to 1550 ◦C and a thermal con-
ductivity detector for hydrogen detection. Multiple measurements were done on the
duplex stainless steel and the Fe–C alloys for each applied charging time to obtain
reproducible results.

5.2.3 Determination of Hydrogen Trapping Capacity Bt
Thermal Desorption Spectropscopy

The hydrogen trapping sites and their activation detrapping energy were determined
by performing TDS analysis for the duplex stainless steel grade. An infrared furnace
to gradually heat the sample up to 950 ◦C and a quadrupole mass spectrometer was
used for simultaneous hydrogen detection. Disc-shaped specimens were tested with
a diameter of 20mm. The thickness of this material was reduced to 0.3mm with
the same surface finish as for the melt tests. The samples were hydrogen charged,
similarly as described above and two different charging times were applied, i.e.,
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1 day and 15 days. Five different heating rates were applied: 900, 600, 50, 35, and
20K/h. The method based on the work of Lee and co-workers [34–36] was used to
determine the Ea of hydrogen traps related to the peaks observed in the TDS spectra.
Equation (5.1) is a simplification of the original formula of Kissinger [33]:

d ln(�/T 2
max)

d(1/Tmax)
= Ea

R
, (5.1)

where � is the heating rate (K/min), Tmax (K) the TDS peak temperature, Ea (J/mol)
the detrapping activation energy for the specific H trap associated with Tmax and R
(JK−1mol−1) the universal gas constant. After TDS measurements using different
heating rates, deconvolution of the results and determining the corresponding peak
temperatures for a trap, plotting ln(�/T 2

max)) versus (1/Tmax) allows to obtain the Ea

corresponding to that specific trap.
The experimental TDS spectra of this duplex steel was complemented with

a numeric diffusion model, for which both a homogeneous and heterogeneous
microstructuralmodelwas developed to simulate the experimental desorption spectra
[62]. Hydrogen diffusion according to Fick’s law was implemented for this purpose;
however, trapping was not included to verify the contribution of the latter to the
experimental TDS profile. The first model assumed that the material was homoge-
neous with one over-all, temperature-dependant, hydrogen diffusion coefficient and
an average hydrogen solubility. The second model considered the heterogeneous
microstructure of the duplex stainless steel and simulated the material as a combi-
nation of two phases with their own hydrogen diffusion coefficient and solubility.
On the interface of both phases, local equilibrium was assumed with consideration
of a partitioning constant. In this work, the first model will be used. By comparing
this model with the experimental TDS data, insight in the contribution of hydrogen
diffusion to TDS curves can be obtained. Hence, the potential impact of hydrogen
trapping on experimental TDS curves can be reflected.

Homogeneous hydrogen diffusion was simulated using Fick’s 2nd law in its one-
dimensional form [31, 63]:

∂C

∂t
(x, t) = D(T (t))

∂2 C

∂x2
(x, t). (5.2)

With C(x, t), the position (x) and time (t) dependent hydrogen concentration
[wppm], D the temperature dependent hydrogen diffusion coefficient [m2/s], T the
temperature [K], t the time [s] and x the position [m]. The diffusion coefficient is thus
dependent on the time since temperature and time are linked by the constant applied
heating rate. Both charging and discharging processes were simulated to reproduce
the experimental TDS profiles. For charging, the initial concentration profile was
zero throughout the sample’s thickness. The temperature was kept constant. The
boundary condition for the charging simulation was

C(0, t) = C(d, t) = Cs, t > 0. (5.3)
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Withd the thickness [m] andCs the equilibriumsurface concentration for the given
parameters [wppm]. Since the potential did not differ during hydrogen charging,
constant concentration boundary conditionswere selected. The differential equations
were numerically evaluated by Forward-Time-Central-Space finite differentiation
(spatial discretion was 6 µm). The time discretion was selected based on the Von

Neumann stability criterion, i.e., 0.2 · 1
2 dx

2

max(D(t)) with a maximal value of one second,
to assure a precise and stable simulation. For discharging, the concentration profile
after charging was used as initial state. The boundary condition for discharging was

C(0, t) = Ct (d, t) = 0, t > 0. (5.4)

Identical spatial and time discretion were selected as for the charging. To attain a
signal that eventually can be compared with the experimental TDS spectra, the flux
J [wppm/s] was assessed as

J (t) = −dC(t)

dt
(5.5)

with C the time-dependent average concentration [wppm]. As discharging involves
increasing temperatures, the relationship between the diffusion coefficient and tem-
perature should be incorporated. Turnbull et al. [64] reported Deff(t) = 2.8 · 10−8

exp
(
− 39300

RT (t)

)
m2/s for 2205 duplex stainless steel. The temperature is linearly related

to the time via the applied heating rate. This equation was hence used in the initial
simulations.

5.2.4 Determination of Hydrogen Diffusion Coefficient for
Hydrogen Permeation Under Constant Load

The electrochemical permeation techniquewas used to determine the hydrogen diffu-
sion coefficient, based on the Devanathan and Stachurski method [65]. A permeation
setup was combined with an external loading device (cf. Fig. 5.2). It consisted of
two double glass cells with the sample clamped in between. In both cells, a three-
electrode system was present, with a working electrode (WE), Pt counter electrode
(CE), and Hg/Hg2SO4 reference electrode (RE, +650mV vs. the standard hydro-
gen electrode, SHE). The three electrodes were connected to a potentiostat in both
the cathodic and anodic cell. The temperature of the electrolyte, 0.1 M NaOH in
both cells, was kept constant at 25 ◦C by circulating water in the outer layer of the
cells. N2 gas was blown into the air-tight compartments to reduce the oxygen content
and hence minimize unwanted oxidation. The sample’s thickness was about 1mm,
as such, hydrogen diffusion was bulk controlled. The methodology is elaborated in
more detail in [66].
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Fig. 5.2 Schematic representation of the electrochemical permeation setup (left) adjusted to allow
mechanical loading by a proof ring (right). CE = counter electrode, RE = reference electrode,
WE = working electrode (steel) [72] Copyright 2020, Elsevier

Itwas opted to not apply aPd layer at the exit side of the sample since duringplating
process, defects and/or oxides at a metal/Pd interface can be easily introduced. These
heterogeneities affect the hydrogen diffusion in an uncontrolled manner, which is not
desirable. Moreover, reliable permeation results can be obtained without the use of
Pd as well [67–71]. Instead, a passive iron oxide layer was imposed by applying a
potential of−500mVversus RE before starting up the actual experiment. Before this
passivation step, the oxygen content in the solutionwas diminished by blowingN2 gas
through the electrolyte. The anodic cell was filled with the solution by a peristaltic
pump and constant circulation was maintained throughout the experiment. Once
a stable background current density (<100 nA/cm2) was achieved, the hydrogen
permeation test started, for which the cathodic cell was filled with deaerated NaOH
solution under galvanostatic control (−3 mA/cm2). The hydrogen oxidation current
density versus time was then further processed to determine the hydrogen diffusion
coefficient, as described below.

To apply a constant load during the in-situ permeation test, the sample was first
mounted in the proof ring. Then, the permeation setupwas fitted around the specimen.
An average thickness of five different measurements in the zone of interest was
used to calculate the diffusion coefficient. Hydrogen permeation experiments were
performed with a variety of loads on the DP steel. The stress level is expressed as a
fraction of the yield strength (YS) and is mentioned in the sample code. Stresses of
60, 80, 100, 120, and 140% of the YS were applied.

The apparent diffusion coefficient (Dapp,fit) was determined by fitting the theoret-
ical permeation transient, based on Fick’s law, with the first half of the normalized
permeation transient. This method was selected as the experimental transient started
to deviate from the theoretical one at about a normalized current of 0.5. This devi-
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ation was clarified by the deposition of metal cations present in the electrolyte, as
elaborated elsewhere [66]. Using Fourier series and the right boundary conditions,
Fick’s 1st and 2nd law could be solved. In this work, the experimental curves were
fitted with the galvanostatic model (constant flux, CF) which is expressed by Eq.5.6
[73, 74]. According to the ASTM international standard, a value of at least n = 6 is
recommended [75]. In this work, a value of n = 10 was used.

CF model:

J

J∞
= 1 − 4

π

10∑
n=0

(−1)n

2n + 1
exp

(
− (2n + 1)2π2Dt

4L2

)
. (5.6)

The first step in the fitting procedure was to plot a Jnorm versus time diagram.
This was then fitted to the CF theoretical model. The optimal fit was obtained by
minimizing the total error (Eq. 5.7) between the experimental and theoretical curve.
Therefore, D was varied using the solver Add-in in Excel.

Total error =
∑(

Jexp − Jback
Jexp,∞ − Jback

− Jth − Jback
Jth,∞ − Jback

)2

(5.7)

5.2.5 Determination of the Degree of Hydrogen-Induced
Mechanical Degradation

By comparing mechanical tests performed in air with in-situ tests done on electro-
chemically hydrogen-charged specimens, the impact of hydrogen on the mechanical
performance can be assessed. The samples were electrochemically hydrogen charged
by the same method as described above.

At first, the impact of the hydrogen presence on themechanical behavior of duplex
stainless steel was tested by conventional tensile testing. The length direction of
the tensile samples was chosen parallel to the rolling direction. Tensile tests were
performed at a constant crosshead displacement speed of 0.6mm/min (strain rate of
1 · 10−3s−1). Uncharged tests (in air) were done as a reference. Hydrogen-charged
tensile specimens were tested in-situ, i.e., with continuous hydrogen charging during
the tensile test, after pre-charging for 24 or 168h. Theoretical calculations of the
hydrogen concentration profiles through the thickness of the sample are shown in
[58]. These calculations assumedahomogeneousmaterialwith one averagehydrogen
diffusion coefficient and revealed that both charging times did not result in hydrogen
saturation. Multiple interrupted tensile tests were done to study the role of hydrogen
on the active deformation mechanism of this material, for which both in-situ and ex-
situ charging was considered. Furthermore, additional interrupted tensile tests were
done, at higher strain levels, to evaluate the initiation and propagation of hydrogen-
assisted cracks (HAC). SEM-EBSD was used to study the deformation mechanism
and HAC characteristics. The used SEM (FEI QUANTA FEG 450) operated at an
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Fig. 5.3 Schematic representation of the in-situ bending technique [60] Copyright 2020, Elsevier

accelerating voltage of 20 kV and a spot size of 5nm. The specimen was tilted to
70 ◦C for EBSDmeasurements. The step sizes used varied between 0.1 and 0.02 µm
on a hexagonal grid depending on the used magnification. TSL-OIM Data analysis
V7.3 software was used for post-processing and analysis of the crystallographic
orientation data.

Secondly, martensitic Fe–C alloys containing a carbon content >0.4 wt% and
charged with hydrogen, failed already in the elastic regime during conventional
tensile testing [27], as introduced in the introduction part. For these materials with
limited ductility, a novel in-situ bending setup was developed to allow the evaluation
toward their hydrogen sensitivity.A schematic representation of the setup is presented
in Fig. 5.3. During a bending test, a constant transverse loading speed is applied on
a beam-shaped sample. The maximum bending stress (σnom) in a straight beam of
height a, thickness B, an applied force F and a moment arm of length z can be
calculated by the simple beam theory as

σnom = 6Fz

Ba2
. (5.8)

However, the validity of this formula is restricted to the elastic regime. In the
plastic region, some deviations may occur, but since this work deals with materi-
als with limited ductility, the formula was used for generating both the elastic and
plastic region. The bending tests were done for three testing conditions: without
hydrogen charging (air), with hydrogen charging during the bending test (in-situ),
and pre-charged with hydrogen until saturation and continued in-situ charging dur-
ing the bending test (saturated in-situ). Two different crosshead deformation speeds
(1mm/min and 0.1mm/min) were applied. The samples were ground and polished
till 1mm to obtain a defect-free surface and to avoid surface-induced stress concen-
trations during testing. The samples’ thickness was identical for both the mechanical
and the hydrogen testing methods, assuring a reliable comparison between the dif-
ferent testing methods.
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5.3 The Interaction of Hydrogen with Advanced
High-Strength Steels

5.3.1 The Effect of Constant Tensile Load on the Hydrogen
Diffusivity of DP Steel by Permeation

A constant tensile load of 60, 80, or 100% of the YS of the DP steel was applied
prior to the start of the permeation test. This load sustained during the permeation
experiment, corresponding to stress values of 195 MPa, 260 MPa, and 325 MPa,
respectively. Dapp,fit, presented in Fig. 5.4a, is obtained by fitting the first half of the
normalized current, as elaborated above. The first half of the normalized permeation
transients are plotted in Fig. 5.4b. The small scatter can be clarified by the presence of
the alumina inclusions, cf. materials characterization section. When comparing the
60%YS and the 80%YS condition, the increased applied load caused an increased
diffusivity. Zhao et al. [73] detected a similar increase of Dapp with imposed elastic
stresses. On the one hand, elastic tensile stresses increased the volume of the unit cell
and its interstitial sites, which is favorable for hydrogen diffusion [73]. On the other
hand, the applied stress increased the hydrogen concentration of the subsurface (C0).
This could also be responsible for the higher Dapp,fit, as an increased Dapp,fit with
increasing C0 was detected in [76–78]. The cathodic reduction reaction rate at the
input surface is higher at a stressed surface leading to a higher hydrogen concentration
in the subsurface of the sample.

Though, at 100% of the YS, the diffusivity decreased again reaching similar
values as the 0%YS condition (Fig. 5.4a). Since the YS was determined by the 0.2%
strain offset method, the stress–strain curve already clearly deviated from the linear
elastic part before this determinedYSwas reached [72].Moreover, hydrostatic tensile
stressesmay concentrate surrounding the present inclusions, leading to a local triaxial
stress fields where hydrogen can accumulate [28, 57]. As such, somemicro-plasticity
was locally induced and, correspondingly, dislocations nucleated showing a retardant
effect on the diffusivity. The increase in dislocation density with applied (plastic)

a b

Fig. 5.4 Apparent diffusion coefficients for DP steel under constant elastic stress (% YS), with 0%
as reference (a). First half of the normalized permeation curves for the different loading conditions
(b) [72] Copyright 2020, Elsevier
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deformation was confirmed in our previous work on this steel grade [39]. Here, it was
established that the ferrite grains took most of this plastic deformation. Furthermore,
several authors confirmed that dislocations can be considered as hydrogen traps
reducing the hydrogen diffusion [79, 80]. This additional trapping compensated for
the lattice expansion resulting from the elastic stresses, which are indeed still present
as the sample is sustained under constant load. These findingswere in agreementwith
the previously published results, where a decrease in diffusion was observed when
applying a stress close or equal to the YS. Again, the generation of microstructural
defects by plastic deformation compensated for the lattice expansion [57, 73].

Furthermore, the formation of vacancies and vacancy clusters might also play
a role as an increase in vacancy concentration by the annihilation of dislocations
during plastic deformation was verified in [81, 82]. Moreover, the formation of
vacancies and vacancy clusters is enhanced in the presence of hydrogen [83]. Hydro-
gen was confirmed by positron annihilation spectroscopy to enhance the generation
of vacancies during plastic deformation [84], which was in agreement with TDS
data demonstrating an increase in hydrogen absorption by straining [85]. Molec-
ular dynamics and cluster dynamics simulations showed that a hydrogen-vacancy
complex is not absorbed by dislocations sweeping through the lattice, unlike a lattice
vacancy [86].Whenmetals undergo plastic deformation in the presence of hydrogen,
the simulations demonstrate that the dislocation motion and dislocation–dislocation
intersections produce a large amount of hydrogen-vacancy complexes. Under these
concentrations, the complexes prefer to grow by absorbing additional vacancies and
act as nuclei for nano-voids formation. Vacancies and vacancy clusters are stable and
grow easier due to their lower formation energy with the help of trapped hydrogen
[87]. These vacancies and vacancy clusters can hinder diffusion by trapping hydrogen
as well [88] Therefore, they presumably also contributed to the decreased diffusivity
of the 100% YS condition.

The Dapp,fit when a constant load in the plastic regime was applied (including
the elastic part), are plotted in Fig. 5.5a, including the reference sample, DP0%.
The decreased diffusivity, detected for the imposed load of 120 and 140% of the
YS, was caused by additional lattice defects induced by increased plastic straining.
Consequently, the impact of the plastic stress on the hydrogen diffusion consider-
ably exceeded the effect of the expanded lattice, as both elastic and plastic stresses
are present under these loading conditions. The decrease in diffusion due to plastic
stresses was also discussed in [89–91]. When a constant load was applied in the plas-
tic regime, self-evidently, the entire contribution of the elastic strain also remained
present. As mentioned before, elastic stresses caused a higher diffusivity. Hence,
a supplementary proof-of-concept test was designed aiming to separate the contri-
bution of the elastic and plastic stresses. For this purpose, samples were tested by
applying a load of 120% of the YS, which was then released (no applied load) prior to
the start of the permeation test. As such, the elastic stress contribution was eliminated
from the permeation result and only the permanent plastic contribution endured. The
related average Dapp,fit is indicated in Fig. 5.5b as “120%*”. A further reduction in
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a b

Fig. 5.5 Apparent diffusion coefficients for DP steel under constant applied stress in the plastic
regime 120% and 140% YS, with 0% as reference condition (a). 120%* was unloaded prior the
permeation experiment to confirm the effect of elastic stress (b) [72] Copyright 2020, Elsevier

diffusion was observed when the elastic stresses were eliminated. This demonstrated
once more that elastic stresses caused a higher diffusion, whereas the microstructural
changes by plastic deformation accounted for a decrease in diffusivity.

5.3.2 Revealing the Role of Hydrogen in Duplex Stainless
Steels

5.3.2.1 Critical Assessment of Hydrogen Trapping of Duplex Stainless
Steel Evaluated by TDS

Figure5.6 present the hydrogen uptake capacity versus applied charging time by
melt extraction tests, including the fit of the analytical solution of Fick’s 2nd law.
The saturation level of this material was about 702 wppm. The effective diffusion
coefficient was determined to be 9.94 · 10−15 m2/s, which is in good agreement
with literature [92, 93]. Figure5.7 shows the obtained TDS data; both fast heating
rates (600 and 900K/h, cf. Fig. 5.7a) and slow heating rates (20, 35 and 50K/h, cf.
Fig. 5.7b) were applied. The latter because of a potential enhanced peak separation
between diffusion and trapping processes. The spectra of the samples charged for
15 days showed a different shape, dependent on the applied heating rate. The fast
heating rates (15d H) resulted in one asymmetric peak with a rather flat top. The slow
heating rates (15d H) caused a small peak followed by a two-step peak. The samples
charged for 1 day (1d H) revealed one main peak followed by a shoulder finishing
at about the same temperature as the corresponding 15 days charged sample. This
was observed for both the fast and slow heating rates. However, the 1 day charged
specimen tested at 50K/h showed an additional small peak in the beginning as was
also the case for the 15 days charged sample at this heating rate (cf. Fig. 5.7b).

The desorption activation energy was determined based on the experimental data,
as described above, and resulted in an average Ea of 43.4kJ/mol. This experimen-
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Fig. 5.6 Hydrogen content versus charging time with fit based on analytical solution of Fick’s 2nd
law [62] Copyright 2020, Elsevier

a b

Fig. 5.7 TDS data of 2205 duplex stainless steel for different charging times and heating rates (fast
in (a), slow in (b)). Fit of the homogeneous diffusion model to the experimental TDS data included
[62] Copyright 2020, Elsevier

tally obtained diffusion activation energy was then implemented in the homogeneous
model. The pre-exponential factor was determined by visual correspondence with
the experimental data. This resulted in an expression for the effective diffusion coef-
ficient Deff = 3 · 10−7 · exp(− 43400

RT ). The obtained fits are included in Fig. 5.7. The
numerical analysis exposed that the shape of the curves can be clarified by hydrogen
diffusion processes only. An asymmetric shape arose for homogeneously charged
samples, caused by the increasing diffusion upon increasing temperature. Similar
shapes were experimentally observed when duplex stainless steels were homoge-
neously charged by gaseous charging [94, 95].

An average diffusion activation energy was determined based on the experimental
datawith a value in between diffusion in ferrite and austenite. Since the value is rather
close to the one of austenite, it can be stated that most hydrogen diffused through
several austenitic layers during leaving the sample. Hydrogen trapping in ferrite was
not visible from the experimental results. Hydrogen atoms that are released from traps
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in ferrite are overruled by the large amount of hydrogen atoms that are released from
austenite, i.e., the austenite diffusion peak overlaps with the peaks related to trapping
in ferrite. Pu et al. [96] also argued that traps created through deformation of 304
stainless steel (dislocations and martensite) cannot be viewed in the large amount of
hydrogen originating from interstitial positions in austenite. Evaluation of hydrogen
trapping in duplex stainless steels appeared not to be possible as was shown by
combining experimental results with diffusion models. Microstructural features with
desorption activation energies greater than the diffusion activation energy of austenite
can presumably be distinguished as a shoulder on TDS curves; however, they were
not observed in the duplex stainless steel studied in this work. Hydrogen desorbing
from austenite by diffusion determined completely the shape of the experimental
TDS spectra. The main effect of the presence of the ferrite phase was an increase of
the average diffusion kinetics.

5.3.2.2 Impact of Hydrogen on Active Deformation Mechanism
of Duplex Stainless Steels

Figure5.8 presents the EBSD measurements on the normal direction (ND) surface
of the interrupted tensile tests in air (b), and for ex-situ (c) and in-situ (d) hydrogen-
charged specimen.The initial condition,without hydrogen charging anddeformation,
is included as reference (a). Both image quality maps and phase maps are shown.
Figure5.9 displays a detailed EBSD measurement of a deformed austenite grain on
the interrupted in-situ hydrogen-charged specimen. An image quality map, inverse
pole figure (IPF) map and phase map are presented in this case. Moreover, several
pole figures are included of specific crystallographic directions versus the sample
reference system. Thesewere constructed by first creating a partition based on crystal
orientation with a maximal deviation of 5 ◦C. The orientations are indicated on the
IPFmap. High angle grain boundaries (>15 ◦C) are indicated in black in both figures.

Planar slip and both ε- and α’-martensite were detected in the austenite phase
of the hydrogen-charged specimens being more noticeable for in-situ compared to
ex-situ tensile testing. Both phenomena were absent for uncharged specimens. This
could be clarified by a reduction in SFE, complemented by a change in what phase is
accommodating most of the plastic deformation. Besides, additional pinning of edge
dislocations by hydrogen atmospheres hindering cross-slip contributed to the dif-
ference in deformation mechanism. Hydrogen-induced martensitic transformations
took place soon after yielding and were mainly characterized as ε-martensite. When
higher strain levels were reached, hydrogen-assisted cracks initiated [97]. These
HACs were studied with SEM-EBSD to identify the microstructurally most prone
regions. Figure5.10a shows an image of several cracks. The initiation characteris-
tics were identified based on the phase map (cf. Fig. 5.10b) and ND IPF map (cf.
Fig. 5.10c). The phase maps designated in which phase the crack initiated, whereas
the ND IPF maps indicated whether the crack initiated on a grain boundary or inside
a grain. Cracks, small enough to stay within one phase or boundary, were used for
the statistic determination of the most favorable initiation site. Different categories
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Fig. 5.8 EBSDmeasurements showing image quality and phasemap on a initial state, b interrupted
tensile test in air, c ex-situ interrupted tensile test and d in-situ interrupted tensile test [58] Copyright
2019, Elsevier

Fig. 5.9 Detailed EBSD measurement on hydrogen charged and in-situ deformed austenite grain.
Various pole figures are included [58] Copyright 2019, Elsevier
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Fig. 5.10 EBSD characterization of HACs on ND plane after straining hydrogen-charged (1day)
duplex stainless steel to an intermediate elongation. a SEM image with type of crack (A= austenite,
F = ferrite, M = martensite, IF = interface and GB = grain boundary), b phase map and (c) ND
IPF map [97] Copyright 2020, Elsevier

were chosen; austenite grain interior, austenite/austenite grain boundary, austen-
ite/martensite interface, ferrite grain interior or austenite/ferrite interface. The larger
part (78.7%) of the cracks initiated in austenite (including the grain interior, grain
boundaries of two adjacent austenitic grains and the austenite/martensite interface),
followed by ferrite (16.6%) and finally the interface between austenite and ferrite
(4.7%).

5.4 The Interaction of Hydrogen with Lab Cast Fe–C
Alloys

In this section, a new in-situ bending technique is used to study the fracture mech-
anism of high-strength steels with limited ductility in the presence of hydrogen.
The methodology was tested for generic Fe–C steels with a carbon content of 0.2,
0.4, and 1.1 wt.%. Figure5.11a shows the hydrogen uptake capacity versus applied
charging time, termed hydrogen saturation curves. The maximal amount of absorbed
hydrogen increased with increasing carbon content. Fe–0.4C required longer charg-
ing times to reach hydrogen saturation than the Fe–0.2C due to a reduced hydrogen
diffusivity. For the Fe–1.1C alloy, saturation is never reached. This can be attributed
to the interaction between hydrogen with the present quench cracks in this material
(cf. Fig. 5.1). Hydrogen charging caused additional cracking in this material [60].
However, for bending experiments with “saturated” samples, a charging time of two
hours was chosen. No hydrogen-induced damage was observed for the other two
materials. Figure5.11b shows the bending curves of the Fe–0.4C samples. Although
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Fig. 5.11 Hydrogen saturation curves for the Fe–C alloys (a). Bending curves of Fe–0.4C, tested at
1mm/min and 0.1mm/min for different testing conditions (air, in-situ charged and in-situ charged
after hydrogen pre-charging until saturation (cf. data shown in (a)) [60] Copyright 2020, Elsevier

Fe–0.4C samples are too brittle to be tested in tensile loading [27], they possess
enough ductility for bending. In Fig. 5.11, the bending curves are only shown up to
12mm of extension since from this point onward the support points change and there
is a transition from three-point bending to four-point bending. Three different test
conditions were compared; i.e., air, in-situ and saturated (pre-charged) in-situ, as
described above. When the samples were charged with hydrogen, the flexure stress
clearly decreased and fracture occurred abruptly. This effect is more pronounced
when the samples were exposed to hydrogen for longer times, i.e., slower applied
strain rates and/or with pre-charging. When the bending rate was decreased, hydro-
gen had more time to diffuse toward the highly stressed regions linked to the fracture
initiation/propagation sites. When the samples were pre-charged, all the available
trapping sites are occupied by hydrogen, and hydrogen can internally redistribute to
the highly stressed parts and facilitate fracture. Due to these two factors, the sensi-
tivity to failure increased for pre-charged samples and when lowering the bending
deformation speed. The hydrogen embrittlement effect can be visualized by ana-
lyzing the related fracture surfaces by SEM. Figure5.12 shows an overview of the
appearance of the fracture surfaces for each testing condition.

In the absence of hydrogen, intergranular features and microvoids characterized
the fracture surface. When the bending test was done with simultaneous hydrogen
charging, additional cleavage facets, and cracks were found. When the in-situ test
was done at a slower strain rate, the microvoids disappeared and the fracture surface
was a mixture of intergranular and cleavage aspects accompanied with cracks. A
similar fracture surface was detected when the sample was saturated before the test
at 1mm/min, although the cleavage fraction increased. Finally, when the sample was
saturated and tested at lower strain rate, a transition to a pure cleavage fracture with
dispersed crackswas seen.When hydrogen is added, the fracturemechanism changed
since cracks perpendicular to the fracture surface were observed and the plastic strain
marks almost completely disappeared. These perpendicular cracks run transgranular
both along and through martensitic blocks (cf. Fig. 5.13b). The direction of the crack
propagation changed with the orientation of the martensitic laths, indicating that
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Fig. 5.12 SEM characterization of the fracture surfaces of Fe–0.4C for different conditions; air,
in-situ, and saturated in-situ. Yellow dotted circles indicate zones with microvoids, white arrows
intergranular features and green arrowheads cleavage features. Cracks are illustrated by fine red
arrows [60] Copyright 2020, Elsevier

Fig. 5.13 EBSD scan of a crack running parallel to the fracture surface of Fe–0.4C subjected to
bending in air (a), and a crack running perpendicular to the fracture surface in the presence of
hydrogen (b) [60] Copyright 2020, Elsevier

cracks preferably ran along block boundaries. This is not the case in the air samples,
where the crack propagated along the prior austenite grain boundaries (cf. Fig. 5.13a).
Therefore, it can be stated that hydrogen weakened the block boundaries, which
explained the shift to a cleavage type of fracture when hydrogen is present. As
suggested by Nagao et al. [98], this quasi-cleavage fracture mode is a result of
localized plasticity and a local hydrogen overconcentration at packet and/or block
boundaries, which are high angle grain boundaries (HAGBs). On the one hand,
HAGBs hinder dislocation movement causing a dislocation pile-up at the boundary.
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On the other hand, HAGBs are effective hydrogen traps resulting in a decrease of
the cohesive forces. These two phenomena weaken the block boundaries, causing
quasi-cleavage features. This mechanism is termed “Hydrogen Enhanced Plasticity
Mediated Decohesion”. It can be considered as a mixture of HELP and HEDE, i.e.,
hydrogen activates different slip systems (HELP) which can intersect HAGBs and
enhances hydrogen distribution by dislocations. This causes an increased amount of
hydrogen deposited at the HAGBswhich in turn weakens the cohesive forces at these
boundaries (HEDE).

Hydrogen caused a noteworthy ductility loss, described by a transition from a
microvoid (Fe–0.2C), intergranular (Fe–1.1C), or mixed (Fe–0.4C) fracture appear-
ance to a cleavage type of fracture with additional cracking. The transition to the
transgranular fracture typewas explainedby theHydrogenEnhancedPlasticityMedi-
ated Decohesion model. The similarities in the fracture mechanism for these alloys
acknowledges the developed in-situ bending technique as a suitable method to eval-
uate the susceptibility to hydrogen embrittlement of high-strength steels.

5.5 Conclusion

This work provides an overview of our recent work on dedicated experimental
methodologies to reveal specific aspects of the interaction of hydrogen with a steel
microstructure. Firstly, the effect of constant tensile load on the hydrogen diffu-
sivity was evaluated by electrochemical hydrogen permeation experiments during
in-situ constant loading on DP steel. Secondly, a critical assessment of the evalua-
tion of hydrogen trapping of low hydrogen diffusion materials was performed for
duplex stainless steels. Moreover, the effect of hydrogen on the active deformation
mechanism in this material was demonstrated as well by interrupted in-situ tensile
tests combined with SEM-EBSD. Finally, the sensitivity of high strength-low duc-
tility steels to hydrogen embrittlement was evaluated by in-situ bending tests. The
operational embrittlement mechanism in these alloys was proposed based on SEM
fractography. Key takeaways of this work are

1. Elastic applied tensile stresses increased the hydrogen diffusivity of DP steel
due to the volume increase of the unit cell. When the imposed stress was equal
to the yield stress, the increasing amount of hydrogen traps compensated for
the increase of the diffusion coefficient resulting from the lattice expansion.
Significant plastic deformation slowed down the diffusion due to the formation
of lattice defects such as dislocations, vacancies, and vacancy clusters.

2. A combined experimental and numerical approach was used to increase the
insights on the interpretation of TDS data of duplex stainless steel. It was verified
that hydrogen desorbed through diffusion with an experimentally obtained value
for the effective hydrogen diffusion coefficient in between the hydrogen diffusion
coefficients in ferrite and austenite.

3. Planar slip and both ε- and α’-martensite were detected in the austenite phase
of the hydrogen-charged duplex stainless steel specimens. This was more pro-
nounced for in-situ compared to ex-situ tensile testing. Both phenomena were
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absent in the uncharged condition. This was explained by a reduction in SFE
together with a change in which phase accommodated most of the plastic defor-
mation. Besides, additional pinning of edge dislocations by hydrogen atmo-
spheres contributed to the large difference in observed deformation mechanism
as well. At higher strain levels, hydrogen-assisted cracks initiated. Statistical
analysis based on EBSD confirmed that the largest fraction of these cracks ini-
tiated in austenite.

4. The fracturemechanism in the presence of hydrogen for high strength-lowductil-
ity Fe–C steels was evaluated by in-situ bending. Hydrogen caused a noteworthy
ductility loss, characterized by a transition from a microvoid (Fe–0.2C), inter-
granular (Fe–1.1C) or mixed (Fe–0.4C) fracture surface to a cleavage fracture
surface with additional cracking. The transition to the transgranular fracture type
is clarified by the Hydrogen Enhanced Plasticity Mediated Decohesion model,
indicating that hydrogen was preferentially trapped at packet or block bound-
aries, causing a cleavage type of fracture.
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Chapter 6
Modeling of Hydrogen Diffusion in Slow
Strain Rate (SSR) Testing of Notched
Samples

Andreas Drexler, Josef Domitner, and Christof Sommitsch

Abstract Macroscopic testing of the hydrogen embrittlement (HE) resistivity of
ultra and advanced high-strength steels is still a difficult task. Different testing pro-
cedures are recommended in literature, such as the slow strain rate (SSR) test, the
constant load (CL) test, or the incremental step load (ISL) test. Nevertheless, a direct
comparison of the results of the different testing procedures is challenging and the
influence of the microstructure is not well understood. Therefore, the present work
contributes to a deeper understanding of the role of internal hydrogen diffusion and
trapping atmicrostructural defects duringSSR testing of notched samples using phys-
ical reasonable diffusion-mechanical finite element (FE) simulations. The modeling
approach allows a detailed study of the role of macroscopic strength and multiple
trapping sites on the local hydrogen accumulation at the notch.

Keywords Hydrogen diffusion · Beneficial trapping · Hydrogen embrittlement ·
Slow strain rate testing · Notch effect

6.1 List of Symbols

A mm2 Sample surface area
c wppm Total hydrogen concentration
cim wppm Immobile hydrogen concentration
cL wppm Lattice hydrogen concentration
cL,0 wppm Lattice hydrogen concentration under zero hydrostatic stress
cT,i wppm Trapped hydrogen concentration
Dchem mm2/s Chemical diffusion coefficient
DL mm2/s Tracer diffusion coefficient
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E GPa Young’s modulus
EB,i kJ/mol Binding energy of traps
EB,deep kJ/mol Binding energy of deep trapping sites of 60 kJ/mol
EB,shallow kJ/mol Binding energy of shallow trapping sites of 30 kJ/mol
ES kJ/mol Solution enthalpy
εeng − Engineering strain
εpl − Equivalent plastic strain
εeqv − Equivalent strain
γ mm−2 Correlation factor between dislocation density and

equivalent plastic strain
J mol/mm2s Total hydrogen flux
J∇c mol/mm2s Chemical hydrogen flux
J∇σ mol/mm2s Stress-driven hydrogen flux
K MPa Strength coefficient
Ki − Equilibrium constant of trapping sites i
K∇σ − Equilibrium constant for volumetric strained interstitial

lattice sites
k mol/mm Number of shallow trap sites per unit dislocation length
L0 mm Length of the unstrained gauge section of a sample
L mm Length of the strained gauge section of a sample
l mm Size of the plastic zone
m wppm/MPa1/2 Constant factor of Sievert’s law
MH g/mol Molar mass of hydrogen
μL kJ/mol Chemical potential of the lattice hydrogen in bulk
μPH2

kJ/mol Chemical potential of the gaseous hydrogen molecules
N − Total number of trapping sites
NL mol/mm3 Density of interstitial lattice sites
NT,0 mol/mm3 Initial trap density
NT,i mol/mm3 Trap density of trapping sites i
n − Strain hardening exponent
ν − Poisson constant
pH2 MPa Hydrogen partial pressure
Rg J/molK Universal gas constant
ρ g/mm3 Density
σH MPa Hydrostatic stress
σMises MPa Von Mises stress
σy MPa Yield stress
σy,0 MPa Initial yield stress
T K Temperature
t s Hydrogen charging time
V mm3 Sample volume
VH mm3/mol Partial molar volume of hydrogen
yT,i − Site fraction of trapping sites i
yL − Lattice site fraction
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6.2 Introduction

Hydrogen in metals, especially in advanced high-strength steels, can cause prema-
ture macroscopic brittle failure [1]. Different test procedures for dog bone-shaped
samples are available to investigate the susceptibility of the microstructure to hydro-
gen embrittlement ranging from constant load (CL) tests to slow strain rate (SSR)
tests. The incremental step load (ISL) tests combine aspects of both SSR and CL
tests. Comparing the susceptibility of different materials to hydrogen embrittlement
(HE) or testing under real hydrogen donating conditions coined the terms “internal”
hydrogen embrittlement (IHE), hydrogen “environmental” embrittlement (HEE), and
hydrogen-induced stress corrosion cracking (SCC). Lynch [2] has already stated that
the hydrogen source can trigger different embrittlement sites within the microstruc-
ture. It may change the rate-controlled process from hydrogen diffusion to hydrogen
adsorption by controlling the kinetics of IHE andHEE. The distinction between IHE,
HEE, or SCC makes sense from an experimental macroscopic point of view, how-
ever, the microscopic HEmechanisms [3, 5–7] do not distinguish different hydrogen
sources. Evaluation of the material susceptibility to hydrogen embrittlement is often
done by comparing time to failure and threshold stresses, which are measured with
CL or SSR tests. However, both quantities are also influenced by other factors than
microstructure, like

1. hydrogen charging procedure,
2. sample geometry,
3. strain rate, and
4. applied mechanical load.

This indicates a strong dependency of the time to failure and threshold stress
on hydrogen absorption, diffusion, and hydrogen accumulation in critical zones [8].
Therefore, the roles of internal hydrogen diffusion and trapping in SSR testing of
hydrogen pre-charged and notched samples must be investigated. For that purpose, a
physically reasonable, fully coupled diffusion-mechanical finite element (FE) model
[9] was developed and parametrized. Using this FE model, the roles of

1. competitive mechanisms of stress-driven hydrogen diffusion and shallow hydro-
gen trapping by means of local plastic deformation,

2. “beneficial” deep trapping sites,
3. strain rate dependency,
4. mechanical strength, and
5. strain hardening

on the local hydrogen accumulation at the notch are studied in detail.
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6.3 Multiphysical Modeling of Slow Strain Rate (SSR) Tests

It is well known that hydrostatic stresses and plastic strain have a crucial effect on
the macroscopic hydrogen accumulation at the notch [10]. For that purpose, the fully
coupled diffusion-mechanical model of Barrera et al. [9] was implemented in the FE
software package Abaqus [11] using the UMATHT subroutine. Barrera has shown
how to compute directly the gradient of hydrostatic stress field inside the UMATHT
using common block variables with USDFLD and GETVRM subroutines and how
to consider hydrogen trapping on the overall chemical diffusion [10, 12].

6.3.1 Sample Geometry and Finite Element Meshing

A notched 1-mm thick sample was studied with a notch radius of 0.1mm and a notch
angle of 60◦, as shown in Fig. 6.1a. The initial length of the gauge section was 60mm.
Due to symmetry conditions, only a quarter of the sample was meshed with 8-node
plane stress diffusionally coupled quadrilateral elements (CPS8T). The minimum
mesh size was 1 µm directly at the notch root, while the maximum mesh size was
0.5mm at the top side of the sample, as shown in Fig. 6.1b.

Fig. 6.1 a Sketch of the notched sample considered in the multiphysical FE model. b Due to
symmetry conditions, only a quarter of the sample was modeled
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6.3.2 Mechanical Material Modeling

Linear elastic-plastic material behavior with isotropic material hardening was con-
sidered. The yield condition was expressed as

σMises = σy, (6.1)

where σMises is the von Mises stress and σy is the yield stress. The evolution of the
yield stress with plastic deformation is defined as the sum of the initial yield stress
σy,0 and the hardening function, according to Hollomon and Ludwik,

σy = σy,0 + K εnpl , (6.2)

where K is the strength coefficient and n is the strain hardening exponent. εpl is the
equivalent plastic strain. Neither a strain rate dependency of the material hardening,
as observed in advanced high-strength steels at low temperatures [13], nor softening
[9] with increasing hydrogen concentration was considered in the present study.
Furthermore, the presented model does not consider the influence of damage by
means of micropores or microcracks on the hydrogen accumulation during SSR
testing [8, 14].

6.3.3 Diffusional Modeling of Lattice Hydrogen

The total hydrogen flux J is the sum of the chemical hydrogen flux J∇c driven by the
hydrogen concentration gradient according to Fick’s first law and the stress-driven
hydrogen flux J∇σ [15]:

J = J∇c + J∇σ = −DL∇cL + DLcLVH

RgT
∇σH. (6.3)

In Eq. (6.3), DL is the tracer diffusion coefficient of the interstitial lattice sites, cL
is the lattice hydrogen concentration, VH is the partial molar volume of hydrogen,
Rg is the universal gas constant, and T is the temperature. The hydrostatic stress
is defined as σH = 1

3 (σ11 + σ22 + σ33). Pipe diffusion [16] of hydrogen, e.g., along
dislocation networks, or grain boundary diffusion was not considered in the diffusion
model, because of its negligible influence in bcc iron [17]. This assumption was also
confirmed by Siegl et al. [18] studying the influence of the grain size and plastic
deformation on the chemical hydrogen diffusion in bcc iron for industrial relevant
grain sizes of (10 µm and larger).
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6.3.4 Hydrogen Micro-segregation Modeling

Mass conservation requires that the total hydrogen flux through the surfaces of an
element is equal to the change of total hydrogen concentration within this element.
The total hydrogen concentration c is the sum of the interstitial lattice hydrogen con-
centration cL, the reversible trapped hydrogen concentration cT,i at microstructural
defects i and the immobile hydrogen concentration cim:

c = cL +
∑

i=1,N

cT,i + cim. (6.4)

N is the total number of reversible trapping sites within themicrostructure. Figure6.2
illustrates the hydrogen energy states of the microstructure with respect to the con-
centrations of lattice hydrogen, reversible trapped hydrogen, and immobile hydrogen.

Lattice hydrogen occupies interstitial lattice positions, such as tetragonal sites
in bcc iron [19, 20], which provides fast diffusion paths between neighboring
reversible trapping sites. In ferrite activation energies of lattice hydrogen diffusion
from 5 kJ/mol to 10 kJ/mol [21–24] are reported, which enable hydrogen exchange
between neighboring reversible trapping sites (mean free distance of approximately
1nm) within nanoseconds or less. The direct exchange between lattice hydrogen and
reversible trapped hydrogen can be expressed in the following reaction equation as

HL + VT � VL + HT. (6.5)

HL are interstitial lattice hydrogen atoms, VT are vacant reversible trapping sites,
VL are vacant interstitial lattice sites, and HT are reversibly trapped hydrogen atoms.
Hydrogen trapping at microstructural defects does not alter the microstructure and
can be regarded as a reversible reaction. According to Toribio and Kharin [25]

Fig. 6.2 Schematic illustration of the hydrogen energy states of the microstructure considered in
this work
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equilibrium between lattice hydrogen and trapped hydrogen is locally reached, if
the time for long-range hydrogen diffusion is much larger than the characteristic
time for local relaxation between interstitial lattice hydrogen and trapped hydrogen.
Applying the generalized Oriani’s [26] equation relates the site fraction of reversible
trappedhydrogen yT,i = cT,i/NT,i to the site fraction of lattice hydrogen yL = cL/NL:

yL(1 − yT,i)

yT,i(1 − yL)
= exp

(
− EB,i

RgT

)
= Ki. (6.6)

NL is the density of interstitial lattice sites and NT,i is the trap density. Ki is the
equilibrium constant and EB,i is the binding energy of the reversible trapping sites i .
Reversible trapping sites provide a variety of binding energies ranging up to approx-
imately 100 kJ/mol. Immobile hydrogen differs from reversible trapped hydrogen
according to its expansion in the microstructure and to its activation energy for
local hydrogen diffusion. The concept is new to the authors’ knowledge and differs
from the often cited theory of “quasi-irreversible” trapped hydrogen [27]. Immobile
hydrogen occupies interstitial lattice sites in secondary phases with very low dif-
fusion rates at room temperature, e.g., retained austenite or titanium carbides [28,
29]. The activation energy for local hydrogen diffusion in retained austenite or in
carbides is reported as 50 kJ/mol or higher [29, 30]. Phase transformation or thermal
activation at elevated temperatures release the immobile hydrogen to the matrix.

6.3.5 Constitutive Modeling of Trap Density Evolution

Microstructural defect densities and the density of reversible hydrogen trapping sites
NT,i evolve during industrial thermomechanical processing of a material:

1. Heat treatments at elevated temperatures [31–34] cause growth and coarsening
of carbides, which change the number of available trapping sites at the interfaces
between carbides and matrix [28, 35].

2. Cold forming is the main factor at room temperature changing the reversible trap
densities in the material by increasing vacancy and dislocation densities [17, 36].

A further constitutive equation for the evolution of the trap density NT with equivalent
plastic deformation is [17]

NT = NT,0 + kγ εpl, (6.7)

with NT,0 being the initial trap density and k and γ being semi-empirical material
constants. Figure6.3 compares Eq. (6.7) with respect to other evolution equations
suggested in literature [10, 17, 37–39]. The trap densities introduced by plastic
deformation cover a range of 10−13–10−5 mol/mm3. The evolution equations and
material constants derived by Song et al. [37] and Drexler et al. [17] agree very well.
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Fig. 6.3 The hydrogen trap
density increases with
increasing equivalent plastic
strain

6.4 Model Parametrization

To apply the diffusion-mechanical FE model for SSR testing, mechanical and diffu-
sional model parameters have to be defined. The identification of mechanical model
parameters is well established in literature and can be based on classical tensile
tests. The parametrization of Eq. (6.2) allows to extrapolate the stress–strain behav-
ior also to larger equivalent plastic strain. In this study, all simulation results are
referenced to the yield curve with σy,0 = 1000 MPa, K = 1200 MPa and n = 0.5.
This “reference” yield curve is indicated by a bold black line in Fig. 6.4a, b. To study
the influence of the initial yield stress on the SSR tests, σy,0 was increased from
600 MPa to 1400 MPa with K = 1200 MPa and n = 0.5, as shown in Fig. 6.4a. To
study the effect of strain hardening on the local hydrogen accumulation at the notch,
K was increased from 0 MPa (ideal plastic deformation) to 1900 MPa, as shown in
Fig. 6.4b, while σy,0 = 1000 MPa and n = 0.5.

The identification of the diffusional model parameters is a difficult task, especially
for a broad application range. The diffusionalmaterial parameters of the lattice hydro-
gen (DL, NL) were measured by electrochemical permeation on well-annealed bcc
iron samples. Appropriate permeation samples need a minimum thickness of 1–2
mm and palladium coatings, especially on the oxidation sides [18, 21] to reduce
the influence of surface reactions and hydrogen recombination. Assuming that the
samples were nearly trap-free allows to determine the tracer hydrogen diffusion
coefficient DL and the density of the interstitial lattice sites NL. A previous literature
survey revealed DL = 9 · 10−3 mm2/s for well-annealed iron at room temperature
[40]. This value was confirmed by Siegl et al. [18]. The results from electrochemical
permeation measurements, especially the activation energy of lattice hydrogen dif-
fusion, are in good agreement with DFT calculations [41] representing ideal defect-
free iron crystals. The trapping parameters, as the total number of trapping sites N ,
and the corresponding binding energies EB,i and trap densities NT,i, can be identi-
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Fig. 6.4 Yield stress as
function of equivalent plastic
strain according to Eq. (6.2)
and corresponding model
parameters. While in (a)
only the initial yield stress
σy,0 is changed, in (b) the
strength coefficient K is
changed. The strain
hardening exponent n
remained constant at 0.5

fied by means of thermal desorption spectroscopy (TDS) [10, 28, 42]. An effective
“two-trap” approach was applied in the present study considering shallow and deep
trapping sites. The binding energies of the shallow and deep trapping sites, respec-
tively, assumed to be EB,shallow = 30 kJ/mol and EB,deep = 60 kJ/mol. The shallow
trapping sites represent mixed dislocations or subgrain boundaries (misorientation
less than 15◦). Deep trapping sites can be introduced into the microstructure by
vacancies or carbide interfaces. Note that carbides not only add deep trapping sites,
they also add high densities of shallow trapping sites. The initial trap densities for
the shallow and deep trapping sites are both assumed to be NT,0 = 10−10 mol/mm3.
Only the trap density of the shallow trapping sites evolves during plastic deforma-
tion at room temperature according to Eq. (6.7). Due to the high binding energy
of the deep trapping sites, the equilibrium constant is approximately unity and all
reversible deep trapping sites are fully occupied by hydrogen at room temperature.
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Table 6.1 Summary of the model parameters. The parameters for the stress–strain curves can be
found in Fig. 6.4

Parameter Symbol Value Uni References

Tracer diffusion coefficient DL 9 · 10−3 mm2/s [24, 43]

Shallow binding energy EB,shallow 30 kJ/mol

Deep binding energy EB,deep 60 kJ/mol

Young’s modulus of iron E 210 GPa

Correlation factor κ 2 · 109 mm−2 [44]

Number of trap sites per unit
length of dislocations

k 7.2 · 10−18 mol/mm [17]

Molar mass of hydrogen MH 1.008 g/mol

Density of interstitial lattice
sites

NL 2 · 10−4 mol/mm3 [15]

Shallow trap density NT,shallow 10−10 mol/mm3

Deep trap density NT,deep 10−10 mol/mm3

Poisson constant of iron ν 0.3 –

Density or iron ρ 7.9 · 10−3 g/mm3

Partial molar volume VH 1.2 · 10−3 mm3/mol [45]

Therefore, increasing the binding energy of the deep trapping sites would not change
the simulation results. Finally, all mechanical and diffusional model parameters are
summarized in Table6.1.

6.5 Results and Discussion

6.5.1 Modeling of Gaseous and Electrochemical
Pre-charging

An initial total hydrogen concentration of c = 0.2 wppm is considered in the FE sim-
ulations. This low concentration should represent, e.g., corrosive hydrogen uptake of
advanced high-strength steels during service. The initial hydrogen concentration c is
homogenously distributed throughout the sample. During the simulations of the SSR
tests, hydrogen accumulates at the notch and depletes at the notch flanks. To study
the role of “beneficial” deep trapping sites on the hydrogen accumulation during SSR
testing, it is assumed that the initial total hydrogen concentration increases during
gaseous hydrogen pre-charging and remains unchanged in electrochemically pre-
charged samples. Gaseous hydrogen charging occurs under constant outer hydrogen
partial pressure at elevated temperatures. The temperature is needed to dissociate
the hydrogen molecules and to increase the chemical hydrogen adsorption and the
absorption rates. As illustrated in Fig. 6.5a, the outer partial pressure and tempera-
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ture define the applied chemical potential. In equilibrium, the chemical potentials
μL and μPH2

of the lattice hydrogen in bulk and of the gaseous hydrogen molecules,
respectively, are equal at the surface [46]. Thus, the equilibrium lattice hydrogen con-
centration cL depends only on the square root of the outer hydrogen partial pressure√
pH2 , which is known as Sieverts’ law, as

cL = m
√
pH2exp

(
− ES

RT

)
= const., (6.8)

with pH2 , ES andm being the outer hydrogen partial pressure, the solution energy and
a constant factor, respectively. This leads to an increase of the initial total hydrogen
concentration c by adding deep trapping sites to the microstructure.

Figure6.5b illustrates the hydrogen uptake via the surface during electrochemical
hydrogen charging. It is a complex chemical and electrochemical process. Differ-
ent chemical and electrochemical reactions including Volmer, Tafel, Heyrovsky, and
absorption reactions occur at the surface. These reactions depend strongly on hydro-
gen charging parameters, such as temperature, electrolyte velocity, thickness of the
boundary layer, sample geometry, applied current density, oxide layers, or hydrogen
flux to the bulk. In stationary state, the electron transfer via the surface and the con-
centration of the chemically adsorbed hydrogen Had are constant. Electrochemical
permeation experiments are suitable to estimate the stationary hydrogen absorption
flux J , which is approximately 5–10% of the applied current density [18] for a given
sample thickness. In a first approximation electrochemical pre-charging can be mod-
eled by assuming constant hydrogen surface flux J = const. [47, 48]. This leads to a
defined total hydrogen concentration in the samples after a charging time t and does
not change by adding deep trap sites, as

c = J A
t

V
= const., (6.9)

where A is the sample surface and V is the sample volume.

6.5.2 Local Model-Based Evaluation of Notched Tensile
Samples

It is well known that the strain rate dependency of SSR tests depends on different
parameters, as the notch geometry or the chemical hydrogen diffusion. Due to local-
ized plastic deformation, the local equivalent strain εeqv at the notch root differs from
the engineering strain εeng in tension direction:

εeng = L − L0

L0
, (6.10)
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Fig. 6.5 a Illustration of the gaseous hydrogen uptake at the metal surface. b Illustration of the
electrochemical hydrogen uptake at the metal surface in acidic electrolytes (pH < 7)

with L0 = 30 mm being the length of the unstrained gauge section and L being
the current length of the gauge section. The equivalent strain εeqv was evaluated
according to von Mises. Figure6.6 correlates the local equivalent strain at the notch
root with the engineering strain εeng. The local equivalent strain increases faster than
the engineering strain. In the linear elastic regime of the sample, the local equivalent
strain is about 9 times larger than the engineering strain. With the onset of local
plastic deformation, the local equivalent strain increases even faster at the notch
root. In other words, the local equivalent strain in the plastically and volumetrically
strained zone is a magnitude larger than the engineering strain. The same is true
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Fig. 6.6 Local equivalent
strain at the notch root as
function of applied
engineering strain for linear
elastic and elastic-plastic
material behaviors

for the local strain rates. This difference between local and engineering quantities is
very important and illustrates the influence of the sample geometry on the SSR test
results.

Figure6.7 shows the distributions of the equivalent plastic strain εpl and of the
hydrostatic stress σH , respectively, in the notched sample for an engineering strain
of εeng = 0.17 %. Due to the high initial yield stress of σy,0 = 1000 MPa with K =
1200 MPa and n = 0.5, the plastic deformation localizes at the notch. This effect
is even more pronounced with increasing yield stress. The zone of the hydrostatic
stress rise at the notch is circular shaped. Due to the long-range interactions between
hydrogen and volumetrically strained interstitial lattice sites, the hydrostatic stress
peak at the notch can even attract hydrogen from the notch flanks and from the
surface.

Both the localized equivalent plastic strain εpl and the hydrostatic stress σH influ-
ence the hydrogen redistribution during SSR testing of notched and hydrogen pre-
charged samples. According to Eq. (6.7), the trap density increases linearly with
increasing equivalent plastic strain at the notch, as shown in Fig. 6.8a. Trapping at
the various lattice defects created by equivalent plastic strain and stress concentra-
tion causes local hydrogen accumulation with a maximum at the notch root. Due to
the isolated surface conditions, e.g., by means of galvanization after hydrogen pre-
charging, hydrogen redistributes at the notch, as shown in Fig. 6.8b. As expected,
most of the hydrogen is provided from the notch flanks and from the surface areas.
To understand the strain rate dependency of the hydrogen accumulation due to hydro-
gen diffusion, the theoretical concept of chemical diffusion must be considered. The
chemical diffusion coefficient Dchem links the chemical hydrogen flux J∇c with the
gradient of the total hydrogen concentration ∇c [49] instead of the gradient of the
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Fig. 6.7 aEquivalent plastic strain and b hydrostatic stress in the notched sample for an engineering
strain of 0.17 % and a corresponding nominal stress of 600 MPa

lattice hydrogen concentration ∇cL, as in Eq. (6.3). The chemical diffusion coeffi-
cient is defined as

Dchem = DL
∂cL
∂c

. (6.11)

In general, Dchem differs from the tracer diffusion coefficient DL, as used in
Eq. (6.3), and from the effective diffusion coefficient Deff [15, 28, 35, 50]. Due to
the thermodynamic factor ∂cL

∂c , the chemical hydrogen diffusion coefficient depends
on the local hydrogen concentration and on the trap density and it varies in the
sample, especially in the plastically andvolumetrically strained zone at the notch root.
Dchem increases with increasing hydrogen concentration c of the reversible hydrogen
trapping sites, decreases with temperature and decreases with plastic deformation. A
decrease of Dchem would retard the hydrogen accumulation and most likely increases
the strain rate dependency of the SSR tests. As shown in Fig. 6.8c, only at a very
small area at the notch root Dchem decreases about 10%.
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Fig. 6.8 a Trap density of reversible shallow trapping sites, b reversible total hydrogen concentra-
tion and c chemical diffusion coefficient Dchem in the notched sample for the engineering strain of
0.17%, the strain rate of 10−8 1/s and the initial homogenously distributed total hydrogen concen-
tration of c = 0.2 wppm
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6.5.3 Influence of Hydrostatic Stress and Hydrogen Trapping

Due to the notch effect, stress concentration occurs at the notch. The degree of stress
concentration under typically tension loads can be expressed as a non-dimensional
stress concentration factor Kt .Mechanical FEanalysis of the notched sample revealed
Kt = 7.5 in the linear elastic regime. Due to the stress concentration, localized plastic
deformation starts at the notch root at an engineering stress of σeng = 130 MPa and
spreads with further increasing tension along the ligament into bulk. This results in
the shift of the hydrostatic stress maximum of fewmicrometers. Figure6.9 compares
the hydrostatic stress profile along the half ligament of the notched sample for a linear
elastic and an elastic-plastic material model. Linear elastic simulation revealed the
maximum of hydrostatic stress directly at the surface, while elastic-plastic material
behavior shifts the maximum of hydrostatic stress from the surface towards the bulk.
To compare simulations with identical hydrostatic stress of around 650 MPa, the
linear elastic and the elastic–plastic simulations were stopped at engineering strains
of εeng = 8.6 · 10−2% and εeng = 0.17%, respectively.

Owing to the misfit of the interstitial hydrogen atoms at nanoscale, lattice hydro-
gen segregates in volumetrically strained areas. This mechanism is well known as
stress-driven hydrogen diffusion [51]. To estimate the equilibrium lattice hydrogen
concentration in volumetrically strained areas, the total hydrogen flux, Eq. (6.3), was
set to zero, which allows to derive the well-known exponential expression for the
lattice hydrogen concentration cL as function of the hydrostatic stress [10]:

cL
cL,0

= exp

(
−VHσH

RgT

)
= KσH . (6.12)

cL,0 is the lattice hydrogen under zero hydrostatic stress which should not be mixed
up with the total hydrogen concentration c [1]. Equation (6.12) is similar to the
generalized equation of Oriani, Eq. (6.6), with KσH as the equilibrium constant for

Fig. 6.9 Hydrostatic stress
in the ligament of the
notched sample and
corresponding equilibrium
reversible trapped hydrogen
concentration according to
Eq. (6.12)
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volumetrically strained interstitial lattice sites. Comparing VHσH with the binding
energy EB of hydrogen trapping sites at microstructural defects gives a correspond-
ing energy of approximately about 1 kJ/mol for a hydrostatic stress of 65 MPa. In
addition to the local accumulation of lattice hydrogen, reversible hydrogen trapping
reinforces the hydrogen accumulation. Applying Eq. (6.12) together with Eq. (6.6),
the equilibrium total reversible hydrogen concentration c can be estimated along the
ligament using the simulated hydrostatic stress curve, as shown in Fig. 6.9. The cal-
culations reveal the maximum reversible total hydrogen concentration at the notch
root. Neglecting the interaction between plastic deformation and shallow hydrogen
trapping, as indicated by the bold dashed line in Fig. 6.9, would shift the maximum
of total reversible hydrogen concentration from the surface to the bulk. In this case,
the maximum total reversible hydrogen concentration would coincident with the
position of the maximum hydrostatic stress. In other words, the localized equivalent
plastic deformation and stress concentration at the notch are crucial for understanding
hydrogen embrittlement phenomenon on the macroscale.

6.5.4 Influence of Yield Stress, Strength, and Strain
Hardening

It is well known that the susceptibility of metallic alloys to hydrogen embrittle-
ment [52, 53] increases with increasing strength [54]. In high-strength steels, less
than 1 wppm of measured total hydrogen concentration can provoke time-delayed
macroscopic brittle failure of structural components. Hydrogen concentrations are
always measured on bulk specimens, however, local hydrogen concentrations, e.g.,
at notches or at severe deformed edges [42], can be 5–10 times higher than the
bulk concentrations [42, 55, 56]. In other words, conventional hydrogen analysis
techniques cannot distinguish between homogeneous and inhomogeneous hydrogen
distributions. Using diffusion-mechanical FE models allows to study the macro-
scopic influence of the yield stress and of the strain hardening on the local hydrogen
accumulation in hydrogen pre-charged and notched samples. Due to the stress con-
centration and stress triaxiality, the equivalent plastic strain localizes at the notch and
reaches higher values than in unnotched tensile samples at equal engineering strains.
To study the influence of the initial yield stress on the local hydrogen accumulation,
σy,0 is increased from 600 MPa to 1400 MPa. The strain hardening was unchanged
with K = 1200MPa and n = 0.5, as shown in Fig. 6.4a. Figure6.10 shows the accu-
mulation of total reversible hydrogen concentration as function of initial yield stress
and engineering strain rate at an equivalent plastic strain of 3%. Hence, the trap
density at the evaluation node is equal in all simulations. With increasing yield
stress, the hydrogen accumulation is reduced at the notch root. With decreasing
engineering strain rate, the hydrogen accumulation increases and reaches a quasi-
static state below 10−7 s−1. The local reversible hydrogen concentration increases
from an initially homogeneous distributed hydrogen concentration of 0.2 wppm to
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Fig. 6.10 Effect of initial
yield stress and strain rate on
the local reversible hydrogen
concentration at an
equivalent plastic strain of
3% at the notch root

Fig. 6.11 Effect of initial
yield stress on plastic
localization at the notch root.
The size of the plastic zone
is given for constant
equivalent plastic strain of
3% at the notch root

around 0.31 wppm at σy,0 = 600 MPa and to around 0.28 at σy,0 = 1400 MPa.
Nevertheless, the influence of the yield stress seems to be more pronounced below
σy,0 = 1000 MPa.

With increasing yield stress, the size of the plastic zone decreases and the maxi-
mum of the hydrostatic stress increases. According to Fig. 6.11, the plastic deforma-
tion localizes at the notch with increasing yield stress. Comparing simulations at the
given equivalent plastic strain of 3%, the size of the plastic zone decreases from 0.41
to 0.18mm. Due to the higher yield stress and smaller plastic zone, the maximum of
the hydrostatic stress increases from 132 MPa to 195 MPa at the maximum equiv-
alent plastic strain of 3%, and the peak position of hydrostatic stress was closer to
the surface. In other words, the decrease of the accumulated hydrogen concentration
with increasing yield stress can be attributed to the smaller size of the plastic zone
and the increasing influence of the stress-driven hydrogen flux pointing from the
surface towards bulk.

To evaluate the influence of strain hardening on the local hydrogen accumulation,
K is increased from 0 MPa (ideal plasticity) to 1900 MPa. The initial yield stress
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Fig. 6.12 Effect of the
strength and strain rate on
the local reversible hydrogen
concentration at an
equivalent plastic strain of
4% at the notch root

is σy,0 = 1000 MPa, and the strain hardening exponent is n = 0.5. The correspond-
ing stress-equivalent plastic strain curves are summarized in Fig. 6.4b. As shown in
Fig. 6.12, with increasing strain hardening and thus with increasing strength, more
hydrogen accumulates at the notch. The local hydrogen concentrations and strength
were evaluated at a local equivalent plastic strain of 4%. Hence, the local shallow trap
density at the surface is equal in all simulations. The size of the plastic zone increases
slightly from 0.2 to 0.3mm with increasing strength. The maximum of hydrostatic
stress increases with increasing size of plastic deformation from 144 to 191 MPa.
However, the increase of the hydrogen concentration at the surface mainly results
from the size increase of the plastic zone, which shifts the maximum hydrostatic
stress further towards the bulk.

6.5.5 Influence of “beneficial” Deep Trapping Sites

Besides the conventional hydrogen solubility in the interstitial lattice sites, atomic
hydrogen can trap at foreign substitutional atoms, dislocations, grain boundaries,
carbides, microcracks, or micropores [51]. The concept of “beneficial” trapping is
very controversial. Only those deep trapping sites, which do not initiate cracks, are
beneficial in the sense of hydrogen embrittlement, since strongly trapped hydrogen
does not participate in nanoscale hydrogen embrittlement mechanisms. The nature
of “beneficial” deep trapping sites is still unexplored, and, e.g., carbides or grain
boundaries may increase both deep and shallow trap densities at the same time. To
study the “beneficial” effect of deep trapping sites on the hydrogen accumulation at
the notch during SSR testing, three cases are compared:
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1. Case 1: only shallow trapped hydrogenwith a total reversible hydrogen concentra-
tion of c = 0.2 wppm and a corresponding initial lattice hydrogen concentration
of cL,0 = 1.5 · 10−9 mol/mm3.

2. Case 2: shallow and deep trapped hydrogen with an initial lattice hydrogen con-
centration of cL,0 = 1.5 · 10−9 mol/mm3 and a total reversible hydrogen concen-
tration of c = 0.213 wppm.

3. Case 3: shallow and deep trapped hydrogen with a total hydrogen concentration
of c = 0.2 wppm and an initial lattice hydrogen concentration of cL,0 = 1.4 ·
10−9 mol/mm3.

Figures6.13 and 6.14 show the accumulation of the total reversible hydrogen
concentration c at the notch root as function of

1. the engineering strain rate and
2. the equivalent plastic strain.

With decreasing engineering strain rate, hydrogen has more time to diffuse and
accumulate locally at the notch. Quasi-static conditions are reached for strain rates
below 10−7 s−1 and the local reversible hydrogen concentration depends only on the
equivalent plastic strain. With increasing equivalent plastic strain, the total reversible
hydrogen concentration increases. For quasi-static conditions and equivalent plastic
strain of 5% at the notch root, the total reversible hydrogen concentration increased
from c = 0.2 wppm to c = 0.29 wppm. Figures6.13 and 6.14 show the local accu-
mulation of total reversible hydrogen concentration at the notch root with respect
to

1. multiple trapping,
2. engineering strain rate,
3. equivalent plastic strain, and
4. hydrogen pre-charging procedure.

While Fig. 6.13 considers gaseous hydrogen pre-charging with cL,0 =
1.5 · 10−9 mol/mm3, Fig. 6.14 considers electrochemical hydrogen pre-chargingwith
c = 0.2 wppm. With respect to Fig. 6.13 more reversible hydrogen accumulates in
the plastically and volumetrically strained zone of gaseous pre-charged samples, but
the additional deep trapping sites do not affect the strain rate dependency. The dif-
ference to case 1 is exactly 0.013 wppm. Applying electrochemical pre-charging, as
shown in Fig. 6.14, causes a decrease of the hydrogen concentration at the notch root
compared to gaseous hydrogen pre-charging. This difference is small, but increased
slightly with decreasing strain rates. In general, the site fraction yT,deep of the deep
trapping sites with the binding energy of EB,deep = 60 kJ/mol is almost unity at room
temperature. Therefore, gaseous hydrogen pre-charging increases the total reversible
hydrogen concentration by �c = 0.013 wppm compared to case 1. In addition, the
fully occupied deep trapping sits cannot contribute to the chemical diffusion coef-
ficient and remains the engineering strain rate dependency unchanged. Applying
electrochemical pre-charging prescribes the total reversible hydrogen concentration.
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Fig. 6.13 Hydrogen
concentration at the notch
root as function of
engineering strain rate and
trapping: shallow hydrogen
trapping with binding energy
EB,shallow = 30 kJ/mol,
mixed hydrogen trapping
with binding energies
EB,shallow = 30 kJ/mol and
EB,deep = 60 kJ/mol and an
initial total hydrogen
concentration
c = 0.213 wppm

Fig. 6.14 Hydrogen
concentration at the notch
root as function of
engineering strain rate and
trapping: shallow hydrogen
trapping with binding energy
EB,shallow = 30 kJ/mol,
mixed hydrogen trapping
with binding energies
EB,shallow = 30 kJ/mol and
EB,deep = 60 kJ/mol and an
initial total hydrogen
concentration c = 0.2 wppm

Therefore, adding deep trapping sites to themicrostructure reduces the amount of lat-
tice and shallow trapped hydrogen. Especially, the lower lattice concentration reduces
both the stress-driven hydrogen flux and the chemical diffusion coefficient. In other
words, the lower lattice hydrogen concentration affects the strain rate dependency
during SSR testing, although, the deep trapping sites are fully occupied.

6.6 Conclusion

The following conclusions can be drawn from diffusion-mechanical simulations of
slow strain rate (SSR) testing of hydrogen pre-charged and notched samples:

1. The notch effect leads to localized plastic deformation and stress concentration,
and increases the local strain rates compared to the global strain rates.
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2. Localized plastic deformation during SSR testing shifts the peak position of the
hydrostatic stress along the ligament from surface towards bulk, decreases the
maximum of the hydrostatic stress and increases the dislocation density and thus
the local hydrogen trap density.

3. Due to stress-driven hydrogen diffusion and due to hydrogen segregation to
microstructural defects in the plastic zone, internal hydrogen contributes sig-
nificantly to the strain rate dependency of SSR tests of notched and hydrogen
pre-charged samples.

4. The “beneficial” effect of reversible deep trapping sites on the local hydrogen
accumulationwas studiedwith respect to strain rate, plastic deformation, multiple
trapping, and pre-charging conditions. Deep trapping sites can only reduce the
amount of lattice and shallow trapped hydrogen, if hydrogen uptake during pre-
charging remains unaffected. Especially, the effect of deep trapping sites on the
interstitial lattice hydrogen concentration needs to be further investigated.
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Chapter 7
Effective Diffusion Coefficient of a
Porous Material Applied to the Problem
of Hydrogen Damage

Ksenia P. Frolova and Elena N. Vilchevskaya

Abstract The chapter focuses on calculation of the effective diffusion coefficient
of a porous material accounting for the volume fraction, shape of pores, and their
distribution over orientations in a three-dimensional solid. The existing pores are con-
sidered as embedded inhomogeneities possessing a high diffusivity in comparison
with a matrix. The segregation effect is taken into account. Maxwell homogenization
schemes in terms of diffusivity and resistivity contribution tensors are used. Inho-
mogeneities are assumed to have a spheroidal shape. The paper considers diverse
microstructural patterns, namely, (1) arbitrary orientation distribution of pores, (2)
orientational scatter of pores about a preferential orientation, (3) arbitrary orientation
distribution of rotational axes of spheroidal pores in one plane. Application of the
model to problems related to hydrogen damage is discussed.

Keywords Effective diffusivity · Homogenization problem · Maxwell scheme ·
Segregation effect

7.1 Introduction

Correct estimation of the value of the diffusion coefficient allows one to predict
the amount of hydrogen in metals and alloys. Increasing the amount of hydrogen,
in turn, may lead to a premature failure of structural elements of metal parts [1, 2].
Determination of the effective diffusion coefficient of a porousmaterial is of practical
interest, since voids and microcracks are known to be traps for hydrogen [3, 4].
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Diffusion of hydrogen in materials containing microcracks and discontinuities
formed during manufacture can be observed in sacrificial coatings that are used to
protect steel against corrosion [5, 6]. Among other reasons, permeability of coatings
is determined by its microstructure. In [5], it was shown that Zn–Ni coatings can
contain through-thickness defects that makes the steel exposed to hydrogen uptake.
Correlation between the diffusion coefficient and the microstructural characteristics
of Zn–Ni and Cd coatings was investigated in [6]. Thus, it is of quite importance to
predict permeability of materials containing pores emerged before hydrogenation.

Numerous papers are devoted to investigation of microstructure of materials
affected by hydrogen [1, 7–11]. It is believed that hydrogen diffuses through met-
als and alloys lattice and accumulates within structural defects such as dislocations,
pores, and vacancies leading to initiation and propagation of hydrogen-stimulated
microcracks. Typically, defects are occurring at grain boundaries or inclusions due
to manufacturing. Thus, in the absence of the inner and outer stresses, hydrogen-
induced cracking is observed to take place mainly along grain boundaries [1, 7,
9]. Two types of intergranular cracking can be found in material, namely, void for-
mation along grain boundaries and grain boundary triple junction cracking [1, 7,
10, 11]. Also, hydrogen charging may lead to blistering of the surface [8, 11]. The
hydrogen-induced cracks are oriented primarily along the rolling direction of steel
[8, 9]. Hydrogen-induced defects may, in turn, increase permeability of a material
right during hydrogenation.

The focus is usually set on diffusion of hydrogen along grain boundaries while
investigating the effect of presence of high diffusivity paths in metals. To the best
of our knowledge, the earliest quantitative model for a diffusion in a heterogeneous
material accounting for a single rectilinear grain boundary embedded in a semi-
infinite solid of much lower diffusivity was proposed in [12] for the problem of
self-diffusion of silver. The same geometry with less restrictive boundary condi-
tions has been considered in [13, 14]. Lamellar and columnar microstructures were
modeled in [15], where the obtained expressions were similar to Wiener bounds for
thermal or electrical conductivity [16]. The fact that the grain boundaries completely
surround grains in a three-dimensionally interconnected network, and are not sim-
ply distributed in parallel, has been addressed by numerous diffusion models that
embedded grains in a matrix representing grain boundaries [17, 18]. A rule of mix-
ture was used in [19] to calculate the effective diffusion coefficient. A number of
approximate schemes accounting for the interactions between inhomogeneities were
rewritten in [20] for diffusivity on the base of similarity between governing equations
in the diffusivity and conductivity problems.However, a principal difference between
two problems is that temperature is a continuous function across the phase bound-
aries, while concentration is usually not. Therefore, the segregation effect should be
taken into account [21]. Hart and Maxwell–Garnett equations were rewritten in the
form containing the segregation factor in [22, 23]. The results may be employed for
description of materials containing spherical grains. Typical micromechanical mod-
els were rewritten for diffusivity in [24] to calculate the effective diffusion coefficient
of a polycrystalline material accounting for the isotropic distribution of spheroidal
grains over orientation. A similar problem was solved in [25] numerically.



7 Effective Diffusion Coefficient … 115

The present paper is concerned with a quantitative characterization of mass trans-
port process in a porous material. Such a microstructural pattern is corresponding
to a composite material consisting of grains, grain boundaries, various defects, and
isolated pores. Hydrogen is assumed to diffuse along grain boundaries and fill the
pores. A composite consisting of grains, grain boundaries, and various defects is rep-
resented by a homogenized background matrix with a known effective diffusivity.
Pores are considered as embedded inhomogeneities.

The effect of oblate and prolate spheroidal pores, as well as spherical ones, is
investigated. An oblate spheroidal pore models a hydrogen-stimulated microcrack
occurring between two grains. A prolate spheroidal inhomogeneity reflects the influ-
ence of an intragranular microcrack or microcrack propagating along a few grain
boundaries. Such a microstructure can be observed in non-saturated materials like
sacrificial coatings. Generally speaking, in this case, it is more correct to introduce
an ellipsoidal inhomogeneity that is not considered within the frame of the present
research. A spherical inhomogeneity models an isolated pore in the host material.

The paper accounts for different orientation distribution of inhomogeneities,
namely,

• Arbitrary orientationdistributionof pores specific forweaklydeformablematerials;
• Orientational scatter of pores about a preferential orientation specific for materials
prepared by rolling;

• Arbitrary orientation distribution of rotational axes of spheroidal pores in one plane
that can be observed for compressed materials.

All the mentioned cases are corresponding to the transversally isotropic porous
material. The question arises, how the diffusion coefficient of a matrix material
containing grains, grain boundaries, and various defects changes due to the presence
of pores.

7.2 Problem Statement

In the present paper, we apply micromechanical approximate schemes to calculate
effective diffusivity of a material containing isolated pores assuming that the matrix
material (consistingof grains, grain boundaries, andvarious defects) is homogeneous.
Thus, homogenization contains two steps. At the first implicit step, the effective
properties of matrix material are obtained by means of experimental data [26] or
theoretical framework [24]. At the second explicit step, the effective properties of a
porous material are calculated (see Fig. 7.1).

To reflect the effect of pores on the effective properties of a heterogeneousmaterial,
we consider inhomogeneities with diffusion coefficient D1 in a solid of much lower
diffusion coefficient D0. The value D1 → ∞ providing a zero ratio α = D0/D1

can be considered for simpleness. However, it is more correct to take into account
a non-zero α � 1 to explain a real phenomenon. We assume that the value of the
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Fig. 7.1 Schematic representation of the model

diffusion coefficient of pores is the same as for unfilled grain boundaries (D1 = DGB).
According to [27], the contrast in the diffusion coefficient of the bulk material of
grains, DB , and grain boundaries, DGB, varies from 0.005 to 0.1. Knyazeva et al. [24]
considered α̃ = DB/DGB = 0.015. The contrast in the effective diffusion coefficient
of matrix, D0, and bulk material of grains, DB , increases with decreasing of the grain
size [24, 26]. If the grain diameter is about 10 – 13 µm, the value of α̃eff = D0/DB

is equal to 2.2–4.4 [24, 26]. Then,

α = D0

D1
= α̃effα̃

takes values in the range 0.03–0.07.Within the frame of the present paper, we assume
that α = 0.05.

We assume continuity of the normal component of the solute flux across the
matrix/pore interface and a constant jump in hydrogen concentration, c, described
by the segregation factor, s, as follows:

c (x) |x→∂V+ = sc (x) |x→∂V− (7.1)

We are especially interested in cases when hydrogen is partially trapped inside
the pores and, therefore, focus on cases s < 1. For completeness, we also consider
the case when concentration is a continuous function across the phase boundaries
and, therefore, there is no segregation effect (s = 1). We assume that the segregation
effect is independent of the type of pore. Also, segregation related to pore saturation
is not discussed here.

The certain preferential orientation distribution of pores is described by means of
the probability density function introduced by Sevostianov [28]:

ψλ (θ) = 1

2π

[(

λ2 + 1
)

e−λθ + λe−λπ/2] . (7.2)

This probability density function is defined on the upper semisphere of unit radius
(0 ≤ θ ≤ π/2) and subject to the normalization condition. The scatter parameter λ
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varies in the range from zero to infinity that corresponds to fully random and strictly
parallel orientations of pores, respectively.

To obtain the explicit expressions for the effective properties, we use the for-
mulation of Maxwell’s homogenization scheme in terms of diffusivity (resistivity)
contribution tensors [24, 29].

7.3 Diffusivity Contribution Tensors

Following [29, 30],we introduce property contribution tensors to express the effect of
a given inhomogeneity on the properties of interest. Their sums are propermicrostruc-
tural parameters that reflect contributions of individual inhomogeneities to the over-
all effective properties. To explain the process of mass transfer, we introduce the
second-rank diffusivity and resistance contribution tensors, HD or HDR.

Let us consider a reference volume V of an infinite three-dimensional solid
with the isotropic diffusivity tensor D0 = D0I containing inhomogeneity with the
isotropic diffusivity tensor D1 = D1I occupying domain V1 � V . We assume that
both inhomogeneity and the surrounding material obey the linear Fick’s law con-
necting the vector of molar flux with the concentration gradient. The extra molar
flux due to the inhomogeneity is as follows:

�J = V1

V
HD · G0, (7.3)

where G0 is a concentration gradient prescribed at the boundary of V . The diffusiv-
ity contribution tensor HD depends on the shape of the inhomogeneity, diffusivity
contrast between inhomogeneity and surrounding material, and the segregation of
particles at the interface.

Assuming continuity of the normal component of the solute flux across the
matrix/inhomogeneity interface and a segregation effect described by Eq. (7.1), the
diffusivity contribution tensor representing the contribution of the spheroidal inho-
mogeneity to the overall diffusivity of volume V can be written in the form [24]

HD = D0 [B1 (I − nn) + B2nn] , (7.4)

where taking α = D0/D1,

B1 = 1 − α

sα + (1 − sα) f0
, B2 = 1 − α

1 − 2 (1 − sα) f0
. (7.5)

Shape function f0 = f0 (γ ) depends on the aspect ratio of the spheroidal inho-
mogeneity γ = a3/a (a3 is the rotation axis, a1 = a2 = a are two other semiaxes)
in the following way:
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f0 = 1 − g

2
(

1 − γ −2
) , (7.6)

where

g =

⎧

⎪

⎨

⎪

⎩

1

γ
√

1−γ 2
arctan

√
1−γ 2

γ
, γ ≤ 1

1

2γ
√

γ 2−1
ln

(

γ+
√

γ 2−1

γ−
√

γ 2−1

)

, γ ≥ 1.
(7.7)

The diffusion resistance contribution tensor HDR that is dual to HD can be intro-
duced in a similar way. It appears if, instead of uniform gradient of concentration, a
uniform molar flux is remotely applied. Tensors HDR and HD interrelate as follows
[24]:

HDR = − 1

D2
0

HD. (7.8)

According to [29], there are no any explicit evidence regarding preference of one
of tensor HDR or HD . So, it is necessary to check which one of these tensors yields
better agreement with experimental data.

Note that according to Eqs. (7.4) and (7.5), the segregation factor s does not play
any role and simplifies the model in the case when α → 0 due to D1 → ∞.

7.4 Homogenization Problem

An exact solution of the homogenization problem for a composite material with mul-
tiple inhomogeneities can be obtained only numerically. Moreover, specific materi-
als with a known microstructure should be considered. All analytical approximation
methods involve uncertainties and/or inconsistencies. A detailed review of history
of various methods can be found in [31], whereas the current state of knowledge of
the problem is described in [29].

We use the Maxwell homogenization scheme, since it appears to be one of the
best schemes, in terms of its applicability to cases of multiphase composites and
accuracy. In his original work, Maxwell addressed the problem of effective electrical
conductivity of a material containing multiple spherical inhomogeneities [32]. The
accuracy of Maxwell’s original formula was checked by means of a periodic array of
spheres and found to be accurate up to volume fractions about 40% [33]. We use the
formulation of Maxwell scheme in terms of property contribution tensors proposed
in [28, 34].

According toMaxwell’s idea, it is necessary to evaluate far-field perturbations due
to inhomogeneities in two different ways and equate the results. The first way is to
evaluate this field as the one generated by a homogenized region
 possessing the (yet
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unknown) effective properties. This field can be expressed in terms of the property
contribution tensor of the domain 
. The second way is based on consideration the
sum of far fields generated by all the individual inhomogeneities within
 (treated as
non-interacting ones). Equating the results yields the effective diffusion properties
in the form [24]

(

Deff
)−1 = 1

D0
I +

⎧

⎨

⎩

[

1

V


∑

k

VkHDR
k

]−1

− QD



⎫

⎬

⎭

−1

(7.9)

in terms of the resistivity and

Deff = D0I +
⎧

⎨

⎩

[

1

V


∑

k

VkHD
k

]−1

− PD



⎫

⎬

⎭

−1

(7.10)

in terms of diffusivity. Here,

QD

 = D0s
[(1 − f0

(

γ D



))

(I − mm) + 2 f0
(

γ D



)

mm], (7.11)

PD

 = 1

D0s

[ f0

(

γ D



)

(I − mm) + (1 − 2 f0)
(

γ D



)

mm] (7.12)

are the second-rank Hill’s tensors that reflect the shape of spheroidal domain 
 and
take into account interactions between the inhomogeneities. Vector m is supposed
to be a unit vector along the axis of symmetry of the domain 
. Note that n is
corresponding to the axis of symmetry of individual spheroidal inhomogeneity and,
therefore, m may not coincidence with n.

The segregation factor s
 describes a constant jump in the particles concentra-
tion at the interface between the domain 
 and matrix. This segregation factor
can not be estimated experimentally in contrast to the segregation factor for the
matrix/inhomogeneity interface. In [35, 36], these parameters were supposed to be
equal. Results obtained at s
 = s and s
 = 1 were compared with the experimental
data for a polycrystalline material in [24]. It was shown that s
 = 1 does not pro-
vide correct values of the effective diffusion coefficient at large values of the volume
fraction of inhomogeneities. At the same time, value of s
 does not play a role at
small values of the volume fraction of inhomogeneities.

Recommendations regarding the choice of the shape of the domain 
 can be
found in [28]. This shape has to obey the following requirements: (1) it should be
ellipsoidal, (2) it should properly reflect the shapes of individual inhomogeneities,
their orientations and properties. Within the frame of the present paper, we consider
materials with transversely isotropic microstructure. In this case, the domain 
 is a
spheroid. In the specific case of random orientation distribution of inhomogeneities,
the shape of the domain is spherical (γ
 = 1). In the case of preferentially oriented
inhomogeneities, following [28], we introduce the shape of the domain 
 as
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γ D

 =

∑

k
Vk PD

11

∑

k
Vk PD

33

, (7.13)

where P11, P33 are components of the second-rank Hill’s tensor

PD = 1

D0s

[

f0 (γ ) (I − nn) + (1 − 2 f0 (γ )) nn
]

(7.14)

for individual spheroidal inhomogeneity.
The effective properties of a considered material with pores of identical shapes

and size and diverse distribution over their orientations can be expressed in terms
of their volume fraction φ = ∑

k Vk/V [29]. Summation in Eqs. (7.9), (7.10), and
(7.13) can be replaced by multiplication of the fraction volume by averaged tensors,
so

1

V

∑

k

VkHD = φ
〈

HD
〉

,
1

V

∑

k

VkHDR = φ
〈

HDR
〉

,

1

V

∑

k

VkPD = φ
〈

PD
〉

.

The tensor averaging is equivalent to averaging of dyads nn, since these tensors
are determined by means of nn and I − nn.

We first consider orientation distribution of n about a preferential orientation m
accompanied by a random scatter. This orientation distribution of pores is described
by Eq. (7.2). The averaging of the dyad nn can be obtained by integration over the
upper semisphere of unit radius 
̃1/2, so

〈nn〉 =
∫


̃1/2

(nn)kψλd
̃1/2.

Then,
〈nn〉 = g1θ + g2mm,

where θ = I − mm and

g1 = 18 − e− πλ
2 λ

(

3 + λ2
)

6
(

9 + λ2
) , g2 =

(

3 + e− πλ
2 λ

)

(

3 + λ2
)

3
(

9 + λ2
) .

Equations (7.9), (7.10) reduce to
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Deff
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= 1
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+ 1
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⎞

⎠mm. (7.16)

In the case of arbitrary orientation distribution of inhomogeneities λ = 0 and,
therefore,

〈nn〉 = 1

3
I

and Eqs. (7.9), (7.10) take forms

Deff

D0
= 3 + 2φηs


3 + φη (2s
 − 3)
, (7.17)

Deff

D0
= 3s
 + φη (3s
 − 1)

3s
 − φη
, (7.18)

where η = η (γ, α, s) = 2B1/3 + B2/3.
Now, turn to the case of random orientation distribution of unit vectors n in the

plane normal to unit vector m. The averaging of the dyad nn can be obtained by
integration over a circle of unit radius l1 normal tom, so

〈nn〉 = 1

2π

∫

l1

(nn)kdl1.

Therefore,

〈nn〉 = 1

2
θ

and Eqs. (7.9), (7.10) reduce to
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Deff
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According to [34], Maxwell’s scheme formulated in terms of diffusivity and
resistivity contribution tensors should lead to the same result. Any contradictions
may cause incorrect accounting for interactions between inhomogeneities within
the scheme. Comparing the results obtained within the present section in terms of
diffusivity and resistivity contribution tensors, one can see that the equality of two
solutions imposes restrictions on the segregation factor s
 for the interface between
the domain 
 and matrix. Maxwell’s scheme formulated in terms of diffusivity and
resistivity contribution tensors for the considered cases of the orientation distribution
of inhomogeneities leads to the same result only at certain values of the segregation
factor s
. In particular, effective properties obtained within Maxwell’s scheme for-
mulated in terms of diffusivity and resistivity contribution tensors are the same in all
the mentioned cases of the orientation pattern when the segregation factor s
 = 1
that means that there is no segregation effect at the interface domain
/matrix. In the
case of random distribution of the inhomogeneities, the segregation factor s
 can also
be equal to 0.5. In the cases of preferentially oriented inhomogeneities, accounting
for the segregation effect leads to incorrect results.

7.5 Effective Diffusion Coefficient of a Material
with Spheroidal Pores

The effective diffusion coefficient of a material containing pores depends on the
shape of the inhomogeneities, its volume fraction and distribution over orientations,
as well as on the segregation effect. We now investigate these dependences for a
heterogeneousmaterial described in Sect. 7.2. Thus,we considerα = D0/D1 = 0.05
and s ≤ 1.

We start withmodeling of an isotropic distribution of spheroidal inhomogeneities.
The accuracy ofMaxwell’s schemewas found to be determined by volume fraction of
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Fig. 7.2 Dependences of the
effective diffusion coefficient
on the volume fraction of (1)
spherical pores, (2) oblate
spheroidal pores with
γ = 0.1, (3) prolate
spheroidal pores with
γ = 10 at s
 = 1 (solid line)
and s
 = 0.5 (dashed line);
case of random orientation
distribution of pores

pores. Such a restriction was discussed in our paper [37] for the case of material con-
taining oblate spheroidal pores. Figure7.2 illustrates dependences of the normalized
effective diffusion coefficient, Deff/D0, on the volume fraction of pores, φ, at two
different values of the segregation factor for the interface between the inhomogene-
ity with effective properties occupying domain
 and matrix (s
 = 1 and s
 = 0.5).
Segregation at the interface between an isolated inhomogeneity and matrix is deter-
mined by a fixed value s = 0.5. Accounting for the segregation effect at the interface
domain 
/matrix (s
 
= 1) increases the effective diffusion coefficient. Additional
efforts are needed to check whether accounting for segregation effect at the interface
domain 
/matrix in the model yields better agreement with the experimental data.
Hereafter, we assume that s
 = 1.

Figure7.3 illustrates dependences of the normalized effective diffusion coeffi-
cient on the segregation factor at the interface inhomogeneity/matrix at a constant
volume fraction φ = 0.1. According to the results, decreasing the segregation factor
s increases the effective diffusion coefficient and vice versa. The ratio Deff/D0 is
minimal when there is no segregation effect (s = 1). Thus, segregation of particles
inside pores produces effect similar to increasing diffusivity of an inhomogeneity.
At the same time, it is seen that the segregation of particles inside spherical pores
does not change the effective diffusion coefficient significantly. Thus, segregation
inside pores increases the effect of shape of the inhomogeneities on the overall
diffusion coefficient. Figure7.4 demonstrates that accounting for segregation of par-
ticles inside non-spherical pores at high volume fractions of pores is of great impor-
tance. Figure7.5 illustrates the effect of shape on the effective diffusion coefficient
at φ = 0.1 and s = 0.5.

Consider now material containing spheroidal pores that have mild tendency to
be parallel to each other. Dependences of the effective diffusion coefficients on the
scatter parameter are shown in Fig. 7.6. Increasing of the scatter parameter λ, i.e.,
decreasing of randomness of the orientation distribution, leads to increasing of the
effective diffusion coefficient within the plane of isotropy of a material containing
oblate spheroidal pores with γ = 0.1 and to decreasing of its effective diffusion
coefficient along the axis of symmetry. In the case of prolate spheroidal pores with
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Fig. 7.3 Dependences of the effective diffusion coefficient of a material containing non-spherical
pores (left-hand side), namely, oblate spheroidal pores with γ = 0.1 (solid line) and prolate
spheroidal pores with γ = 10 (dashed line), and spherical pores (right-hand side) on the segre-
gation factor s; case of random orientation distribution of pores

Fig. 7.4 Dependences of the effective diffusion coefficient on the volume fraction of oblate pores
with γ = 0.1 (left-hand side) and prolate pores with γ = 10 (right-hand side) at s = 0.1 (dashed
line), s = 0.5 (dotted line) and s = 1 (solid line); case of random orientation distribution of pores

Fig. 7.5 Dependence of the
effective diffusion coefficient
on the aspect ratio of pores
in the case of random
orientation distribution of
inhomogeneities
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Fig. 7.6 Dependences of the effective diffusion coefficients Deff
11/D0 (solid line) and Deff

33/D0
(dashed line) of a material with oblate spheroidal pores with γ = 0.1 (left-hand side) and material
with prolate spheroidal pores with γ = 10 (right-hand side) on lambda; case of certain preferential
orientation accompanied by random scatter

γ = 10, it is the other way round. We take φ = 0.01 and s = 0.5. Note that the
qualitative result will be similar if we use other values of the aspect ratios, volume
fraction, and segregation factor.

The oblate spheroidal pores were found to change diffusion within the plane of
isotropy and to have no significant influence on the value of the diffusion coefficient
along the axis of symmetry. The situation was found to be opposite in the case
of prolate spheroids. Figure7.7 illustrates dependences of the normalized effective
diffusion coefficient on the segregation factor at the interface inhomogeneity/matrix
at a constant volume fraction φ = 0.1 and scatter parameter λ = 20. For the sake of
brevity, we do not provide dependences Deff

33/D0 on s corresponding to a material
with oblate pores and Deff

11/D0 on s corresponding to a material with prolate pores,
since these effective diffusion coefficients are weakly dependent on the segregation
effect in the mentioned cases due to the weak effect of shape. As in the case of
random distribution, segregation inside pores increases effect of shape on the overall
diffusion coefficient. Figure7.8 illustrates the effect of shapeon the effective diffusion
coefficient at φ = 0.1, s = 0.5 and λ = 20.

Finally, turn to the problem of random orientations of unit vectors n in one plane.
The oblate spheroidal pores were found to change diffusion within the plane of
isotropy and along the axis of symmetry, whereas prolate spheroidal pores were
found to influence only diffusivity within the plane of isotropy. Again, for the sake
of brevity, we do not provide dependence Deff

33/D0 on s corresponding to a material
with prolate pores, since this effective diffusion coefficient weakly depends on the
segregation effect in the mentioned case due to the weak effect of shape. Figure7.9
illustrates dependences of the normalized effective diffusion coefficient on the seg-
regation factor at the interface inhomogeneity/matrix at a constant volume fraction
φ = 0.1. It is seen that segregation inside pores increases the effect of shape on the
overall diffusion coefficient. Figure7.10 illustrates the effect of shape on the effective
diffusion coefficient.
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Fig. 7.7 Dependences of the effective diffusion coefficients Deff
11/D0 of a material with oblate

spheroidal pores with γ = 0.1 (left-hand side) and Deff
33/D0 of a material with prolate spheroidal

pores with γ = 10 (right-hand side); case of certain preferential orientation accompanied by a
random scatter (λ = 20)

Fig. 7.8 Dependences of the effective diffusion coefficients Deff
11/D0 (solid line) and Deff

33/D0
(dashed line) on the aspect ratio of pores in the case of their certain preferential orientation accom-
panied by a random scatter (λ = 20)

Fig. 7.9 Dependences of the effective diffusion coefficients Deff
11/D0 (solid line) and Deff

33/D0
(dashed line) of a material containing oblate spheroidal pores with γ = 0.1 (left-hand side) and
prolate spheroidal pores with γ = 10 (right-hand side) on the segregation factor s; case of random
orientations of unit vectors n in one plane
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Fig. 7.10 Dependences of
the effective diffusion
coefficients Deff

11/D0 (dashed

line) and Deff
33/D0 (solid line)

on the aspect ratio of pores
in the case of random
orientations of unit vectors n
in one plane

Thus, it was shown that the presence of multiple pores of diverse shape and distri-
bution over orientation can lead to a significant increase in the diffusion coefficient.
The effect of shape was found to be strongly coupled with the distribution of inhomo-
geneities over orientation. In particular, diffusion coefficients in diverse directions
can be changed in various ways with respect to the shape of a non-spherical pore. The
segregation of hydrogen at the interface matrix/pore was found to have a significant
effect on the effective diffusivity, especially in the case of preferentially oriented
prolate pores.

7.6 Description of the Experimental Data by Means
of the Proposed Model

To illustrate the applicability of the results of modeling to problems associated with
hydrogen damage, we describe results obtained in [6]. Authors of [6] analyzed the
permeability ofZn–Ni coatingmaterial to hydrogen in correlationwith itsmicrostruc-
tural characteristics. In particular, they indicated that Zn–Ni coatings typically exhibit
defects, such as intergranular cracks and through-thickness pores. Changing of a sub-
strate geometry during the permeability test realized by the twin cell method led to
changing of the microcracks distribution in the coatings. As a result, microcracks
were found to be randomly distributed. Themicrostructure of coatings with andwith-
out defects was shown in Scanning Electron Microscope (SEM) images. Initiated
defects may make coatings susceptible to environmental hydrogen embrittlement.
Authors compared the hydrogen diffusion coefficients corresponding to uniform
coating and coating with defects. The ratio of the effective diffusion coefficient to
the diffusion coefficient of a host material is given in Table7.1.

Unfortunately, there are no data on the exact shape and volume fraction of the
defects. On the base of the SEM images shown in [6], we could say that microcracks
appearing in Zn–Ni coating can be considered as prolate spheroidal pores that have
certain preferential orientation (λ = 20). Taking diverse realistic values of γ and
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Table 7.1 Correlation of the effective diffusion coefficient Deff/D0 with its microstructural
characteristics, namely, shape (by means of γ ), porosity (φ), and distribution over orientations

Experimental γ (fixed) φ (range of values) Distribution Calculated

Deff/D0 over orientations Deff/D0

14.8 (Zn-Ni) 20 0.10–0.50 Certain preferential 4.70–19.75

100 0.10–0.50 orientation (λ = 20) 3.99 – 16.43

varying the value of the volume fraction, we can obtain a proper range of the effective
diffusion coefficient. The results are shown in Table7.1. We use s = 0.5, s
 = 1.

The suggested homogenization model leads to results that are in a good agree-
ment with experimental data and, therefore, may be applied to estimate the effective
diffusion coefficients of hydrogen in a porous material in the annex to the problem
of hydrogen damage.

7.7 Conclusions

The paper addresses the effective diffusion properties of a porous material. The
microstructure may comprise a mixture of inhomogeneities of diverse shapes and
orientations. We assume that oblate pores can model hydrogen-induced intergran-
ular microcracks, whereas prolate pores can model microcracks originating during
processing and affecting further hydrogenation. The segregation of hydrogen inside
pores takes place.

Maxwell scheme formulated in terms of property contribution tensors was applied
to solve the homogenization problem. Itwas shown that the presence of pores can lead
to a significant increase in the diffusion coefficient. Effect of shape and segregation
effect was observed. The homogenization problem was solved at diverse distribution
of inhomogeneities over orientations. The effect of shape was found to be coupled
with the orientation distribution.

Acknowledgements This study was supported by the Russian Foundation for Basic Research
(projects No. 20-08-01100, 18-08-00201).

References

1. Koyama, M., Akiyama, E., Tsuzak, K.: Hydrogen-induced delayed fracture of a Fe–22Mn–0.6
C steel pre-strained at different strain rates. Scripta Mater. 66(11), 947–950 (2012)

2. So, K.H., Kim, J.S., Chun, Y.S., Park, K.T., Lee, Y.K., Lee, C.S.: Hydrogen delayed fracture
properties and internal hydrogen behavior of a Fe–18Mn–1.5 Al–0.6 C TWIP steel. ISIJ Int.
49(12), 1952–1959 (2009)



7 Effective Diffusion Coefficient … 129

3. Nair, S.V., Jensen, R.R., Tien, J.K.: Kinetic enrichment of hydrogen at interfaces and voids by
dislocation sweep-in of hydrogen. Metall. Trans. A 14(2), 385–393 (1983)

4. Pressouyre, G.M.: A classification of hydrogen traps in steel. Metall. Trans. A 10(10), 1571–
1573 (1979)

5. Figueroa, D., Robinson, M.J.: The effects of sacrificial coatings on hydrogen embrittlement
and re-embrittlement of ultra high strength steels. Corros. Sci. 50(4), 1066–1079 (2008)

6. Sriraman, K.R., Brahimi, S., Szpunar, J.A., Yue, S.: Hydrogen embrittlement of Zn-, Zn-Ni-,
and Cd-coated high strength steel. J. Appl. Electrochem. 43(4), 441–451 (2013)

7. Kuhr, B., Farkas, D., Robertson, I.M.: Atomistic studies of hydrogen effects on grain boundary
structure and deformation response in FCC Ni. Comput. Mater. Sci. 122, 92–101 (2016)

8. Merson, E.D.,Myagkikh, P.N., Klevtsov, G.V.,Merson,D.L., Vinogradov,A.: Effect of fracture
mode on acoustic emission behavior in the hydrogen embrittled low-alloy steel. Eng. Fract.
Mech. 210, 342–357 (2019)

9. Shen, C.H., Shewmon, P.G.: Amechanism for hydrogen-induced intergranular stress corrosion
cracking in alloy 600. Metall. Trans. A 21(5), 1261–1271 (1990)

10. Sun, B., Krieger,W., Rohwerder,M., Ponge, D., Raabe, D.: Dependence of hydrogen embrittle-
ment mechanisms on microstructure-driven hydrogen distribution in medium Mn steels. Acta
Mater. 183, 313–328 (2020)

11. Wasim, M., Djukic, M.B.: Hydrogen embrittlement of low carbon structural steel at macro-,
micro-and nano-levels. Int. J. Hydrogen Energy 45(3), 2145–2156 (2020)

12. Fisher, J.C.: Calculation of diffusion penetration curves for surface and grain boundary diffu-
sion. J. Appl. Phys. 22(11), 74–77 (1951)

13. Le Claire, A.D.: The analysis of grain boundary diffusion measurements. Br. J. Appl. Phys.
14(6), 351 (1963)

14. Suzuoka, T.: Exact solutions of two ideal cases in grain boundary diffusion problem and the
application to sectioning method. J. Phys. Soc. Jpn 19(6), 839–851 (1964)

15. Gilmer, G.H., Farrell, H.H.: Grain-boundary diffusion in thin films: I. The isolated grain bound-
ary. J. Appl. Phys. 47(9), 3792–3798 (1976)

16. Wiener, O.: Abhandl. math.-phys. Kl. Königl. Sachsischen Gesell 32, 509 (1912)
17. Chen, Y., Schuh, C.A.: Geometric considerations for diffusion in polycrystalline solids. J. Appl.

Phys. 101(6), 063524 (2007)
18. Preis, W., Sitte, W.: Surface exchange reactions and fast grain boundary diffusion in poly-

crystalline materials: Application of a spherical grain model. J. Phys. Chem. Solids 66(10),
1820–1827 (2005)

19. Hart, E.W.: Thermal conductivity. Acta Metall. 5, 597–605 (1957)
20. Barrer, R.M.: Diffusion and permeation in heterogeneous media. Diff. Poly. 165–217 (1968)
21. Kaur, I., Mishin, Y., Gust, W.: Fundamentals of Grain and Interphase Boundary Diffusion.

Wiley (1995)
22. Belova, I.V., Murch, G.E.: Diffusion in nanocrystalline materials. J. Phys. Chem. Solids 64(5),

873–878 (2003)
23. Belova, I.V., Murch, G.E.: The effective diffusivity in polycrystalline material in the presence

of interphase boundaries. Philos. Mag. 84(1), 17–28 (2004)
24. Knyazeva, A.G., Grabovetskaya, G.P., Mishin, I.P., Sevostianov, I.: On the micromechanical

modelling of the effective diffusion coefficient of a polycrystalline material. Philos. Mag.
95(19), 2046–2066 (2015)

25. Legrand, E., Bouhattate, J., Feaugas, X., Touzain, S., Garmestani, H., Khaleel, M., Li, D.S.:
Numerical analysis of the influence of scale effects and microstructure on hydrogen diffusion
in polycrystalline aggregates. Comput. Mater. Sci. 71, 1–9 (2013)

26. Oudriss, A., Creus, J., Bouhattate, J., Conforto, E., Berziou, C., Savall, C., Feaugas, X.: Grain
size and grain-boundary effects on diffusion and trapping of hydrogen in pure nickel. Acta
Mater. 60(19), 6814–6828 (2012)

27. Brass, A.M., Chanfreau, A.: Accelerated diffusion of hydrogen along grain boundaries in
nickel. Acta Mater. 44(9), 3823–3831 (1996)



130 K. P. Frolova and E. N. Vilchevskaya

28. Sevostianov, I.: On the shape of effective inclusion in the Maxwell homogenization scheme
for anisotropic elastic composites. Mech. Mater. 75, 45–59 (2014)

29. Kachanov, M., Sevostianov, I.: Micromechanics of materials, with applications. In: Solid
Mechanics and Its Applications, vol. 249. Springer, Cham (2018)

30. Kachanov,M., Sevostianov, I.: On quantitative characterization ofmicrostructures and effective
properties. Int. J. Solids Struct. 42(2), 309–336 (2005)

31. Markov, K.Z.: Elementary micromechanics of heterogeneous media. In: Markov, K., Preziosi,
L. (eds.) Heterogeneous Media. Modeling and Simulation in Science, Engineering and Tech-
nology, pp. 1–162. Birkhäuser, Boston, MA (2000)

32. Maxwell, J.C.: A Treatise on Electricity and Magnetism. Clarendon Press, Oxford (1873)
33. Rayleigh, L.: LVI. On the influence of obstacles arranged in rectangular order upon the proper-

ties of a medium. Philos. Mag. J. Sci. The London, Edinburgh, and Dublin 34(211), 481–502
(1892)

34. Sevostianov, I., Giraud, A.: Generalization of Maxwell homogenization scheme for elastic
material containing inhomogeneities of diverse shape. Int. J. Eng. Sci. 64, 23–36 (2013)

35. Belova, I.V.,Murch, G.E.: Calculation of the effective conductivity and diffusivity in composite
solid electrolytes. J. Phys. Chem. Solids 66(5), 722–728 (2005)

36. Kalnin, J.R., Kotomin, E.A., Maier, J.: Calculations of the effective diffusion coefficient for
inhomogeneous media. J. Phys. Chem. Solids 63(3), 449–456 (2002)

37. Frolova, K.P.: Determination of the effective Young’s modulus of medium with microstructure
typical for hydrogen degradation. J. Phys. Math. St. Petersburg State Polytechnic University
13(2), 160 (2020)



Chapter 8
Determination of the Activation Energy
of Hydrogen from Their Compounds
with Titanium

Polina M. Grigoreva, Yuriy A. Yakovlev, Anatoly M. Polyanskiy,
Victor P. Loginov, Andrey V. Polyanskiy, and Vladimir A. Polyanskiy

Abstract In this work, we carry out experiments on the extraction of hydrogen
from amorphous titanium hydrides by Vacuum Hot Extraction method. Based on the
obtained experimental data, we construct thermal desorption spectra with a stepwise
change in the extraction temperature. Using the Kissinger model for decomposition
of a solid as for a chemical reaction of the first order, we construct the Arrhenius
dependences to calculate the activation energy for the decomposition of titanium
hydrides. For the same temperature ranges, the hydrogenbinding energies determined
for each of the samples differ several times, and the activation energy decreases with
increasing temperature. At the same time, for a temperature range of 350–370 ◦C,
the activation energy tends to infinity. This effect commonly is explained by the
influence of traps corresponding to the chemical composition and microstructure of
the material. We question this explanation, since we study various samples of the
same chemical compound, and the resulting activation energies are in the range that
does not correspond to the value of the chemical bond energies.

Keywords Hydrogen diffusion · Thermo-desorption Spectra (TDS) · Activation
energy · Hydrogen embrittlement · Hydrogen storage

8.1 Introduction

The hydrogen influence onmetal properties has been a well-known and studied prob-
lem in science since the end of the nineteenth century cf. [1, 2], [?]. The absorption
of hydrogen from the external environment leads to the degradation of the mechan-
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ical properties of metal structures, which is known as the problem of hydrogen
embrittlement. To control this process, understanding the processes of absorption of
hydrogen from the external environment, the diffusion of materials into it, as well
as the dependence of these processes on the structure of the metal, chemical, and
crystal structure, stress–strain state, and other thermomechanical loads in the metal
play an important role.

One of the most common models for describing hydrogen diffusion into metals
is the trap model cf. [3, 4], which divides the hydrogen flows into a lattice flow
inside the bulk and a hydrogen flow that is absorbed and accumulates in traps—
dislocations, inhomogeneities, voids, microcracks, and other defects. The constants
used in this model (such as the diffusion coefficient, probability of hydrogen jumping
from normal lattice site to trap site, and probability of hydrogen releasing from trap
site to normal lattice site) depend exponentially on the activation energy of hydrogen
cf. [5]. Activation energy is a characteristic that describes the force of hydrogen
interaction with the structural elements of a metal and its mobility inside a metal.
This characteristic is determined experimentally for eachmaterial and is a table value.

Another type of model widely used to describe the hydrogen diffusion in metals
is the probabilistic models cf. [6, 7]. They explain the absorption and diffusion of
hydrogen with methods of statistical physics. They also use the hydrogen activation
energy to take into account the impact of traps on the process of hydrogen transport
from the external environment.

Multichannel diffusionmodels cf. [8, 9] describe the process usingFick’s laws, but
they also take into account the diffusion channels corresponding to trapped modes.
They also use the value of the hydrogen activation energy.

Another motivation for a more detailed study of the hydrogen absorption and
desorption process is the widespread method of long-term storage of hydrogen and
its isotopes in chemical combination with titanium in the form of amorphous powder
or solid samples cf. [10, 11]. Titanium absorbs hydrogen and its isotopes at relatively
low temperatures (starting from 300 ◦C) and has sufficient capacity (experiments
show that it can hold up to two hydrogen atoms per titanium atom). This long-
term storage bases on the idea that the desorption of the stored hydrogen isotope
occurs at sufficiently high temperatures when a chemical bond breaks or a trap filled
with hydrogen is activated. However, sometimes the titanium and hydrogen isotope
compounds decompose under normal conditions. Therefore this method needs to be
investigated more precisely.

One can estimate the activation energywith variousmethods, for example, spectral
methods cf. [12], or by measuring hydrogen permeability at different temperatures.
But often these methods work adequately only for samples of specific shape or
structure. For example, spectral methods give fairly accurate results only for the
surface layer of the sample and hydrogen permeability can be measured only for thin
samples in the form of films or membranes.

One of the most widespread methods for determining the activation energy of
hydrogen in metal is the method of thermal desorption spectra cf. [13–15]. This
experimental technique is based on the Kissinger approach cf. [16], which proposes
one to consider the extraction of hydrogen from a sample as a first-order chemical
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reaction with activation energy equal to the binding energy. Using this method,
one can adequately evaluate only surface sorption and desorption cf. [17], so to
use this method one should neglect the hydrogen diffusion within the test sample.
This contradicts the experimental data since taking diffusion into account, even in
relatively small samples, introduces significant changes to the activation energy value
cf. [18].

Moreover, some experiments show that activation energy value changes with
a change in temperature or even during an isothermal process cf. [19]. This phe-
nomenon is associated with the switching on of various types of traps and multi-
channel diffusion. Usually, in this case, the break in the Arrhenius dependences is
ignored or considered as the sum of activation energies for each type of traps cf. [20].

All of the above factors lead to large variations in activation energy values for the
same materials cf. [9, 21, 22].

In this work, we use the method of thermal desorption spectra to study samples of
titanium hydrides and the desorption of hydrogen from them. We investigate amor-
phous powder samples. We investigate activation energy using the method proposed
by Arrhenius and based on the data obtained, make assumptions about the nature of
the desorption process and about diffusion models that are used to more accurately
describe the process of absorption, desorption, and diffusion of hydrogen.

8.2 Experimental Technique

One of the methods for measuring the hydrogen concentration in a sample of a
solid, which is used both in research and in industrial control, is the Vacuum Hot
Extraction method (VHE) cf. [12, 23–25]. In this study, we obtain experimental data
of industrial hydrogen analyzer AV-1 with the mass spectrometric recording of the
time dependence of the hydrogen flow from the sample during its heating in vacuum.
Samples are weighed on an analytical balance prior to measurements in a hydrogen
analyzer.

Figure8.1 (see Ref. [26]) shows a sample preparation system consisting of an
extraction system 2, 3 (material—quartz glass) and a radiation furnace 4 with the
constant temperature during the analysis. Cylindrical samples (1) placed in a cold
pipe of an extractor (2) are made of thin quartz glass.

During the analysis, sample (1) dropped without breaking the vacuum into the
analytical extractor pipe (3) with the constant extraction temperature automatically
maintained by the heater (4) on the pipe. The functional diagram of the analyzer
is shown in Fig. 8.2. The analyzer consists of an extractor, an infrared oven with a
temperature controller, a vacuum system, a mass spectrometer, an analog-to-digital
converter, and a computer with special software for working with the analyzer. The
extractor consists of three connected pipes: a cold pipe for storing samples before
analysis, a pipe for storing samples after analysis, and an analytical (hot) pipe. Sam-
ples can move from one pipe to another without breaking the vacuum.
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Fig. 8.1 Extraction system of hydrogen analyzer: 1—samples or container for powder and small
particles , 2—extractor, 3—analytical scion, 4—radiation furnace with thermocouple, 5—furnace
temperature controller

Fig. 8.2 Functional diagram of the AV-1 hydrogen analyzer: 1—extractor with samples; 2—
radiation furnace with temperature controller, 3—nitrogen trap; 4—vacuum pump; 5—mass spec-
trometer; 6—digital registration system with a monitor; 7—system of gas calibration

When the hot pipe of the extractor is heated, hydrogen begins to flow out of its
walls. These flows of hydrogen are called background flows. With further heating,
the intensity of these flows continues to increase, and they may cause serious errors
if the sample is analyzed while the extractor is heating. The hydrogen flows from the
heated extractor itself may be comparable to or even exceed the hydrogen flow from
the sample. Therefore, it is important to reduce the effect of background flows on the
measurement (see work [27]). However, at a constant temperature, these background
flows reach a stable level. To get the advantage of this during experiments, the test
samples were first loaded into the cold scion of the extractor. Then the vacuum in
the system is created. When the vacuum reaches the required level, the empty hot
pipe of the extractor is kept at the extraction temperature until the background flows
reach a stable level. Then the samples are loaded into the hot pipe of the extractor
and held there until the hydrogen flow reaches the background level. This means that
hydrogen flow from the sample is absent.

Taking into account the significant impact of the background flows, we apply a
procedure of step increase of the extraction temperature. After the extraction system
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is prepared (the samples are loaded, the vacuum is pumped), the temperature is set
below the temperature usually needed to extract all hydrogen from a sample (formost
hydrides, it is in the range of 350–800 ◦C). The extractor volume is continuously
pumped out by vacuum pumps of the analyzer to an operating pressure of 100 µPa.
After the background flows settle, the analyzed sample moves into a hot pipe and
warms up to the extraction temperature. The hydrogen flow evolved is measured by
a mass spectrometric analyzer. After the hydrogen flow has reduced several times,
we increase the temperature by a step and repeat the experiment. Measurements are
finished when the hydrogen flux drops to background values.

As a result of analyzing the sample, the time dependence of the hydrogen flow
from the extraction system (extraction curve) is obtained. The absolute values of
the hydrogen flux are calculated using the calibration factor. The mass of hydrogen
evolved is determined as an integral over time from the extraction curve relative to
the background hydrogen flux.

Mass and volume concentrations are calculated using the initialmass of the sample
and the mass of hydrogen extracted from the sample.

Pure iron containers diameter 7mm and 15mm high with a removable lid are used
for samples of powder or fine particles. Containerwall thickness is about 0.3mm. The
lid of the container is fixed not tightly to allow the evacuation of air from the container
under vacuum and the extraction of hydrogen from the inside of the container. An
empty container is degassed for an hour in vacuum at a temperature of 900 ◦C before
being used for measurements.

We analyze titanium hydrides. The samples are in powder formwith a particle size
of 10–100 µm. All studied samples of titanium hydrides TiHx were reference sam-
ples.Manufacturers indicated the hydrogen factor x in the accompanying documents.
Some manufacturers have specified a range of 0.95 < x < 1.1 After integrating the
extraction curve, it turned out that some of them degraded before the beginning of
the experiment during transportation and storage from TiH2 up to TiH0.3. However,
such samples still can provide extraction curves.

8.3 Determination of the Activation Energy

To determine the activation energy, we useKissinger’s idea cf.[16] that the desorption
of hydrogen from a metal can be considered as a chemical reaction described by the
equation

dc

dt
= k(1 − c)n (8.1)

where c is the concentration of hydrogen, k is a rate constant, n is an order of the
reaction. Although there is no certainty in which n to take, with sufficient accuracy
one can assume that the reaction is of the first order. Thus, we can solve the equation
and get the expression for the concentration:
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c = 1 − A exp−kt (8.2)

where A is some integration constant. If we denote hydrogen flow dc
dt as qH , from

(8.1) and (8.2), we have

qH = Ak exp−kt (8.3)

and, having natural logarithm,

ln qH = ln(Ak) − kt. (8.4)

This formula can be used to generate a linear graph when processing experimental
kinetic measurements. The dependence of hydrogen flow qH on time t is graphically
expressed by a straight line, and its slope is equal to −k. Thus, having the linear
graph, we can easily calculate the rate constant k. To calculate the activation energy
Ea from the rate constant, we use Arrhenius equation (see work [28])

k = k0 exp
− Ea
kbT (8.5)

where T is temperature and kb is Boltzmann constant—if one takes it in eV, the
activation energy is also in eV and is defined as energy per molecule. Taking the
logarithm of both sides of the equation, we have

ln k = ln k0 − Ea

kbT
. (8.6)

Again, we generate a linear graph of the dependence of ln k on 1/T and find its
slope that is equal to − Ea

kb
.

So to get the value of the activation energy from the dependence of hydrogen flow
on time, one has first to find the scope of linear dependence of ln qH on t , and second,
find the scope of linear dependence of ln k on 1/T .

8.4 Results and Discussion

We obtain extraction curves for the samples in form of powder. The summary of the
experimental data is presented in Table8.1.

Basically, all the extraction curves look very similar. A typical extraction curve is
presented on Fig. 8.3. One can easily notice that the extraction curve has some typical
regions: after the temperature is step-increased, it takes some time for the sample to
heat, and then the hydrogen begins to eject—flow is decreasing exponentially. Then
after sometime, the temperature is increased again, the flow jumps and begins to
decrease again. This procedure is repeated several times.
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Table 8.1 Experimental data

Type of compound Temperature, ◦C Integral over measurement
time from background flow,
ppm

TiH2 -r 554, 590, 620, 690, 747, 900 2.1

TiH2 -s 360, 370, 400 2.4

TiH 400, 450, 500, 900 2.25

TiH2 -q 380, 390, 400 2.3

TiHx 350 2.4

TiHx 350 2.2

TiHx 350 2.4

x Different samples of TiHx (x ≈ 1) were investigated

Fig. 8.3 Extraction curve for powder of TiH2-s (see Table8.1), temperatures are T =360 ◦C, 370
◦C, 400 ◦C

First, we consider the Arrhenius dependence for TiH2-r (first sample from
Table8.1). Red markers at Fig. 8.4 denote values obtained from the treatment of
experimental data (extraction curve for TiH2 at temperatures T = 554 ◦C, 590 ◦C,
620 ◦C, 690 ◦C, 747 ◦C, 900 ◦C). The scope of the linear dependence, multiplied
by Boltzmann constant, is equal to the activation energy. In this case, we have two
obvious linear dependences: Ea = 1.880 ± 0.375 for lower temperatures T = 554
◦C, 590 ◦C, 620 ◦C, 690 ◦C (blue dash and dots line) and Ea = 0.136 ± 0.033 for
higher temperatures T = 747 ◦C, 900 ◦C (green-dashed line).

This effect was already observed experimentally cf. [29–31], but still, there is no
certainty why does the activation energy change. Authors of article [19] state that
at lower temperatures various traps have more impact on the desorption process,
than chemical bound at high temperatures, thus for the lower temperatures value
of Ea is actually equal to El

a = Ea + Etraps , and for the high temperatures Ea has
the table value of Ea . The impact of traps on the value of hydrogen is confirmed
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Fig. 8.4 Arrhenius dependencies for powdered samples of TiH2-r (see Table8.1), temperatures are
T = 554 ◦C, 590 ◦C, 620 ◦C, 690 ◦C, 747 ◦C, 900 ◦C

by many researchers cf. [31–34]. They refer to the structure of the metal lattice,
inhomogeneities, microcracks, and other defects or structure of the material.

These explanations cannot be implemented in our case, since we are investigating
the desorption of a hydrogen from a powder, not from a samplewith ametal lattice, so
we cannot have anybulk diffusion ormost types of trapswhich change the value of the
activation energy. In addition, the resulting activation energy values are much lower
than the chemical bond energy (which is about 1–4 eV). Therefore, we conclude that
our experiment cannot be described with Kissinger model as the chemical reaction
of the first order. One of the explanations could be possible microchannels or voids
in grains of powder particles, which store hydrogen and open at high temperatures,
providing more intense extraction flow, but this assumption is a matter of future
investigations.

In work [35], explanation of the two peaks on thermo-desorption spectra, and,
subsequently, two values of ln k are explained as a result of skin effect. The concen-
tration of hydrogen in metals at the boundary exceeds a concentration in the bulk
more than ten times, forming a boundary layer of hydrogen. The extraction of metal
with such hydrogen distribution gives two peaks at the thermo-desorption spectra
for one temperature, that leads to two values of ln k. One should notice that this
explanation points out that titanium hydrides are not a chemical compound but a
composite of the metal and the diffused hydrogen.

All the Arrhenius dependencies for the samples from the table are shown
in Fig. 8.5. Different colors and markers (see Table8.1) correspond to different
samples—except for the black triangles, where three different experiments for TiHx

at temperature T = 350 ◦C are shown.
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Fig. 8.5 Arrhenius dependences for the samples of TiH2, TiHx , TiH (see Table8.1)

Fig. 8.6 Arrhenius dependences and linearisation for the samples of TiH2, TiHx , TiH (seeTable8.1)

From Fig. 8.5, it is clearly seen that the results fit well with linear dependencies
even for different samples. Figure8.6 shows the results for the linearization of the
experimental points and the activation energies corresponding to these lines.

From Fig. 8.6, one can see that we have a tendency for the activation energy to
decrease with the growth of temperature (or, conversely, increase at the range of
low temperature). Although this effect again can be explained with the influence
of some traps or inhomogeneities, we still do not have a clear idea of the processes
occurring during the extraction and how they affect the value of the activation energy.
In addition, we have some additional uncertainties.
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We have two points at temperature of 900 ◦C (one for TiH2 and another for TiH,
these are most left dots at Fig. 8.6). The value of ln k is completely different at these
points, and they fit different linear dependencies—even if we linearise our results in
another way (for example, linearise results only for each sample). We have similar
situation for TiH2 at 360 ◦C and 370 ◦C—these two points fit well on two linear
dependencies, although values of activation energies, corresponding to them, differ
much (from Ea = 1.94 ± 0.505 to Ea = 5.309 ± 1.108 eV).

Values of activation energies at mid-range of temperatures (approximately 400–
700 ◦C) have quite close values: Ea = 1.94 ± 0.505 eV and Ea = 1.794 ± 0.431
eV. But again next problem arises: for points at about 400 ◦C we have two values of
activation energy, which, as it was mentioned above, differ very much.

Finally, we have three points at temperature 350 ◦C, all for TiHx (black triangles
at Fig. 8.5, Fig. 8.6). Although two points are close enough to be deviation of one
point, the third has a distinct value of ln k, which actually means that the value of
activation energy at a temperature of 350 ◦C is close to infinity.

All these phenomenons need to be explained. One of the possible explanations
is that mass of ejected hydrogen affects the value of the activation energy. As we
mentioned before, despite our samples were standard titanium hydrides TiH2 some
of them degraded up to TiH0.3. Nevertheless, if we consider the desorption process as
the chemical reaction of the first order (according to Kissinger’s model), the depen-
dence of the activation energy on mass of the hydrogen should play any significant
role. Again we conclude that explanation is that titanium hydrides are not the chem-
ical compound but are a mixture or composite of titanium and hydrogen stored in
inhomogeneities of titanium grains. The precise understanding of desorption process
is a matter of the upcoming investigations.

8.5 Conclusions

To determine the binding energy of hydrogen in titanium hydride, we carried out var-
ious experiments under the same conditions for powder samples of titanium hydride.
Based on the experimental data, we used the method of hot vacuum extraction of
hydrogen to construct thermal desorption spectra at a stepwise change in tempera-
ture. Following Kissinger’s model that the decomposition of a solid is a first-order
chemical reaction, we built Arrhenius dependences, from which we determined the
binding energy.

We found that the binding energy of hydrogen differs for different temperatures,
and decreases with increasing temperature. This leads to the paradoxical result that
lower binding energy hydrogen is extracted at high temperatures. Moreover, we
found that for some temperatures the activation energy may differ, and for temper-
atures around 350–370 ◦C, the activation energy becomes equal to infinity. Since
we have studied amorphous samples under the same conditions, we cannot explain
these effects by various traps, inhomogeneities, and other properties of the material.
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Furthermore, most of the obtained values of the activation energy (0.13–1.94 eV) do
not correspond to the typical values of the chemical bond energy (2–4 eV).

One of the possible explanations is that titaniumhydrides do not exist as a chemical
compound, but are a composite of a metal and hydrogen diffused into it. This theory
is supported by the results of work [35], which investigates the diffusion of hydrogen
from samples, in which hydrogen is distributed in such away that it forms a boundary
layer. Diffusion with such a skin effect gives two peaks in the thermal desorption
spectra.

Understanding the mechanism of hydrogen degradation in compounds with tita-
nium is the subject of future research. This is important both for explaining the
mechanisms of hydrogen embrittlement and for more efficient storage of hydrogen
and its isotopes in compounds with titanium and other metals.
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Chapter 9
Influence of Linear Elastic Stresses
on Hydrogen Diffusion into Metals

Polina M. Grigoreva, Elena N. Vilchevskaya, and Vladimir A. Polyanskiy

Abstract Within the framework of linear nonequilibrium thermodynamics, we con-
struct a new model of the diffusion of a gas component into a solid under thermo-
mechanical loads. Assuming that we have a linear elastic behaviour of the solid,
we obtain a local balance equation for the diffusion of the gas component, which
takes into account the stress–strain state of the solid and its mutual influence on the
diffusion process, the temperature in the system, and the concentration of the gas
component infiltrated into the solid. We specify the model for the case of hydrogen
diffusion into metal. The solution of the obtained differential equation shows that
taking into account the stress–strain state strongly affects the distribution of hydrogen
inside the metal. We found that the concentration quickly increases at the boundary
layer, in which the hydrogen concentration exceeds the amount in bulk by more than
a hundred times, which is consistent with experimental data on the skin effect when
metals are saturated with hydrogen.

Keywords Hydrogen diffusion · Hydrogen embrittlement · Chemical potential ·
Mechanochemistry · Deformable media

9.1 Introduction

Hydrogen embrittlement of metals has been of scientific interest for more than a
hundred years [1]. Many works, including those held in recent years, consider the
critical local concentrations resulting from infiltration of hydrogen into metals from
the aggressive corrosive environment. The data of Safronis [2] is recognized as the
main source. Quantitativemeasurements ofmicrostructural distributions of hydrogen
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inmetals are difficult. TheAgDecorationMethod [3, 4] and other similar approaches
cf. [5] provide only a qualitative map of the distribution of hydrogen. In the work of
Safronis, the threshold local concentrations of hydrogen at which the influence of the
HELP mechanism of hydrogen embrittlement begins is indicated as 0.1H/M. This
is equivalent to mass concentrations in 1500–9000 ppm range for different metals.
However, this value is very high for most metals used nowadays. As technologies
approach the extremely possible mechanical and chemical characteristics of metals
and alloys, the maximum permissible concentration of hydrogen in modern alloys
becomes about 50–100 times lower than in traditional [6]. Moreover, experiments
based on mass spectrometry and electron microscopy also show that the presence of
water vapour in the air, as well as aggressive environments, may serve as a source of
hydrogen. Metals may absorb it, reducing their fracture toughness and strength [7].

Measurements of the hydrogen concentration profile in metals, both in aggres-
sive environments and in the air [8–11] show that the hydrogen concentration at
the boundary layer is tens or even hundreds of times higher than the concentration
hydrogen in the entire volume of the metal, thereby creating some boundary layer.
Recent experimental work [12–14] show that it is this thin layer of about 100 µm
that has the main impact on the mechanical and strength properties of the metal.

Thus, modelling a thin boundary layer as a result of hydrogen diffusion from
the environment and describing the mutual influence of the diffusion process on
the mechanical properties of the metal is of considerable theoretical and practical
interest.

There are some models of diffusion in solid bodies, which describe the ordinary
forms of samples in a simple and stress–strain state. These models have a simpli-
fied design with only one specific mechanism of hydrogen redistribution. However,
experiments show that hydrogen not only diffuses through a crystalline matter of
metal but also redistributes in trap modes. This hydrogen redistribution proceeds
according to several different variants [9, 15–17]. Therefore, the diffusion of hydro-
gen in metal should be considered as multichannel. Moreover, most authors use
a trap model of diffusion (the fundamental works [18, 19] and many others, for
example, [20–24]), where micro traps have different nature and characteristics of
thermo-mechanical loads applied to the material. Such models are specific and do
not adequately describe all the various experimental data. This leads to the fact that
the diffusion coefficients of hydrogen in reference books differ by several orders of
magnitude at the same temperature (for example, [25]).

One should also note that most trap and volumetric diffusionmodels were verified
for small gradients of hydrogen concentration in the material. This does not allow
one to take into account the almost hundred times difference in the levels of hydrogen
concentration inside metal samples observed experimentally and requires substantial
modification of these models.

The mechanism of local hydrogen plasticity was first described in [26] (HELP
model). Later, in [2] and [27, 28], based on physical considerations about the poten-
tials of the interaction of hydrogen with dislocations, the governing equations of the
material were obtained. However, there are several uncertainties in this model. In
particular, the authors neglect the nonlinear dependence of the internal potential on
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the magnitude of the stresses and hydrogen concentration, but at the same time, they
consider large local hydrogen concentrations at which all nonlinearities should play
a decisive role. It should be noted that only some metals such as zirconium allow
saturation with hydrogen up to the HELP mechanism triggering concentrations of
0.1H/M and higher without spontaneous destruction. Moreover, work [29] notes
that the HELP model requires significant computational resources in solving any
applied problem. The solution to this problem is to use a continuum model of the
development of the dislocation. However, such a replacement is often inadequate.
Therefore, the authors of theHELPmodel reduce all hydrogen problems inmodelling
the development of cracks and reducing crack resistance.

Recent publications that study the deformation and fracture of metals under
mechanical stress in hydrogen-containing media [30–32] do not consider the pro-
cess of hydrogen diffusion from the external environment. The models there were
obtained heuristically and therefore cannot serve in the future as a basis for devel-
oping complex models which fully describe the process of hydrogen infiltration and
diffusion.

Someworks consider the hydrogen diffusion inmetalswhich is not affected by any
thermo-mechanical loads [33, 34]. They are focused on the influence of large plastic
deformations on the redistribution of dissolved hydrogen [35–37], the influence of
diffusively mobile hydrogen on the hydrogen embrittlement development [38, 39].

In this work, we make the first step of building a theoretical model to describe the
heterogeneous distribution of the hydrogen and formation of a thin boundary layer in
metal. Within the framework of linear nonequilibrium thermodynamics, we obtain a
modified local equation of balance of the diffusion component. This equation takes
into account the mutual influence of diffusion and the stress–strain state, as well as
the dependence of the diffusion process on temperature, gas concentration and other
thermomechanical loads.

As the first attempt to start the description of hydrogen diffusion in metals and see
how that approach works, we restrict ourselves to an isotropic linear continuum for
the metal and abandon the diffusion of hydrogen in trap modes. The first assumption
corresponds to the case when hydrogen concentrations are not large enough to cause
plastic deformations. The assumption that there are no hydrogen traps in our model
will not considerably affect the results since it is known mostly hydrogen with low
binding energy (i.e. diffusively mobile hydrogen) affects the stress–strain state of
metal [40] and vice versa, zones of tensile stresses ‘attract’ low-binding hydrogen
(the so-called Gorsky effect, [41]).

The constructed model is verified on the boundary problem of determining the
stress-strain state of a cylindrical sample under uniaxial tension and the distribution
of gas concentration. We use the results to estimate the possibility of further compli-
cating the model to describe the formation of the experimentally observed boundary
layer.
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9.2 Problem Statement and Governing Equations

9.2.1 Chemical Potential

Oneof themost commonwaysof describing the diffusionprocess, taking into account
the effect of temperature, heat fluxes, the local concentration of the diffusion com-
ponent and the stress-strain state of a solid in which diffusion occurs, is the theory
of chemical potential. Introduced by Onsager and Prigogine [42, 43] for multicom-
ponent mixtures of diffusing gases, it has been used for solids, as well as for various
diffusion systems under different thermo-mechanical loads.

Within the framework of linear nonequilibrium thermodynamics, one may con-
sider various thermo-mechanical loads which affect a system of a diffusing gas in a
solid. The chemical potential can include the influence of a stress-strain state of solid,
plastic deformations, heat fluxes in the system, trapping modes and other effects that
influence the diffusion process. One can note that, although some phenomena cannot
be introduced non-phenomenologically (for example, plasticity or the influence of
trappingmodes), the theory of chemical potential is the only theory that allows one to
take into account all these effects within the framework of one approach. This makes
it possible not to introduce additional restrictions on the range of external conditions
to keep the model corresponding to the experiment. Moreover, even the phenomeno-
logical account of any effect in the chemical potential is carried out following the
basic principles of mechanics and thermodynamics. For example, the effect of plas-
ticity can be considered through the deformations (using the decomposition of the
deformation gradient into elastic and plastic parts) or by introducing an additional
term into the bulk energy of a solid and taking into account the dissipation of this
energy under plastic effects.

In this work, we verify the basic principles of the theory of chemical potentials
and consider how diffusion is affected by small linear elastic deformations in a solid
material, as well as how strongly these deformations affect the diffusion process.
We also want to figure out whether they can explain the skin effect, observed in the
diffusion of hydrogen into metals from the environment. In this work, we neglect the
phenomena of plasticity, trap modes and other phenomena.

Following the non-equilibrium linear thermodynamic approach, we define diffu-
sion flux j as

j = Dc

RT
∇μ, (9.1)

where D is a diffusivity constant, c is the concentration, R is the gas constant, T
is a temperature and μ is the chemical potential of the diffusing gas. The chemical
potential of the ideal gas in vacuum is equal to

μg = μ0(T ) + RT ln c
c∗ . (9.2)

Here, c∗ is some concentration of normalization and μ0—the reference chemical
potential.
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The chemical potential of the diffusing constituent consists of the chemical poten-
tial of the gas itself, as well as of other terms that affect the diffusion process. They
enter the Eq. (9.1) as terms in general chemical potential of the diffusing component.
For now, we consider only the influence of the stress–strain state of the solid on the
diffusion.

We will consider the chemical potential of the solid in its full form [44, 45], since
taking into account only the first term of expansion or term, associated only with
pressure (as it is done in a lot of works, for example, [46]) imposes strong restrictions
on the range of external conditions. The full chemical potential of a solid is defined
as the (canonical) Eshelby stress tensor

μs = M

(
f E − 1

ρ
FT · S

)
, (9.3)

where M is a molar mass of a solid, ρ is its density, f is a density of a bulk energy
(f = w/ρ), F is a deformation gradient and S is a Piola-Kirchhoff stress tensor.

Since we do not have any phase transitions or moving boundary, the diffusion
flux, induced by the stress-strain state of the solid, is proportional to the trace of the
chemical potential tensor [47, 48]. The full diffusion flux is equal to

j = Dc

RT
∇μ = Dc

RT
∇ (

μg + trμs

)
. (9.4)

9.2.2 Case of Linear-Elastic Strains

In this work, we consider the linear elastic behaviour of the solid. We do not solve
any heat equations and consider temperature T as a constant, and neglect all effects
of plasticity and trapping.

In the case of linear elastic strain,

w = η(T ) + 1
2εe· ·C· · εe, (9.5)

where η is the free energy volume density of the stress-free solid (so-called chemical
energy) and depends only on temperature.

Thus, we can write an expression for the μs = trμs :

μs = M

ρ

(
3η(T ) + 3

2εe· ·C· · εe − σ · · εe
)

(9.6)

Here, we denote elastic strains as εe, σ is the Cauchy stress tensor and C is the
stiffness tensor. We set ε∗ for strains, induced by the diffused gas into the solid,
ε∗ = ε∗(c). Thus, following Hooke’s law for linear elastic behaviour of material, we
obtain
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μs = M

ρ

[
3η(T ) + 1

2 (ε − ε∗) · ·C· · (ε − ε∗)
]
. (9.7)

As η(T ) does not depend on coordinate and we consider that change of density
of solid body ρ is insignificant, for the gradient of chemical potential, induced by
solid body, finally we have that

∇μs = M

2ρ
∇ [(ε − ε∗) · ·C· · (ε − ε∗)] (9.8)

As we consider our body as isotropic, we use stiffness tensor with two constants,
Young’smodulus E and Poisson’s ratio ν.We also follow the ideas from the problems
of thermal elasticity and set deformation, induced by the diffused gas component,
proportional to the concentration: ε∗ = αcE. So, we obtain

∇μs = E

2ρ(1 + ν)
∇

[
ν

1 − 2ν
(trε − 3αc)2 + ε · ·ε − 2αctrε + 3α2c2

]
. (9.9)

Finally, we recall that ∇ · j = ∂c
∂t and substitute obtained expressions for the

chemical potential into the (9.4). After opening brackets, we get the diffusion equa-
tion:

∂c

∂t
= ∇ · (Deff∇c + Vc) , (9.10)

where

Deff = D0

(
1 + cM

RTρ

E

1 − 2ν

[
−αtrε + 3α2c

])
(9.11)

V = D0ME

RTρ

(
ν

(1 + ν)(1 − 2ν)
trε∇(trε) − 1

1 − 2ν
αc∇(trε) + 1

2(1 + ν)
∇(ε · ·ε)

)

In this new diffusion equation, the coefficient at the concentration gradient (diffu-
sion coefficient) is not a constant value. It depends on the stress–strain state of solid,
elastic constants, the concentration of the gas component in the solid (metal) and the
temperature in the system. In the diffusion equation, we also obtain an additional
term which is proportional to the gas concentration. The proportionality coefficient
also depends on the thermo-mechanical loads in the system. This term is a force that
decelerates the diffusion and rises when the concentration in the solid increases. One
should also notice that all the deformations have an influence on the diffusion pro-
cess, and therefore approximation with the first term of decomposition and spherical
part of the Cauchy stress tensor is not relevant.
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We can also note that the resulting equation does not impose any restrictions on
the values of temperatures, deformations, elastic moduli, concentration values and
gradients of concentration and deformations inside the body, except that we take such
a deformation field to remain within the framework of the linear theory of elasticity.

9.3 Boundary-Value Problem for Axially-Symmetric Body

Since most of the experiments are performed on cylindrical samples, in which tensile
stresses are applied along the axis of symmetry, we consider the boundary value
problem for a cylinder under uniaxial tension. Suppose it is located so that the
symmetry axis is directed along the 0z axis, and we can define the cylinder as z ∈
[−h, h]; r ∈ [0, ro] (Fig. 9.1). We believe that its linear dimensions with respect to z
significantly exceed the radius ro, and therefore, the cylindrical sample is in a plane-
deformed state before the diffusion process begins. We consider that ur = ur (r) and
does not depend on z-coordinate.

We also assume that the hydrogen infiltrates only from the side surface, and due
to the stress–strain state and the symmetry concentration depends only on the r -
coordinate, c = c(r).

The elasticity equation in cylindrical coordinates will look as follows:

Fig. 9.1 The cylindrical
sample under axial tension;
the hydrogen diffuses
through the outer boundary
of the sample at r = ro
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∂σr

∂r
+ σr − σϕ

r
+ ∂τr z

∂z
= 0 (9.12)

∂σz

∂z
+ τr z

r
+ ∂τr z

∂r
= 0

Here, σr , σϕ and τr z are the components of the Cauchy stress tensor:
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τr z = E

1 + ν
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The boundary conditions are prescribed tensile uniaxial stress and stress-free side
surface:

ur |r=0 < ∞; σr |r=ro = 0 (9.14)

σz|z=±h = σ0.

The diffusion equation will look as follows:
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The boundary condition is the prescribed concentration at the outer surface of the
body:
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c|r=0 < ∞; c|r=ro = c∗ (9.18)

The initial condition is the absence of the concentration in the body:

c|t=0 = 0. (9.19)

One should note that we have terms that depend on the concentration in the
elastic problem and the coefficients that depend on deformations (both in r - and in
z-directions) in the diffusion equation. Thus, we have the coupled problem, and these
two equations cannot be solved separately.

9.4 Numerical Solution and Discussion

The boundary problem (both elasticity problem and diffusion equation) is solved
numerically using the explicit finite difference scheme, which corresponds to the
finite volume method. Experimental data is taken from [49] for steel T24. Parameter
α corresponding to the expansion due to the hydrogen diffusion is chosen to keep
deformations in the linear elastic area. All parameters are presented in Table9.1.

Since we consider the capabilities of the presentedmodel, we can neglect possible
inaccuracies or inconsistencies in the parameters and consider them as parameters
of some model material.

We were able to perform calculations only for the timeless than 6h: after this time
the stresses near the boundary layer start to exceed linear elasticity and the stress–
strain state of the steel should be described within the plasticity theory. Due to these
restrictions, we investigate only the beginning of the diffusion process.

The two main parameters governing the diffusion process are the effective diffu-
sivity coefficient Deff and the coefficient at the linear concentration term V . They
both depend on the hydrogen concentration and the deformation values.

The value of the diffusivity coefficient significantly depends on the hydrogen
concentration and the stress–strain state of the steel, since the value of the effective

Table 9.1 Material and geometry parameters value [49]

Parameters Value

Diffusivity coefficient D0, mm2/s 0.035

Temperature T , K 293

Young’s modulus E , GPa 182

Poisson’s ratio ν 0.295

ρ/M ,mol/m3 14.5e3

Outer radius ro, mm 1.1

Expansion coefficient α 0.03
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Fig. 9.2 Dependence of diffusivity coefficient Deff on coordinate at different times, σ0 = 0.1 GPa

diffusivity coefficient differs within the sample by almost ten times (see Fig. 9.2). It
can also be noted that the effective diffusion coefficient increases with time and the
rate of its growth is variable and decreases with time. The profile of the effective
diffusion coefficient dependence on the coordinate practically does not change.

The concentration coefficient V in the second term of the (9.10) equation is very
small (of the order of 1e5) and does not varymuch with time, thus practically without
exerting any influence on the diffusion process. In further studies of the model in
the theory of small deformations, this term can be neglected. It should be noted that
the real deformations arising from expansion due to the hydrogen infiltration into
the steel are not small and exceed 3%, therefore, we can say that the coefficient V
begins to influence the diffusion process at large finite deformations and significant
gradients of them.

Although at short times hydrogen infiltrates into the metal rather quickly, from
Fig. 9.3 we see that after some time the process of hydrogen redistribution slows
down, and then with increasing time the distribution of hydrogen concentrations
changes insignificantly. We can also notice that yet the diffusivity coefficient is still
large at this boundary zone, the diffusivity coefficient in the bulk is significantly
smaller (Fig. 9.2). This leads to the higher saturation with hydrogen of the boundary
layer and not the propagation of the concentration profile deeper.

This experimentally observed effect is usually associated with the filling of hydro-
gen traps inside the crystal lattice of themetal. However, the experimentally observed
multiple difference between the hydrogen concentration in the central and near-
boundary parts of the samples is often inexplicable, since the experimental samples
are made so that mechanical treatment does not violate the initial homogeneity of
the metal throughout the volume of the sample. In our model, we obtain the block-
ing effect at saturation with hydrogen from the general propositions of nonlinear
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Fig. 9.3 Dependence of normalized concentration c/c∗ on coordinate at different times, σ0 = 0.1
GPa

Fig. 9.4 Dependence of normalized concentration c/c∗ on coordinate at different axial stresses σ0,
t = 2000 m

nonequilibrium thermodynamics, which was previously described only with the help
of empirical or phenomenological terms introduced into the diffusion equation.

The obtained concentration profile inside the metal is highly nonuniform: the
concentration values near the boundary and in a thin boundary layer are hundreds of
times higher than the concentration inside the sample. This indicates the agreement of
the model with the experiment and describes the experimentally observed boundary
layer as part of the skin effect.

An increase in tensile axial stresses does not significantly change the diffusion
process and the concentration profile (Fig. 9.4). With an increase in tensile stresses,
diffusion proceeds faster, accelerating significantly at stresses close to the yield point.
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This is due to both the fact that the crystal lattice of the metal expands, allowing
hydrogen molecules to diffuse into the metal with less resistance, and with the fact
that stretching along the axis of symmetry reduces the value of the locking stresses,
thereby weakening the locking effect.

9.5 Conclusions

We have built a new model of the diffusion of the gas component into a solid based
on the theory of chemical potentials and the principles of linear nonequilibrium ther-
modynamics. We took the trace of the Eshelby energy–momentum tensor in its full
form as the chemical potential of a solid body. To evaluate the effect of deformations
in a solid, we considered the case of linear elasticity and did not consider plasticity,
heat effects, and large deformations. We also took into account the deformations that
arise as a result of hydrogen diffusion inside the solid and introduced the spherical
tensor of diffusion deformations, which is linearly proportional to the concentration.

As a result, we obtained an equation for the local balance of the diffusion com-
ponent, which takes into account the dependence of the diffusion process on the
stress-strain state of the solid, the concentration of the gas component inside it, and
other thermo-mechanical loads. The new diffusion equation is a modified Fick’s
equation with a non-constant diffusivity coefficient and an additional term in the
expression for the diffusion flow, which is linearly proportional to the concentra-
tion of the gas component, and the proportionality coefficient also depends on the
deformations in the solid and the concentration of the gas component.

Using the finite volume method, we obtained a numerical solution of the coupled
boundary value problem of determining the stress–strain state of a cylindrical steel
sample under uniaxial tension and the distribution of diffused hydrogen concentra-
tion. We found that hydrogen quickly saturates a thin boundary zone, and with time
the concentration profile only moves deeper practically unchanged into the sample.

As a result of hydrogen diffusion into the steel, large deformations arise inside
the sample. They significantly increase the diffusion coefficient. Thus, saturation
of the thin layer occurs faster, than further propagation of the concentration profile
into the sample. This locking effect is also observed experimentally. Earlier in the
literature, this locking effect was explained by the presence of traps which were
phenomenologically introduced into the model. We describe this locking effect from
the first principles.

In addition, we found that in the case of small linear deformations, the term
proportional to the concentration is small and practically does not change with time,
which suggests that the effect of this term in the case of small deformations can be
neglected. This result can be used with further complications of the model; however,
in the case of large strains and large strain gradients, this term is likely to have a
significant effect.
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To study the diffusion process completely, it is necessary to add plasticity to the
model, since deformations corresponding to plastic deformations arise in the sample
with further saturation with hydrogen. In this work, we investigated diffusion at short
times (up to 6h).

The resulting diffusion model is the first step to build a complete model of hydro-
gen diffusion into metals from the environment. Further improvements of the model
can be taking into account plastic deformations, metal inhomogeneities and associ-
ated internal stresses.

Acknowledgements The work was supported by the Russian Science Foundation (RCF), grant
number 18-19-00160.
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Chapter 10
Effect of Hydrogen Concentration and
Strain Rate on Hydrogen Embrittlement
of Ultra-Fine-Grained Low-Carbon Steel

Evgeniy D. Merson, Pavel N. Myagkikh, Gennadiy V. Klevtsov,
Dmitri L. Merson, and Alexei Vinogradov

Abstract During the last few decades, keen attention has been paid to the advanced
steels with the ultra-fine-grained (UFG) microstructure manufactured by severe
plastic deformation (SPD) techniques. Although these materials often demonstrate
prominent mechanical properties, the detrimental environmentally induced effects,
such as hydrogen embrittlement (HE), which may appear during their service life,
have been just scarcely studied. In particular, the influence of the hydrogen con-
centration and strain rate, which are among the main factors controlling HE, in
general, has not been considered in UFG ferritic steels as yet. Thus, the objective
of the present study was to examine the effect of these factors on the mechanical
behaviour and fracture mode of the low-alloy steel processed by ECAP in compar-
ison with the conventionally fabricated counterparts. The ECAPed and as-received
specimens of the low-alloy steel grade 09G2S were cathodically hydrogen charged
at different current densities and then subjected to tensile testing at two different
strain rates. The diffusible hydrogen concentration in the specimens before tensile
testing was assessed by the hot extraction method. After hydrogen charging both
as-received and ECAPed specimens demonstrate HE the extent of which increases
with the increasing hydrogen concentration and decreasing strain rate. It is found
that the ECAPed steel occludes much higher hydrogen concentration than the as-
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received one. At the given hydrogen concentration, the ECAPed specimens demon-
strate stronger hydrogen-induced ductility loss as well as a fundamentally different
fracture mode in comparison to the as-received counterparts.

Keywords Hydrogen embrittlement · Equal-channel angular pressing
Low-carbon steel

10.1 Introduction

Grain refinement is one of the most effective methods for strength enhancement
in metals, which can be achieved without significant compromising ductility and
fracture toughness [1, 2]. Severe plastic deformation (SPD) techniques, amongwhich
are equal-channel angular pressing (ECAP), high-pressure torsion (HPT) and many
others, have been devised to provide extreme grain size reduction down to the sub-
micrometre scale inmany bulkmetallic materials includingAl [3], Ti [4],Mg [5], Fe-
based alloys [6–8], etc. The ultra-fine-grained (UFG) materials obtained in this way
demonstrate tremendous strength and ductility balance due to which they received
keen attention from material scientists and engineers during the past few decades
[9, 10]. In particular, substantial efforts have been made to use the SPD methods
for improvement of mechanical properties of low-carbon and low-alloy steels [7, 11,
12].While the strength of thesematerials processed by conventional heat treatment is
limited to 600–650MPa, the SPD techniques can provide the increase of the ultimate
tensile strength of low-carbon iron up to 1500MPa which is a very remarkable result
[12]. Besides the mechanical properties, the critical factor determining the service
performance of structural steels is their resistance to environmentally induced effects
such as corrosion, stress corrosion cracking and hydrogen embrittlement (HE). The
latter is a well-known phenomenon referred to the deterioration of ductility and
other mechanical properties of metals caused by hydrogen, which dissolves and
diffuses easily in metals during service life. Fundamental mechanisms of HE are
considered and discussed elsewhere in great details [13, 14]. The high-strength steels
demonstrate a much higher susceptibility to HE than the mild steels. Therefore, the
effect of hydrogen on UFG steels is of substantial practical concern. Although some
limited data on HE of the UFG steels can be found in the literature [8, 12, 15, 16],
many important issues related to this phenomenon have been not considered as yet.
For example, the effect of hydrogen concentration and strain rate, which are best
known among the main factors controlling the HE extent, has not been quantified
and reported for UFG ferritic steels. Thus, the main objective of the present study
was to examine the effect of hydrogen concentration and strain rate on HE of the
low-alloy steel with the UFG microstructure processed by ECAP.
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10.2 Experimental

The hot-rolled bars of commercial low-alloy steel grade 09G2S with the chemical
composition represented inTable10.1were subjected to the thermo-mechanical treat-
ment including the following steps: (i) homogenising annealing at 810 ◦C followed
by quenching in water, (ii) tempering at 450 ◦C, (iii) cold severe plastic deforma-
tion by the “CONFORM” ECAP (equal channel angular pressing) [17] process to
four passes by the Bc route and (iv) annealing at 350 ◦C for residual stress remov-
ing. Using the electric discharge machine, the as-received and ECAPed bars were
longitudinally sliced into 2mm thick plates from which the specimens for tensile
testing with the 4×15mm2 gauge part, as well as small rectangular specimens for
gas analysis with 4×20mm2 dimensions, were cut out. The surface of all samples
was grounded with emery paper to the #240 grade.

The specimens were cathodically hydrogen charged in the 5% H2SO4 + 1.5g/l
thiourea solution with the platinum wire used as an anode. To vary the hydrogen
concentration, the current density was ranged from 0.3 to 400 mA/cm2 while the
charging time of 1h was the same in all tests. Within 5min after hydrogen charging,
the specimens were washed with running water and CCl4 and then subjected to the
gas analysis or mechanical testing.

Mechanical testing has been conducted using the screw-driven N50KT (Tinius
Olsen) testing machine. Two different nominal strain rates of 5 × 10−3 and 5 ×
10−2 s−1 were used (the corresponding traverse velocities were of 5mm/min and
50mm/min). After the tensile test, one half of the specimen was subjected to the gas
analysis to assess the residual hydrogen concentration, while the other half was used
for fractographic observations.

The gas analysis was performed by the hot extractionmethod using theGalileoG8
(Bruker) gas analyser. To analyse the diffusible hydrogen concentration in steel, each
specimen was inserted in the quarts tube of the gas analyser where it was heated up to
200 ◦C in N2 gas flux with the heating rate of 17 ◦C/min and held at the destination
temperature for 15min.

The fractographic and metallographic examinations have been conducted using
the scanning electronmicroscope (SEM)SIGMA(ZEISS) equippedwith the electron
backscattering diffraction (EBSD) facilities.

Table 10.1 Chemical composition of the steel grade 09G2S, w. %

C Si Mn P S Cr Ni Cu V Al Fe

0.091 0.722 1.358 0.016 0.011 0.097 0.072 0.235 <0.005 0.018 Base
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10.3 Results and Discussion

10.3.1 Microstructure

In the as-received state, the steel has a typical ferrite–pearlite microstructure repre-
sented by equiaxed coarse grains of 10 µm average diameter, Fig. 10.1a. The wide
assortment of non-metallic inclusions such asMnS is also observed in themicrostruc-
ture, see the inset in Fig. 10.1a.As can be seen onSEMimages presented inFig. 10.1b,
the ECAP results in distortion of the grain boundaries as well as in the stretching of
the initial grains in the shear direction at 45◦ to the extrusion direction. The stretch-
ing is more severe at the peripheral part of the ECAPed bar. When examined by the
EBSD technique, the microstructure of the ECAPed steel reveals small grains and
sub-grains separated by dislocation boundaries, see Fig. 10.1c. The average grain
size of the ECAPed steel assessed by EBSD for the grains separated by high-angle
boundaries with misorientation angles exceeding 15◦ is 0.6 µm.

After hydrogen charging, both kinds of specimens exhibit hydrogen-induced
defects in the microstructure and on the surface, c.f. Figure10.1d–f. Hydrogen-
induced cracks (HICs) and blisters (HIBs) are present in the microstructure and
on the surface of the as-received specimens, respectively, Fig. 10.1d, e. HICs are
primarily transgranular, Fig. 10.1d, although some intergranular ones are also can be
found, Fig. 10.1e. The number and size of HICs and HIBs in the as-received steel
grow with the increasing current density of hydrogen charging. The ECAPed speci-
mens surface reveals no HIBs, yet the HICs, which occasionally connected with the
specimen’s surface, are readily observed in the microstructure, see Fig. 10.1f. Most
of the HICs of the ECAPed steel have the same orientation, which coincides with the
grains stretching direction caused by the ECAP simple shear process. These HICs
are transgranular with respect to the initial ferritic grains. However, they likely can
propagate along with the dislocation sub-grains boundaries.

10.3.2 Gas Analysis

The gas analysis showed that diffusible hydrogen is absent in the uncharged speci-
mens of both kinds. As can be seen in the histogram in Fig. 10.2, the concentration
of diffusible hydrogen in the charged specimens increases with the increasing cur-
rent density. At given charging conditions, the ECAPed steel occludes much higher
hydrogen concentration than its as-received counterpart, that is obviously due to the
substantially higher density of dislocations and grain boundaries acting as hydrogen
traps. One can notice that the significant increase in the hydrogen concentration in
the ECAPed steels occurs at the current densities below 20mA/cm2, while the further
growth of current density up to 400 mA/cm2 does not affect the hydrogen content
considerably. In contrast, the hydrogen concentration in the as-received steel grows
significantly as the current density increases from 20 to 400 mA/cm2. The effect of
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Fig. 10.1 SEM images (a, b, d–f) and inverse pole figure (IPF) colored orientation map obtained
by EBSD from the microstructure of the as-received (a, d, e) and the ECAPed (b, c, f) specimens
of the low-alloy steel grade 09G2S before (a–c) and after (d–f) cathodic hydrogen charging

Fig. 10.2 Effect of cathodic
hydrogen charging current
density on the diffusible
hydrogen concentration in
the as-received and ECAPed
low-alloy steel 09G2S

current density on the hydrogen concentration and hydrogen-induced defects in the
samematerials has been considered in the dedicated paper in detail [16]. It was shown
in particular that the increase of the hydrogen concentration in the as-received steel
in the current density range of 20–400mA/cm2 is associated with intensive blistering
that does not occur in the UFG steel obtained by ECAP.
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Fig. 10.3 Stress–strain diagrams of the as-received and ECAPed specimens before and after hydro-
gen charging at low (a) and high (b) strain rate

10.3.3 Mechanical Testing

The results of the tensile tests showed that the hydrogen-free as-received specimens
demonstrate significant elongation to failure and moderate strength. The pronounced
yield plateau, strain hardening and necking regions are evident on the stress–strain
diagrams of these specimens at low and high strain rates as can be seen in Fig. 10.3.
After ECAP, the ultimate tensile strength (UTS) of the steel increases from 485 up to
840 MPa, while the elongation compromises from 40 down to 15%. Besides, the
yield plateau vanishes and the strain hardening region becomes hardly visible on the
stress–strain diagrams. The increase of the strain rate expectedly provides a slight
increase in strength and the decrease in elongation to failure of both as-received and
ECAPed specimens.

Hydrogen charging results in substantial ductility drop for the specimens of both
kinds. As can be seen in Fig. 10.4a, b, the hydrogen-induced ductility loss of the
as-received and ECAPed specimens increases with the increasing hydrogen concen-
tration and decreasing strain rate. At all conditions, the ECAPed specimens show
the much more significant ductility loss due to HE than their as-received counter-
parts. Regardless of the hydrogen concentration and strain rate, the hydrogen charged
conventional specimens always fracture after notable yielding, strain-hardening and
necking while the ECAPed specimens brake at the stress below the yield point,
Fig. 10.3. That is why the hydrogen charging results in significant drop of UTS in the
ECAPed steel, while the UTS of the as-received specimens even slightly increases
as the hydrogen concentration increases, c.f. Figure10.4c. For the same reason, the
effect of hydrogen concentration on HE of the ECAPed steel is better evaluated by
the change in UTS than by elongation or associated ductility loss, which are more
informative about the severity of HE in the as-received steel.



10 Effect of Hydrogen Concentration and Strain Rate … 165

Fig. 10.4 Effect of the diffusible hydrogen concentration on the ductility loss (a), elongation to
failure (b) and ultimate tensile strength (c) of the as-received and ECAPed specimens at low and
high strain rate of tensile testing

10.3.4 Fractography

The hydrogen-free specimens in the as-received and ECAPed states after tensile test-
ing have completely ductile fracture surface with dimples nucleated at non-metallic
inclusions and pearlitic grains, Figs. 10.5a, b, 10.6a, b and 10.7a, b. The fracture
surfaces of the hydrogen charged as-received specimens contain “fisheyes”—the
round-shape areas with quasi-cleavage morphology and non-metallic inclusions in
their centres, Figs. 10.5c–f and 10.7c, e. Depending on the current density and strain
rate, the total area of the fisheyes is about 40–50% of the fracture surface area,
while the rest is represented by the ductile dimpled relief. Fisheyes are produced
by the hydrogen-assisted growth of radial cracks nucleating at non-metallic inclu-
sions. Details of the formation mechanism of these defects and the nature of the
quasi-cleavage morphology have been considered elsewhere [8, 18–21].

The quantitative fractographic analysis showed that the increase of both the hydro-
gen concentration and the strain rate results in the growth of the number of fisheyes
as well as in the reduction of their mean area and diameter, Figs. 10.5c–f and 10.8.
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Fig. 10.5 Full-scale views of the fracture surfaces of the as-received specimens of the low-alloy
steel grade 09G2S tested at 5 (a, c, e) and 50mm/min (b, d, f) traverse velocity in the hydrogen-free
state (a, b) and after hydrogen charging at 20 (c, d) and 400 mA/cm2 (e, f). Backscattering electron
contrast images obtained by SEM

It is known that the presence of hydrogen at stress risers such as non-metallic inclu-
sions or HICs in steel is a prerequisite for the fisheyes formation [20]. As was shown
above, hydrogen charging at the higher current density provides both the increased
hydrogen concentration and the greater number of HICs. Since the HICs at the same
time act as the points of high hydrogen and stress concentration, and, thus, as the
favourable nucleation sights for the fisheyes cracks, the increase of the HICs number
should cause the rise of the number of fisheyes. It is reasonable to suppose that during
the tensile test, the fisheyes nucleate more readily at the sights with the highest stress
and hydrogen concentration. Initiation and propagation of the fisheye crack provide
the increase of triaxial stresses ahead of its tip. The regions with high triaxial stresses
attract hydrogen, which can diffuse from the neighbouring areas. On the one hand,
the supply of extra hydrogen to the crack tip maintains the propagation of this crack
and, hence, the further increase of triaxial stress which attracts more hydrogen. On
the other hand, the consumption of hydrogen in the neighbouring areas restricts the
nucleation of new fisheyes in those areas. However, when the strain rate is high, there
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Fig. 10.6 Full-scale views of the fracture surfaces of the ECAPed specimens of the low-alloy steel
grade 09G2S tested at 5 (a, c, e) and 50mm/min (b, d, f) traverse velocity in the hydrogen-free
state (a, b) and after hydrogen charging at 20 (c, d) and 400 mA/cm2 (e, f). Backscattering electron
contrast images obtained by SEM

is less time for hydrogen diffusion, while the stress increases quickly so that more
fisheyes have a chance to initiate. The aforesaid provides a plausible explanation for
the increase in the number of fisheyes and the decrease of their mean dimensions at
the increasing strain rate as is observed in the present study.

Regardless of the hydrogen concentration and strain rate, the fracture surfaces of
the hydrogen-charged ECAPed steel are entirely brittle, Fig. 10.6c–f. In this case, the
fracture surface is seen as a mixture of true cleavage, Fig. 10.7d, and specific tearing
morphology, Fig. 10.7f, which is believed to be produced by the hydrogen-assisted
cracking along dislocation boundaries of the UFG microstructure of the ECAPed
steel [8]. Nevertheless, the exact formation mechanism of the tearing morphology is
to be revealed.
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Fig. 10.7 SEM images demonstrating characteristic features of the fracture surfaces of the as-
received (a, c, e) and ECAPed (b, d, f) specimens tested before (a, b) and after (c–f) hydrogen
charging: (a, b) dimpled relief, (c) fisheye, (d) true cleavage, (e) fisheye’s quasi-cleavage, (f) tearing
morphology

10.4 Summary and Conclusions

It is shown in the present study that the microstructure refinement by the ECAP pro-
cess provides substantial strengthening of the low-alloy steel grade 09G2S, whereas
the ductility and the susceptibility to HE are significantly compromised. Moreover,
ECAP fundamentally changes the fracture mode of hydrogen-assisted cracking and
strongly affects the HE features in the low-alloy steel. The main findings of the
present study are as follows.
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Fig. 10.8 Effect of cathodic hydrogen charging current density (diffusible hydrogen concentration)
and strain rate on themean area (a) and number (b) of fisheyes in the fracture surfaces of the hydrogen
charged as-received specimens of the low-alloy steel grade 09G2S

1. At given cathodic hydrogen charging conditions, theECAPed steel occludesmuch
higher hydrogen concentration than its as-received hot-rolled counterpart that is
apparently due to the increased dislocation density and the volume fraction of
grain boundaries serving as hydrogen traps.

2. At given hydrogen concentration and mechanical testing conditions, the ECAPed
steel demonstrates more severe ductility loss than its conventional counterpart.

3. The hydrogen charged UFG low-carbon steel obtained by ECAP exhibits HE
features which are inherent for most of the high-strength steels embrittled by
hydrogen. Specifically, (i) it fractures in the quasi-elastic strain region of the
stress–strain diagram, (ii) it shows an entirely brittle fracture surface, (iii) the HE
is enhanced at the increasing hydrogen concentration and decreasing strain rate
(the latter is also common for other hydrogen embrittled steels and alloys).

4. The fracture surface of the hydrogen charged as-received low-alloy steel is
composed of ductile dimpled relief and round-shaped quasi-cleavage regions—
fisheyes, which number increases but mean area decreases with increasing hydro-
gen concentration and strain rate. The fracture surface of the hydrogen embrittled
ECAPed steel does not contain fisheyes. However, it is wholly composed of true
cleavage and tearing fracture morphology, which formation mechanism is still
unknown and is to be revealed.
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Chapter 11
Wave Nature of Hydrogen Concentration
Dynamics in Materials

Alexey V. Porubov, Alexander K. Belyaev, and Vladimir A. Polyanskiy

Abstract The models of the wave description of the hydrogen concentration in
materials are discussed and compared. Special attention is paid to the role of nonlinear
effects.

Keywords Hydrogen concentration · Bi-continuum · Nonlinear effects
Nonlinear wave modeling

11.1 Introduction

The influence of hydrogen on the plasticity and strength of metals attracts con-
siderable attention in the last years. One can say that the main problem today is
hydrogen-induced destruction. The modeling of hydrogen dynamics concerns vari-
ous approaches. One of them considers the evolution of the hydrogen concentration
as a wave process.

The wave description was less developed recently because of the linear descrip-
tion. The hydrogen transfer has been modeled by the equations of diffusion type.
However, the linear diffuison equation doesn’t possess wave solutions with finite
velocity. Only recently, such models began to appear [1–3]. Later, the wave charac-
ter of concentration has been detected in experiments [3–5]. The model developed in
[2] has been extended and thoroughly examined in [5–7]. Also, an influence of the
strains in the material on the concentration dynamics has been modeled in [8] on the
basis of discrete-continuum nonlinear modeling. All these studies allowed to reveal
new phenomena described with the help of a nonlinear description.
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The aim of the paper is to call attention to the nonlinear wave modeling of the
hydrogen concentration and the sources of nonlinearity causing qualitatively new
features of the concentration dynamics.

11.2 Bi-Continuum Nonlinear Model

This model has been developed in [2, 3, 6, 7].
Assume the diffuse hydrogen is characterized by mH , v

−
H and ρ−

H which are the
mass, velocity and volume density respectively. Similarly, the bound hydrogen is
described by v+

H , andρ+
H .Then the concentrations are N

−
H = ρ−

H/mH , N
+
H = ρ+

H/mH .
Then basic equations in the one-dimensional case are

(ρ0 + mH N+
H ) v+

H,t + (F0 − γ N+
H )mH N−

H (v−
H − v+

H ) + (α N−
H − β N+

H ) v+
H = σx ,

(11.1)

mH N−
H v−

H,t + (F0 − γ N+
H )mH N−

Hv
−
H + 3

2
k T N−

H,x + (α N−
H − β N+

H ) v−
H = 0,

(11.2)
ρ0,t + (ρ0 v

+
H ) = 0, (11.3)

N+
H,t + (v+

H N+
H )x − 1

mH
(α N−

H − β N+
H ) = 0, (11.4)

N−
H,t + (v−

H N−
H )x + 1

mH
(α N−

H − β N+
H ) = 0, (11.5)

where k is Boltzmann’s constant, T is the absolute temperature of the moving
medium, the stress σ is defined in [3].

It was shown in [7] that the solution of the basic equations reduces to finding the
solution to the concentration N+

H ,

N+
H = N0 + ÑH , (11.6)

where ÑH is the solution to the equation

ÑH,t t − a1 ÑH,xx + a2 ÑH,t − a3 ÑH,xxt+

a4(Ñ
2
H )xx + a5(ÑH ÑH,xt )x + a6 (ÑH,x ÑH,t )x = 0, (11.7)

where

a0 = mH

α
, a1 = 3kTβ((F0 − γ N0) mH + 2α)

2(F0 mH + α)2mH
, a2 = α + β

mH
,
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Fig. 11.1 Dynamics of concentration at the coefficients of Eq. (11.7): a1 = 1, a2 = 0.01, a3 =
0.01, a4 = 0.75, a5 = 0.075, a6 = 0. The profiles are shown in times 0, 30, 60

a3 = 3kTmH ((F0 − γ N0) mH + 2α − β)

2(F mH + α)2mH
, a4 = 3kT γβ

4(F0 mH + α)2

a5 = 3kTmHγ

2(F0 mH + α)2
, a6 = 3kT (α − β)

2(F mH + α)2N0
.

The physical meaning of the coefficients in Eq. (11.7) relates to an influence of
the corresponding terms in the equation on the dynamics of concentration. Thus, the
dominance of coefficient a1 results in a hyperbolic wave nature of the propagation
of the concentration front described by the terms with the second-order spatial and
temporal derivatives, while the terms with coefficients a2 and a3 are responsible for
the decay of the concentration wave. The coefficients a4 − a6 at nonlinear terms in
Eq. (11.7) characterize the influence of nonlinearity, see [7] for details.

Numerical simulations demonstrate the influence of different nonlinear terms
on the dynamics of localized variation in concentration. Numerical simulations are
performedby assuming N0 = 1 and considering evolution of a localized input defined
by a Gaussian distribution,

ÑH = N0 + Q1 exp(−(x − x0)
2/Q2) + Q3 exp(−(x − x1)

2/Q2) at t = 0,
(11.8)

where xi and Qi , are constants. A unidirectional evolution is provided by an extra
nonzero initial condition for the initial velocity,
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Fig. 11.2 Dynamics of concentration at the coefficients of Eq. (11.7): a1 = 1, a2 = 0.01, a3 =
0.01, a4 = 0, a5 = 0, a6 = 0.5. The profiles are shown in times 0, 30, 60

Shown in Fig. 11.1 is the evolution of the initial condition containing both negative
and positive parts, Q1 and Q3 are of either sign in Eq. (11.8). They are marked
by t = 0. One can see those initial disturbances propagate losing their amplitudes.
Besides, a decrease in the amplitude, one can see a development of an asymmetry of
the profile: the negative part suffers a steepness of the front edge of the wave, while
the positive part demonstrates a steepness of the back edge of the wave.

On the contrary, an influence of the nonlinear term (ÑH,x ÑH,t )x on the same initial
condition doesn’t provide an asymmetry as shown in Fig. 11.2. There is a decrease
in the amplitude for both the positive and negative parts of the input, also one can
see an increase in the width of the propagating disturbance of concentration.

More simulations about relative influence of nonlinearities and an influence of
the polarity of the input on the behavior of the localized wave of concentration can
may be found in Ref. [7].

11.3 Dicrete Continuum Nonlinear Model

The decrease in the amplitude of concentration wave happens due to an influence
of dissipative terms in Eq. (11.7). The dynamical behavior of concentration varies
when the strains in the material are taken into account.
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The crystalline structure of amaterial can be described by a one-dimensional chain
with masses connected by elastic springs and only with neighboring interactions
betweenmasseswhen the interactionobeys theHookean linear law.Then the equation
of motion for a mass with the number n is

müm = C0(un+1 − un) − C0(un + un−1), (11.9)

where ui is the displacement of the i-th mass in the chain, m is the mass of the
element of the chain, C0 is the constant stiffness.

We assume a rheological relationship, C = Cn(n, t),

N0 + Nn

Cn
= N0

C0
+ Nn

CH
, (11.10)

where N0 is the known constant concentration of the elements of the chain in the
material, Nn(n, t) is the discrete concentration of hydrogen, CH is some known con-
stant, Nn(n, t) is the concentration of hydrogen in nanovoids, and CH characterizes
the weakening of the material due to the formation of nanovoids. Then we obtain

Cn = (N0 + Nn)CHC0

CH N0 + C0Nn
. (11.11)

The statement of the problem is described more precisely in [8].
The continuum concentration N (x, t) is usually described by an equation of trans-

fer,
Nt + (β0 + β1ux )N + δ̃ux + γ Nxx = 0. (11.12)

where a diffusion of the hydrogen concentration, Nxx is taken into account as well
as a contribution of strains in the dynamics of concentration. First, it affects the
source term coefficient β0 + β1ux , second, there is an influence δux to the variation
of concentration. β0, β1, δ̃, γ are constants.

The weakly long-wavelength case is considered and a small parameter ε is intro-
duced,

u = εu(X, T, , τ, Z), y = ε2y(X, T, τ, Z),

where
X = εx, T = εt, τ = ε3t, , Z = ε4t.

where

y(x, t) = C0

CH

N

N0
.

It is shown in Ref. [8] that for small y one assumes

y = y0 + εy1 + ...
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and the governing continuum equation for y0 is

2 hβ0

√
C0my0,θτ + β0C0h4

12
y0,θθθθ − β0C0h2

2
(y20 )θθ = 0. (11.13)

where

θ = X −
√
C0

m
T . (11.14)

The traveling wave solution is [8]

y0 = F − h2κ2sech2(κξ), (11.15)

where

ξθ = 1, ξτ = −W, W = h
√
C0

6
√
m

(
h2κ2 − 3F

)

The parameter W should be

W < −κ2 h
√
m

3
√
C0

.

to achieve only positive values of the solution for concentration.
Numerical results shown in Fig. 11.3 are the dynamics of an initial disturbance

of concentration around constant value F . The initial profile contains both positive

Fig. 11.3 Dynamics of concentration The constant F = 1
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and negative amplitude disturbances marked by t = 0. As times goes on, the nega-
tive amplitude part evolves into traveling wave with a constant amplitude which is
illustrated by a horizontal line in Fig. 11.3. The wave travels to the left. The positive
amplitude disturbance is dispersed and doesn’t give rise to a traveling localized wave
of concentration.

The results obtained are written in the transformed coordinates. Coming back to
the original variables, one obtains the solution for the stiffness [8]

C = C0(1 − ε2 F + ε2κ2 h2sech2(εκ(x − (

√
C0

m
+ ε2 W )t). (11.16)

The initial constant concentration F results in a decrease in the stiffness. The prop-
agating wave of concentration locally increases the stiffness but not above C0. The
wavemoves in the same direction as those shown in Figs. 11.1 and 11.2.More numer-
ical solutions can be found in Ref. [8].

11.4 Conclusions

Several related phenomena, the formation of nanovoids associated with the hydrogen
accumulation, the weakening of the material as a result of the nanovoids formation,
and the non-uniform distribution of hydrogen and nanovoids, which is observed
during the tension of corset specimens without stress concentrators with a uniform
initial hydrogen concentration at a uniform uniaxial deformation, are described using
the nonlinear wave propagation.

The dynamics or the relatively high rate of these processes can be explained by
the fact that hydrogen itself does not move inside the material, but changes its state
passing from a diffuse phase to a gaseous one inside nanovoids which can appear
and disappear when the stress and strain change. Most likely, the consequences of
this transformation for the strength and internal microstructure of the metal depend
on the parameters of the material, loading rate, temperature, and value of the initial
hydrogen concentration. The proposed wave approach makes it possible to establish
these relations after identifying the parameters of the models.

Twomodels are discussed. The first one concerns themodeling of a bi-continuum.
Numerical simulations reveal different influences of the nonlinear terms appearing in
the presence or in absence of the inhomogeneous force. Qualitatively different effects
such as arising of the tail behind the localized wave and formation of the counterpart
wave are found. Also, the nonlinear discrete-continuum model of mutual influence
of the hydrogen concentration and longitudinal strain in a chain is developed. A
nonlinearity is introduced via the variations in the coefficient of stiffness of the
springs between the elements of the chain. A two-dimensional lattice model will be
the subject of our future work to describe both an increase and a decrease in the
elastic constants.
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Chapter 12
Characterization of Hydrogen Trapping
Systems and HIC Susceptibility of X60
Steel by Traditional and Innovative
Methodologies

Renzo Valentini, Francesco Aiello, Linda Bacchi, Fabio Biagini,
Serena Corsinovi, and Michele Villa

Abstract Hydrogen interaction with steels and metallic alloys, in general, is an old
issue, but the interest in the phenomenon is incredibly increased in recent years. From
the ’90s of the last century up to today, the papers about Hydrogen Embrittlement
(Scopus, Elsevier, Amsterdam, [1]) are almost tripled! This establishes the growing
attention on this topic, due also to the development of hydrogen-based economy.
In Oil & Gas industry, hydrogen–steel interaction and related phenomena are often
related to corrosion reactions, a consequence of the severe sour environments typical
of this industrial sector. This is the reason why corrosion is the second most frequent
cause of pipeline failures (Yang et al., Reliab Eng Syst Saf 159, 214–222, [2]),
with the peculiar result of dangerous substances released in the environment, and
it has translated into a continuous development of new technologies to monitor and
control the ‘corrosion state’. The present work aims at characterizing the hydrogen
susceptibility of X60 steel, a High-Strength Low-Alloy (HSLA) steel, widely used in
Oil & Gas industry. The study is carried out by means of a rigorous approach based
on traditional scientific techniques; moreover, an innovative solution was developed,
validated and proposed to approach the possibility of on-fieldmonitoring of operating
pipelines.
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12.1 Introduction

Hydrogen embrittlement is a phenomenon of great interest for Oil&Gas industry, due
to the use of higher grades steels, as well as low-purity service fluids, containingH2S,
for example. In this scenario, the possibility of approaching the plants and pipelines
on-field monitoring looks very attractive and could be the real turning point for
reducing failures and manage safe planned maintenance.

The mechanisms of hydrogen embrittlement and hydrogen interaction with metal
lattice are still under investigation, but some theories are overall accepted to demon-
strate the dangerous and deteriorating outcome of hydrogen absorption on steels’
mechanical properties and behaviour. Nevertheless, the effect of hydrogen is mainly
and deeply investigated for low-carbon steels, stainless steels, TRIP steels, DP steels,
pipeline steels and so on [3], it is well known that the embrittlement effect is particu-
larly severe for high-strength and ultra-high-strength steels. Typically, a UTS higher
than 1000 MPa is assumed as threshold value to significantly appreciate it.

The most diffused models that describe the hydrogen embrittlement in metals are
the HELP (Hydrogen-Enhanced Local Plasticity) and HEDE (Hydrogen-Enhanced
DEcohesion). Thesemodels are quite different,HELP is related to hydrogen enhance-
ment of dislocations’ generation and motion, giving rise to local plasticized zones
and material softening. Other literature studies state the opposite phenomenon, that
is the pinning of dislocations due to the presence of hydrogen atoms. Katzarov et
al. [4] and Taketomi et al. [5] observed and demonstrated the coexistence of both
actions. Hydrogen affects dislocationmobility as a function of several factors, includ-
ing hydrogen concentration, tension stress state and temperature. HEDE model is
instead based on the reduction ofmetal lattice chemical bounds due to the presence of
hydrogen, which promotes crack formation and propagation. It is strictly correlated
to locally reach the critical hydrogen concentration.

Currently, the most recent researches propose a new approach which consists
of the synergistic contribution of HELP and HEDE theories, the so-called HELP-
mediated HEDE model [6]. A first HELP stage is followed by a combination of
HELP and HEDE mechanisms, where hydrogen enhances the mobility of disloca-
tions (HELP), giving rise to high-density dislocations pile up and plasticization at
the crack tip. At the same time, hydrogen transportation by dislocation increases the
local concentration in the metal leading to decohesion of chemical bonds (HEDE).

Hydrogen-induced cracking (HIC) is another phenomenon typical of Oil & Gas
industry. It usually takes place near to precipitates or non-metallic inclusions, vacan-
cies or othermicrostructural defects, and consists in crack nucleation and propagation
even without applied load to the part or component. When hydrogen accumulates in
these areas, it can recombine into molecular hydrogen and reach a local overpressure
level able to crack the metal according to hydrogen pressure theory [7].

Peng et al. [7] stated the HIC nucleation depends on the type and shape of the
inclusions:MnS, as well as Al, Ti and Ca oxides, are very active initiation sites, while
inclusions rich in Si present a low risk. Recent studies [7] showed a better resistance
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of pipeline steels with controlled precipitation of carbides and nitrides (as V4C3, TiC,
NbC and nanosized (Ti,Mo,C) aimed at reducing particles size and increasing their
number [8].

Sour environment, typical of petrochemical plants, is characterized by the pres-
ence of a strongly reactive and dangerous compound, the hydrogen sulphide. H2S
inhibits the recombination of atomic hydrogen into molecular hydrogen according
to the following reactions:

H2S + e− → H + HS (12.1)

HS− + e− → H + S2− (12.2)

H+ + e− → H. (12.3)

Equation (12.3) allows atomic hydrogen to be adsorbed on the metal surface,
considerably increasing the probability of absorption in the bulk material and the
risk of hydrogen damage [9].

12.2 Materials and Methods

The present work focuses on API X60 and Iron-Armco§. API X60 is HSLA pipeline
steel that combines good resistance, ductility, weldability and corrosion resistance.
The strengthening mechanisms consist of the partial precipitation of inclusions, cou-
pled with grain size reduction and it is subjected to hot rolling. Fe Armco is instead
cold rolled and annealed.Mechanical properties and chemical compositions are listed
in Tables 12.1 and 12.2 respectively.

For permeation tests, rectangular sheet specimens of different thickness (0.5, 1
and 2mm) were used, for HIC tests and TPD analyses, cylindrical specimens were
manufactured, of diameter, respectively, 13 and 6mm.

12.3 Experimental

A series of experimental tests were carried out in order to characterize the steel
behaviour in a hydrogen environment and its susceptibility to hydrogen embrittle-
ment.

Table 12.1 Mechanical
properties of API X60

Rp02 (Mpa) Rm (Mpa) Elongation (%)

436 520 40
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Table 12.2 Composition of
Iron Armco § and API X60

API X60 Fe Armco

C 0.1343% 0.01%

Mn 1.15% 0.15%

Si 0.2523% –

S 0.0047% 0.015%

P 0.0217% 0.015%

Al 0.0254% 0.05%

Ti 0.022% –

Nb 0.038% –

N 0.0102% 0.007%

Fe Balance Balance

12.3.1 Permeation Tests

Permeation tests were performed to evaluate hydrogen diffusion in steels, determin-
ing the hydrogen diffusion coefficient.

The traditional test method, based on Devanathan–Stachurski double cell [10],
was used. The Devanathan–Stachurski technique involves the application of a Pd
coating to the sample surface. A solution of PdCl2 (5g/L) and NH3 (28% in volume)
was used and a current density of 4 mA/cm2 [11] was applied, after a prior surface
polish. The sample is placed between two semi-cells and surface passivation of one
side is achieved by using 0.1N NaOH solution and imposing 200 mV with respect
to Ag/AgCl reference electrode.

Permeation tests were also carried out by means of HELIOS 2 (Hydrogen Embrit-
tlement Line Instruments and Operative Sensors), an innovative equipment patented
by Letomec S.r.l [12] (patent EP2912452B1), and results were compared.

HELIOS 2 is based on an electrochemical cell, where the metallic sample, the
cathode, is in contact with the electrolytic solution through a hole in the cell with
calibrated diameter. Applying a certain current between the anode and the cathode,
hydrogen is produced on the exposed surface of the sample. A probe, containing a
solid-state gas sensor, registers the hydrogen flux coming out from the other side (see
Fig. 12.1). HELIOS method since there is no electrolytic solution on the detection
side, doesn’t require the passivation of the metallic sample.

After the preliminary comparison among Devanathan and HELIOS 2 methods
on the reference material (Iron Armco), permeation tests were repeated on API
X60 HSLA steel. Tests were executed by varying operative temperature, to estimate
the low-energy traps binding energy and, in a second phase, tests on samples with
different thicknesses were executed. Finally, for what concerns permeation tests,
a real case of cracking was simulated. A sheet of 2mm thickness has been put in
contact with H2SO4 1N and As2O3 10mg/L and a current density of 50 mA/cm2

was applied.
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Fig. 12.1 Helios 2 equipment scheme

12.3.2 TPD Tests

Hydrogen trapping systemswere studied by the temperature-programmed desorption
technique. Pre-charged samples were heated from room temperature up to 600 ◦C.
Various heating rates were applied, and binding energy of traps was extrapolated.
According to Choo and Lee model [13], the heating rate can be expressed as follows:

ż = A(1 − z)eEa/RT (12.4)

with z = (C0 − C(t))/C0 and where C0 and C(t) represent, respectively, the initial
and the instantaneous hydrogen concentration in steel, A is a proportionality constant,
R the gas constant, T the absolute temperature and Ea the activation energy of a trap.
Deriving the Equation (12.4), the following expression is obtained:

dż

dt
= −Aże− Ea

RT + A (1 − z) e− Ea
RT

Ea

RT 2

dT

dt
(12.5)

imposing dż
dt = 0, the maximum of the function ( dTdt = φ) can be determined.

− Aże− Ea
RTp + ż

Ea

RT 2
p

φ = 0
(Tp=Peak Temperature)=⇒ − Ea

RTp
= ln

[(
Ea

ART 2
p

)
φ

]
(12.6)

In a diagram where
(

1
Tp

; ln
[(

φ

T 2
p

)] )
were plotted, experimental points settle on

a straight line and the binding energy can be estimated from the slope of that line.
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12.3.3 HIC Tests

HIC is an extremely dangerous and unpredictable phenomenon, related to corrosion
phenomena and consequent hydrogen absorption in the metal lattice. There are a lot
of factors influencing HIC phenomenon like environment, microstructure, shape of
the grain boundaries, number and type of inclusions [14].

That is why, a series of HIC nucleation tests were carried out, in order to determine
the critical hydrogen concentration able to give rise to crack initiation. Samples were
electrochemically charged by varying electrolytic solution and current density to
introduce a different amount of hydrogen in the metal lattice, then they were cut into
twoparts.Ahalfwas observedunder lightmicroscope to check the presence of cracks,
the other half was used for hydrogen measurement by means of thermal desorption
analysis. Figure 12.2 shows an example of cracked material in a hydrogen-induced
cracking test.

12.3.4 Numerical Analysis

A series of numerical simulations were also performed to determine hydrogen trap-
ping parameters in the bulk steel. Typical diffusion behaviour, explained by Fick’s
law [15, 16], is not verified in the presence of hydrogen trapping sites in the metal
lattice. McNabb and Forster developed a theory to consider this effect and this was
implemented in a simulation model to determine all kinetic parameters [17].⎧⎨

⎩
∂C
∂t = D ∂2C

∂x2 − Nr
∂ν
∂t − Ni

∂w
∂t

∂ν
∂t = krC(1 − ν) − pν
∂w
∂t = kiCt (1 − w)

(12.7)

Fig. 12.2 API X60 sample,
hydrogen crack was
highlighted with the white
arrow
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where C and D are the hydrogen concentration and the diffusion coefficient, respec-
tively; Nr and Ni are the reversible and irreversible traps concentration, ν is the
occupied reversible trap fraction, w the irreversible one; kr is the reversible trapping
rate, ki the irreversible one and p is the release amount for reversible traps.

Solve Eq.12.7, combined with the corresponding initial and boundary conditions,
allows to determine the outlet hydrogen flux defined as J (t) = −D∂xC . The initial
conditions correspond to reversible and irreversible traps initially empty andmaterial
free of diffusible hydrogen. Boundary conditions consist of a constant concentration
C0 on the face of the specimen in contact with the electrolyte solution and zero
concentration on the opposite face. The mathematical formulation is reported in
Eq. (12.8) and Eq. (12.9), respectively, where a is the sample thickness.

C(t = 0, x) = 0; v(t = 0, x) = 0; w(t = 0, x) = 0 (12.8)

C(t, x = 0) = C0; C(t, x = a) = 0 (12.9)

The hydrogen outlet flux is a function of time and seven other parameters C0, D,
kr , Nr , Ni , ki , p. The iron lattice diffusion coefficient is constant at room temperature
and equivalent to 7·10−9 m2/s [18].C0 can be easily obtained from the hydrogen flow
during steady state. The kr/p ratio can be determined from the knowledge of the
lattice number of sites per unit of volume NL and from the activation energy of traps
Ea known by the TPD technique using Eq. (12.10) [19].

kr
p

= 1

NL
exp

( Ea

RT

)
(12.10)

The remaining parameters were determined by minimizing the cost function f
defined in Eq.12.8.

F = min[Jsimulated − Jexperimental]2 (12.11)

12.4 Results

12.4.1 Permeation Tests

Permeation experimentswere first executed on IronArmco. Sampleswere testedwith
Devanathan method, with and without Pd coating, besides HELIOS 2 technique on
bare specimens. Results were presented in Table 12.3.

Note that Palladium coating on the reading side is widely shown and demonstrated
in the international literature to be a fundamental feature to get significant results
[11], and this effect is clearly confirmed in Fig. 12.3.
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Table 12.3 Permeations test results obtained with different detecting techniques on Fe-Armco

Thickness (m) Material J (mol/ms) D (m2/s)

0.0005 Fe D 6.96·10−14 1.42·10−10

Fe + Pd D 1.22·10−12 1.23·10−10

Fe H 1.18·10−12 7.76·10−11

0.001 Fe D 3.74·10−14 2.45·10−10

Fe + Pd D 1.35·10−12 4.60·10−10

Fe H 9.12·10−13 2.22·10−6

0.002 Fe D 4.38·10−14 1.35·10−9

Fe + Pd D 1.27·10−12 1.38·10−9

Fe H 1.29·10−12 8.87·10−10

Fig. 12.3 Comparison of
exiting hydrogen flux in
three different test conditions
and for various sample
thicknesses

12.4.1.1 API X60 Steel

Helios test results as a function of temperature were shown in Fig. 12.4. From these
tests, the binding energy of the traps [20] was extrapolated and resulted equal to 18
kJ/mol.

Figure12.5 indicated the stationaryhydrogenfluxdeterminedduring experimental
results as a function of sample thickness.

Another test performed has been the permeation in crack condition (cracking
conditions evaluated from HIC studies): so the conditions in terms of solution and
current density able to generate microvoids due to the hydrogen interaction with
metal lattice.

The permeation curve through the metal wall of the cracking case was reported
in Fig. 12.6.
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Fig. 12.4 Permeation tests
at different temperatures

Fig. 12.5 Hydrogen flux
varying sample’s thickness

After reaching the maximum (point 1 in Fig. 12.6), the hydrogen signal decreases
as an effect of cracknucleation: hydrogen accumulates in the cracks,while the amount
exiting from the sheet decreases (point 2);when the new traps arefilled the permeation
flux starts to increase again and the signal goes up (point 3). Once determined the
hydrogen concentration in steel, correspondent to themaximumpeak of Fig. 12.6 (5.1
ppmw), and with reference to Fig. 12.7, the hydrogen accumulation next to the crack
canbe calculated.Considering the theoretical profile of hydrogen concentration along
with the specimen thickness during permeation, [21] (Fig. 12.7(a)), the relationship
between thickness and hydrogen concentration can be assumed linear:

CH = CH,0

(
1 − x

L

)
(12.12)
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Fig. 12.6 Permeation in crack condition

Fig. 12.7 a Hydrogen concentration profile and b crack and its distance from sample surface

whereCH,0 is the hydrogen concentration on the input surface, 5.1 ppmw (found from
the HIC tests, where the sample was saturated, so the surface concentration is equal
to the core one); x is the distance shown in Fig. 12.7(b) and L the sample thickness
(2mm). Given these considerations, CH was estimated equal to 4.6 ppmw, and the
result was in accordance with HIC results, shown in the following paragraphs.

Figure 12.8 shows the permeation curve of 2mm thickness sample returned by
HELIOS 2. The outcoming hydrogen flux, measured by the device, is represented as
a function of time. Signal steady state is equal to 9.4·10−6 mol/s m2 and the curve
was also used to identify the diffusion parameters through the previously exposed
numerical model.
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Fig. 12.8 Permeation curve
obtained using HELIOS 2 on
a 2mm thick sample

Fig. 12.9 TPD test results

12.4.2 TPD Tests

Different heating rates have been set for TPD analysis: 2, 5, 10 and 20 ◦C/min. The
results were plotted in Fig. 12.9, according to the model of Choo et Lee [13].

According to paragraph 12.3.1, starting from the slope of regression line, the
binding energy can be easily estimated and it was equal to 24 kJ/mol.
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Fig. 12.10 Results of HIC
tests on API X60 steel

12.4.3 HIC Tests

HIC tests were carried out on cylindrical samples, after electrochemical hydrogen
charging. Coupons were both observed by metallographic analysis to check the pres-
ence of cracks and in parallel the hydrogen content was determined by TDA.

The critical hydrogen concentration was estimated to be equal to 4.5 ppmw: this
is the hydrogen amount able to crack the material without external load or applied
stresses (Fig. 12.10).

12.4.4 Numerical Analysis

Starting from experimental data on API X60 steel with thickness 2mm, a series of
studies were carried out by numerical analysis. Figure 12.11 shows the compari-
son between the permeation experimental curve and the simulated one. The model
allowed to calculate the occupancy of reversible traps. Figure 12.12 shows instead
the simulated percentage occupancy of reversible traps as a function of the spatial
coordinate for different permeation times.As can be seen, the occupancy of reversible
traps remains small over time. The fractional occupation of the trap much smaller
than one during the permeation test. Table 12.4 shows the diffusion and trapping
parameters obtained by the simulation.

Equation (12.13) is a kinematic expression of Oriani’s effective diffusion coeffi-
cient derived from the local equilibrium between atomic populations in the normal
lattice and traps when the occupancy of trapping sites is very low [22].

Deff = D

(
1 + Nr

kr
p

)−1

(12.13)



12 Characterization of Hydrogen Trapping Systems and HIC … 191

Fig. 12.11 Permeation
curve. Comparison with the
simulated one

Fig. 12.12 Simulated
percentage occupancy of
reversible traps at different
test times

Table 12.4 Diffusion and trapping parameters identified by the permeation test

C0 (mol/m3) Nr (mol/m3) Ni (mol/m3) kr (m3/(mol
s))

ki (m3/(mol
s))

p (1/s)

2.6 9.1·102 1.3 2.4·10−3 2.0·10−1 1.1·10−1

The reversible trap concentration calculated using the Oriani model leads to a
value equal to 210mol/m3. This value is of the same order of magnitude as that
identified by the numerical model.
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12.5 Discussion

Pd coating is typically applied for Devanathan–Stachurcki permeation tests, it avoids
the recombination of hydrogen atoms intomolecular hydrogen before their oxidation
in H+ (electron release), with consequent reduction of detected current in the reading
semi-cell.

In this case, the hydrogen flux exiting from the sample surface can be calculated
as follows:

JDe = i

F
(12.14)

where i is the current density and F the Faraday’s constant. Considering the results
of Table 12.3, it can be noticed that without the Pd coating the underestimation of
hydrogen flux and concentration is not negligible.

HELIOS 2 working principle is different and there is no need for Pd surface
deposition since hydrogen escaping out of the metallic sample after recombination
into molecular H2 reacts with a solid-state gas sensor. This case shows the variation
of sensor resistivity which returns an electrical signal in volts. Translating the signal
into a hydrogen concentration and flux, the comparison with Devanathan method
was possible and is reported in Fig. 12.3i

The flux through HELIOS 2 probe was calculated after a calibration of the instru-
ment, evaluating molar amount per second in stationary conditions:

JHe = n

A
(12.15)

with A is the sample area in contact with the probe. HIC tests highlighted a good
resistance to hydrogen damage of API X60 steel. Even though the quality of steel
manufacturing can play a crucial role, a critical value near 4.5 ppmwwas found. The
result was also validated by the permeation test in severe environment, where the
hydrogen flux was registered, and crack nucleation was identified through the sensor
signal progress.

12.6 Conclusion

Devanathan-Stachurski method can be used for the calculation of hydrogen diffusion
coefficient, but the Palladium coating deposition is needed for a reliable estimation of
hydrogen flux coming out of the sample, especially for high values of hydrogen flux.
This pointed out the elevated precision of the double cell for laboratory investigation
but also the impossibility to apply the method to a real pipeline.

HELIOS technique, based on a solid-state gas sensor, is demonstrated to be very
practical. Thanks to the high sensitivity device it can be applied directly to the pipe
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wall. The laboratory investigation carried out in the present study, was aimed at
approaching and validating the first step toward online monitoring.

The measurement carried out with HELIOS II of the hydrogen outlet flux was
interpreted through a hydrogen diffusion and trapping numerical model providing
results in line with the classical theory.

However, the realization of permeation tests with Devanathan-Stachurski on Pd
coated specimens, can be successfully used for calibration and validation alternative
methods.

Through the TPD and HIC tests, it has been possible a complete characterization
of the material in terms of hydrogen trapping and binding energy [23] and the critical
hydrogen concentration giving rise to cracks in the material.

Furthermore, the validation of new sensors and hydrogen evaluation suitable for
the industrial application have been carried out and achieved.
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Chapter 13
Hydrogen Diagnostics of Industrial Parts
of Aluminum Alloys

Yuriy A. Yakovlev, Dmitriy G. Arseniev, Alexander K. Belyaev,
Victor P. Loginov, Anatoliy M. Polyanskiy, and Vladimir A. Polyanskiy

Abstract Aluminum alloys are very popular in a variety of technical applications.
The strong influence of hydrogen on the properties of aluminum alloys is known,
however, as in the case of steels; it is continuously increasing as new alloys with
extreme properties are developed and introduced. Scientific research in the field of
the hydrogen effect on the properties of aluminum alloys is mainly focused on the
fundamental aspects such as the diffusion coefficients of hydrogen in aluminum,
possible types of hydrogen traps, and their effect on the microstructure of alloys.
At the same time, the industry has a problem of cracking ingots and semi-finished
products (sheets, pipes, and plates), including their further processing and welding.
In contrast to the high-strength steels, scientific research does not actually provide
specific values for critical hydrogen concentration. The problem of separating the
hydrogen adsorbed on the surface and dissolved during measurements has not been
solved. There are only a few types of aluminum alloy reference specimens. The
article is intended to partially fill this gap. It provides specific examples of the study
of technological problems and proposes the measurement methods that allow the
separation of hydrogen dissolved and adsorbed on the surface.
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13.1 Introduction

Aluminum alloys are widely used in all areas of technology, from street lighting to
space systems.

Hydrogen appears in aluminumalloys during theirmanufacture due to the reaction
of aluminum with water and therefore is a critical element of these alloys. The
presence of dissolved hydrogen completely determines the porosity of aluminum
alloys [1–8]. Hydrogen leads to hydrogen embrittlement, crystallization cracking
of ingots, environment-assisted cracking [9, 10], and a decrease in fatigue strength
[10, 11].

Much attention in the published articles is paid precisely to the study of vari-
ous aspects of the interaction of hydrogen with aluminum and its influence on the
microstructure of aluminum-based alloys.

In Refs. [12–14], on the basis of experimental data, various mechanisms of the
formation of vacancies and pores in aluminum during its crystallization from themelt
are discussed. The paper [15] discusses the mechanisms of hydrogen diffusion on
the surface and inside an aluminum single crystal. An increase in the concentration
of vacancies and pores and the effect of dissolved hydrogen are modeled on the basis
of the first principles in [1]. Reference [16] is concerned with the nature and density
of hydrogen traps in Al–Zn–Mg alloys, while [17] experimentally investigated the
mechanism of pore formation in AlSi7Mg0.3 ingots.

Microdefects arising in a single crystal of aluminumandpolycrystalline aluminum
are investigated when the surface of samples is bombarded with proton beams and
interacts with hydrogen plasma; see [18, 19]. An increase in the concentration of
vacancies and the main energy relationships of this process are discussed too.

Micromechanisms of hydrogen traps in aluminum alloy 6061-T6 are investigated
in [20].

The effects of cathodic hydrogen charging of aluminum alloy samples were stud-
ied in [21, 22].

The temperature dependence of the hydrogen diffusion coefficient was obtained
in [23–26].

The limiting solubility of hydrogen in aluminum alloys and the activation energies
of hydrogen traps were studied in [27–35].

At the same time, experimental data on the parameters of the interaction of hydro-
gen with aluminum and its possible states in aluminum alloys published over the past
30 years have a wide spread. For example, the published values of diffusion constant
have range 4·10−6–1·10−9 m2s−1 and diffusion activation energies vary between 0.3
and 1.3 eV, cf. [25, 36–40].

The reasons for this spread may be strong surface effects typical for aluminum
alloys [15]. In [41], the influence of the oxide layer andvacuumcleaningof the surface
on the permeability of aluminum membranes was studied, and it was concluded that
the state of the surface has a large effect on the permeability and the actuallymeasured
diffusion coefficient of hydrogen.
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Modern aluminum alloys, like high-strength stills, are characterized by the values
of the mass fraction of hydrogen at the level of 0.04–0.05 ppm. For aluminum, a
hydrogen concentration of 0.1 ppm means that for every molecule of H2 absorbed
by the metal, there are about a million aluminum atoms.

Most of the various studies have been carried out without quantitative measure-
ments of the hydrogen concentrations in aluminum and aluminum alloys and with-
out the discussion of specific values of these concentrations. This fact significantly
reduces their practical value. Only in a small number of works, for example in [3, 5,
8, 21, 22, 42–44], the hydrogen concentrations were measured and the dependence
of the studied effects on these concentrations was studied. Moreover, in some of
these works, concentration ranges were investigated up to 7 ppm [22] or even 400
ppm [21] which is not feasible in practice.

Such a spread in the experimental data on concentrations is explained by the fact
that when measuring the hydrogen concentration in aluminum alloys, the hydrogen
adsorbed on the surface of samples or “surface” hydrogen [44] is a big hindrance,
which introduces significant distortions in the measurement results. The standard
[45] establishes rules for the exclusion of surface hydrogen, but only for cylindrical
samples of two standardized diameters of 8 and 10mm. In other cases, there are
no approaches to the separation of surface hydrogen from the total flux of hydro-
gen desorbed from the sample. This makes quantitative measurements much more
difficult.

Unlike steels, the effect on theproperties of lownatural concentrations of hydrogen
has been little studied, and it is these concentrations that are most often encountered
in practical problems. The proposed article is intended to partially fill this gap.

13.2 Experimental Equipment

For the control and determination of hydrogen concentration, we use the hydrogen
analyzer AV-1. It can be used to reliably measure both natural, ultra-low hydrogen
concentrations, and after special saturation, when concentrations can reach several
thousand ppm. The precision hydrogen analyzer AV-1 has been designed for hydro-
gen detection in metals and alloys under the plant laboratory conditions during the
outgoing moldings control with various alloys [44, 46–48]. The operating principle
of the analyzer is mass-spectrometric.

The sample processing is shown in Fig. 13.1, which includes a vacuum extractor
and a heater (4). The vacuum extractor is made of quartz glass and has three setoffs.
The first setoff (1) contains the samples before the test. The hydrogen content analysis
takes place in the second setoff (2). The samples which have been tested are kept in
the third setoff (3).

Before testing, the heater (4) with a previously set temperature is placed upon
the second setoff (2) of the extractor. With the help of a magnetic push rod, the test
sample from the first setoff is thrown into the second analytic setoff of the extractor.
During the test, the metal sample within the second setoff is subjected to gradual
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Fig. 13.1 The sample
processing of hydrogen
analyzer AV-1

heating up to the extraction temperature. The extraction temperature for the sample
is lower than its flowing temperature, as a rule, it is within the interval of 200–900 ◦C.

The fumes that have been emitted during heating are evacuated from the extractor
before the pressure reaches 50 micro Pascal and are analyzed with a mass spectrom-
eter which is located in the vacuum pumping pass customized for the hydrogen line.
The end of the testing is identified with the help of a background signal. The back-
ground signal remains constant before the beginning and at the end of the testing.
As soon as the level of the signal from the sample becomes equal to the background
signal, the test stops and the sample from the analytical setoff (2) is placed into the
setoff for the samples which have been analyzed (3). For this purpose, the heater
(4) is lowered down with the help of a hoisting gear, and the extractor keeps turn-
ing about itself until the sample being tested falls down from setoff (2) into setoff
(3) under gravity. After that, the extractor is returned to the original position, and
the heater is placed on setoff (2) with the help of a hoisting gear. After setting the
background hydrogen value, the test continues for the next sample from setoff (1).
In such a manner, the next sample is analyzed without vacuum failure. It should
be emphasized that the extraction temperature doesn’t change during the test. This
makes it possible to reach the high stability of the background signal.

The time dependence of hydrogen flow qH (t) is recorded by the system of dig-
ital registration as an extraction curve. Figure13.2 shows an extraction curve for
aluminum alloy AMg6, which is a simple example to describe.
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Fig. 13.2 Extraction curve for aluminum alloy AMg6

The time integral from the extraction curve (painted gray in Fig. 13.2) in reference
to the background hydrogen flow is proportional to the hydrogen evolved from the
sample. The proportionality factor is set during analyzer calibration.

The background hydrogen flux is determined prior to heating the sample. When
cylindrical samples with a diameter of 8mm are used, the first 600s after the start
of heating, hydrogen flux adsorbed on the sample surface or “surface” hydrogen is
observed [44, 45]. All subsequent hydrogen flux refers to the extraction of dissolved
or internal hydrogen [45].

Each peak of the extraction curve can be correlated with its hydrogen binding
energy [44].

13.3 Investigation of the Causes of Rupture of Aluminum
Tubes

Aluminum tubes are made by impact extrusion. A striker made of high-strength steel
at high speed hits a round plate which is a rondole (tablet) of high-purity aluminum
alloy. It causes high-speed plastic deformation of the tablet in the mold and the
formation of all parts of the tube from one workpiece. High plastic deformations
of thousands of percent are observed. The tablets and produced tubes are shown in
Fig. 13.3.
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Fig. 13.3 Aluminum tablets and produced tubes

Table 13.1 Composition of alloy A7 (%)

Fe Si Ti Al Cu Zn

<0.16 <0.16 <0.02 99.7 <0.01 <0.04

Fig. 13.4 Scheme of cutting
samples from tablets

With this method of tube production, a significant number of ruptures were
observed on the tube surface, shown in Fig. 13.3. The wall thickness of the tube
is less than 1mm. In this case, strong surface effects are observed associated with the
hydrogen sorption on the surface and the non-uniform formation of the oxide film;
see [41]. In this regard, it was decided to conduct a study of a batch of the material
of tablets with a diameter of 23mm and a thickness of 3mm made of alloy A7 with
aluminum 99.7%. The alloy composition is shown in Table13.1.

Two specimens were cut from the tablets as shown in Fig. 13.4.
Standardmeasurements of hydrogen concentration by hot vacuumextractionwere

carried out. A representative extraction curve is shown in Fig. 13.5.
Surface hydrogen was separated by the extraction curve according to [44, 45]. In

this case, only two peaks of the extraction curve are observed, moreover, the samples
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Fig. 13.5 Extraction curve for tablets

Table 13.2 Results of measuring the concentration of hydrogen in tablets. Qs and Qd denote
surface and dissolved hydrogen, respectively

# Qs , [ppm] Qd , [ppm]
1 1.407 0.883

2 0.376 0.581

3 1.219 0.934

4 0.435 0.613

5 0.923 0.960

6 0.575 0.821

7 0.616 0.887

8 0.552 0.814

9 0.436 0.640

10 0.546 0.683

have a characteristic size close to the standard and the duration of the first peak of
ca. 500s is slightly less than the standard time of extraction of the surface hydrogen.
In this case, the standard method, when only the first peak is associated with surface
hydrogen, gives an adequate result.

The data averaged over two samples for each tablet are presented in Table13.2.
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Table 13.3 Composition of alloy AMg6 (%)

Fe Si Mn Ti Al Cu Be Mg Zn

<0.4 <0.4 0.5–0.8 0.02–0.1 91.1–
93.68

<0.1 0.0002–
0.005

5.6–6.8 <0.2

One can single out the main factor that speaks of the low quality of the table
metal: all the tablets belong to the same batch, that is, they are made from one ingot,
but there is a strong spread in the measured hydrogen concentrations. The minimum
values of Qd = 0.581 ppm are approximately four times higher than the hydrogen
concentration typical for this alloy (in the range of 0.1–0.2 ppm).

An important point is that the normal concentration of hydrogen in aluminum,
as a rule, lies in the range of 0.06–0.2 ppm. The values we measured are several
times higher, but still make up one atom per hundreds of thousands of aluminum
atoms. As the data from [5] show, an increase in hydrogen concentration by 0.1 ppm
corresponds to a decrease in the specific density of an aluminum alloy by 10–20%
due to the growth of pores. Thus, it can be concluded that, in this case, the excess
hydrogen porosity led to a loss of tube wall continuity during extrusion.

The given example shows that the technique of surface hydrogen evolution is
the most important element of the metrological system. Without this technique, it
is not possible to obtain a reliable quantitative result when measuring the hydrogen
concentration in aluminum alloys, since the hydrogen adsorbed on the surface can
significantly exceed the internal one.

13.4 Investigation of the Causes of Pipe Cracking During
Plastic Deformation

We analyzed samples of aluminum pipes of the AMg6 alloy with a diameter of 120
and 160mmand awall thickness of 7mm, fromwhich the high-pressure gas cylinders
are made by pressing. Samples of two types of pipes were taken. Samples of the first
type belonged to a batch of pipes from which high-quality cylinders were obtained.
Samples of the second type were cut from a batch of pipes, from which the cylinders
are obtained with cracks in the walls. The alloy composition is shown in Table13.3.

To determine the hydrogen content, short annular sections with a length of 15mm
were cut off from the pipes. They were cut along the generatrix of the pipe, according
to the diagram in Fig. 13.6.

In all pipes, which are prone to cracking when the cylinders are pressed from
them, there is an increased average concentration of dissolved hydrogen of 0.65 ppm
and a large spread of the results of individual measurements in each ring (Fig. 13.6)
from 0.4 ppm to 0.95 ppm. Please note that these were samples cut with an interval
of 10–20 mm between samples.
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Fig. 13.6 Scheme of cutting samples from a pipe

Fig. 13.7 Extraction curves of samples of alloy AMg6

The average hydrogen content of samples of the first batch of proper quality was
0.38–0.39 ppm. The evolution of surface hydrogen remains an important problem.
Figure 13.7 shows the extraction curves obtained by analyzing the hydrogen content
for these samples. Three peaks are clearly visible on the curves, according to the
requirements [45]; only the first peak is related to surface hydrogen. But if we focus
on the characteristic time of desorption of the surface hydrogen from samples with
a characteristic size of 6–8 mm (about 10min), then the first two peaks must be
attributed to the surface hydrogen.

Figure 13.7 on the left shows the extraction curve for a sample from a low-quality
tube, and on the right the curve for a normal sample is shown. With the general
similarity of the curves (the number of maxima and their location), it is clearly seen
that the area under the first curve is noticeably larger than the area under the second
curve.

The area under the extraction curve is proportional to the hydrogen concentration.
Taking into account the mass of the sample, the concentration of dissolved hydrogen
differs by 2.5 times (the third peak in each of the curves in Fig. 13.7).
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Table 13.4 Alloy composition of AD0

Fe Si Mn Ti Al Cu Mg Zn

<0.3 <0.3 <0.025 <0.1 99.5 <0.15 <0.03 <0.07

Fig. 13.8 Samples for analysis from alloy AD0

Such a spread in hydrogen concentration can be explained by the increased poros-
ity or the presence of the non-uniform distribution of magnesium over the volume of
the alloy. Recently, an increased hydrogen concentration associatedwith a significant
proportion of non-metallic inclusions has been increasingly encountered.

13.5 Investigation of the Causes of Poor Weldability of AD0
Alloy Sheets

Foaming and subsequent cold cracking of the weld were observed when welding
AD0 alloy sheets. Samples for analysis shown in Fig. 13.8 8 × 15mm in size were
cut from a sheet of 10mm thickness. The photograph shows that the entire surface of
the samples comes out with relatively large pores. The alloy composition is shown
in Table13.4.

When analyzing these samples, one observes numerous peaks on the extraction
curve; see Fig. 13.9.When pores are emptied, a sharp release of hydrogen occurs into
the vacuum system of the AV-1 hydrogen analyzer, which is recorded by the mass
spectrometer as narrow peaks of large amplitude.
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Fig. 13.9 Extraction curve of the sample of aluminum alloy AD0

Fig. 13.10 An enlarged fragment of the extraction curve alloy AD0

An enlarged fragment of the extraction curve in Fig. 13.10 demonstrates that the
release of hydrogen from the pores occurs smoothly over a finite time interval of
5–10 s. This makes it possible to reliably determine the hydrogen content at such
maxima.

The entire curve is calibrated against standard samples for measuring on AV-1;
thus, it is possible to calculate the hydrogen amount corresponding to the concentra-
tion of hydrogen in each peak. Under normal conditions, it corresponds to a volume
of hydrogen of 0.125 norms mm3. If we assume that the hydrogen in the pore is at
approximately atmospheric pressure and that the pore is spherical, then its diameter
will be 0.6mm. The pores of exactly this size, coming out to the surface, are clearly
visible in Fig. 13.6. Thus, 20–30 such pores contain the amount of hydrogen, which
increases the total hydrogen concentration in the metal by 0.1–0.2 ppm. This effect
was observed in the samples studied, where the average hydrogen concentration was
0.4 ppm, that is, it was only twice the normal concentration of dissolved hydrogen
for AD0.
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Consequently, even a twofold excess of the hydrogen concentration significantly
increases the porosity of aluminum alloys, which can lead to cracking and hydrogen
embrittlement during the subsequent processing and operation of the metal.

The hydrogen content is controlled for the most critical industries, but only in
an ingot. In various technical processes, the concentration of hydrogen can both
increase and decrease. Therefore, it is necessary to control the hydrogen content in
semi-finished products. At the moment, there is no methodological basis for such
control.

13.6 Examination of Samples from AlMn Sheet

Plastic deformation leads to significant measurements in the distribution of dissolved
hydrogen concentrations [49, 50]. At the same time, the methodological issue of the
separation of surface hydrogen becomes especially important, since during rolling
there is a significant deformation of the metal surface in a heated state, which should
change not only the distribution of dissolved hydrogen, but also the distribution of
surface hydrogen.

For the experiments, 10 samples were taken, which were cut from a rolled sheet
with a thickness of 15mm of the AlMn alloy. The alloy composition is shown in
Table13.5.

The cutting diagram is shown in Fig. 13.11.
Two prismatic specimens were cut from the resulting prismatic specimens, as

shown in Fig. 13.12. The dimensions are based onmaterial loss per cut width. A layer

Table 13.5 Composition of the AlMn alloy

Fe Si Mn Ti Al Cu Mg Zn

<0.7 <0.6 1–1.6 <0.2 96.35–99 < 0.15 < 0.2 <0.1

Fig. 13.11 Scheme of
cutting samples from a sheet

Fig. 13.12 Sample cutting
scheme for measurements
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Fig. 13.13 Extraction curve of a sample with a rolling layer. The area corresponding to dissolved
hydrogen is highlighted in gray

of the rolling surface of 1mm thickness was removed from one of the samples by
grinding; see Fig. 13.12.

Measurements of hydrogen concentration were carried out on AV-1 by the vac-
uum heating method in a standard way. Two typical extraction curves are shown in
Figs. 13.13 and 13.14.

Surface hydrogen was released in accordance with the procedure [44, 45]. The
concentration of dissolved hydrogen in the samples with the removed rolling layer
was from0.185 to 0.215ppm.The concentration of dissolved hydrogen in the samples
with the rolled bed was from 0.46 to 0.64 ppm. As is clearly seen in Figs. 13.13
and 13.14, the amount of surface hydrogen differs by about tens of times, but the
desorption time is the same (400s) which is due to the smaller size of the samples
as compared to the standard 8mm size.

One of the results of this study is a multiple increase in the concentration of
dissolved hydrogen in the surface layer of the metal as a result of deformation during
rolling. By comparison, the concentration value can be estimated at 2.45 ppm, which
is 12 times higher than the values in the middle part of the sample. This is one of
their manifestations of the surface effect during plastic deformation, which we have
already described in [49, 50]. The data obtained also indicate that the desorption time
of surface hydrogen depends on the sample size, which must be taken into account
when measuring the hydrogen concentration in thin samples with a characteristic
thickness of less than 7–8 mm.



208 Y. A. Yakovlev et al.

Fig. 13.14 Extraction curve of a sample with a removed rolling layer. The area corresponding to
dissolved hydrogen is highlighted in gray

Fig. 13.15 Extraction curves of the AMg6 alloy samples: 2 curves on the left are for a bar and 2
curves on the right are for a wire
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13.7 Release of Surface Hydrogen in Thin Samples

Measurements of the hydrogen concentration were carried out in samples of AMg6
alloy, machined from a 9mm diameter rod and a 1.2mm diameter wire. The wire was
obtained by extrusion from rods of the same batch as those studied. This wire is used
in automatic welding. We used samples D7 × 15mm2 turned from a bar on a lathe
and samples 15mm long without surface treatment, cut from the wires. Figure13.15
shows the extraction curves for two bar samples and two wire samples. In a time
interval of 10min, the first two peaks of the extraction curve appear in the samples
from the bar; see Fig. 13.15.

The extraction curves of thin wire samples are also characterized by three peaks,
and the first two peaks should probably be attributed to surface hydrogen (focusing
on more bulk samples). Taking these assumptions into account, the hydrogen con-
centration we measured in the 9mm diameter AMg6 alloy was from 0.04 to 0.07
ppm, and in the wire extruded from this rod it was from 0.31 to 0.33 ppm.

It should be noted that during extrusion, the hydrogen concentration increased
fourfold, remaining in the usual range of natural hydrogen concentrations for an
alloy of this type. This result should be taken into account, since it is generally
accepted that the hydrogen concentration during production from an ingot to finished
product cannot change significantly due to the low diffusion mobility of hydrogen
in aluminum. Therefore, the control over the concentration of hydrogen is carried
out only at the stage of manufacturing ingots. Note that the first two peaks of the
extraction curve responsible for surface hydrogen become noticeably smaller after
extrusion, which is probably related to the properties of the wire surface and requires
additional structural studies.

13.8 Conclusions

Nowadays, the industry is increasingly faced with problems caused by the effect
of hydrogen on the structure and strength of metals and alloys. The effect of dis-
solved hydrogen in aluminum alloys and high-strength steels is especially strong.
The concentrations critical of the properties of thesemetals aremuch less than 1 ppm.

A significant contribution to the results of measurements by standard methods of
hydrogen adsorbed on the surface is characteristic for aluminum alloys.

The studies described in the present article show that the critical hydrogen con-
centrations for most alloys are of the order of 0.2–0.4 ppm; their excess by two times
leads to rupture and cracking during processing, welding, and excessive porosity.

We have proposed a technique for separating surface hydrogen which has been
tested on specific examples andgives adequate results. Further verification andmetro-
logical testing of the method are required as well as the determination of the possi-
bility of its application for a wide range of aluminum alloys.
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It is generally accepted that the hydrogen concentration does not change during
technological processes, that is, the hydrogen concentration in the casting is equal
to its concentration in the finished product. Our experiments have shown that this is
not the case. During extrusion and in rolled products, the concentration of dissolved
hydrogen can increase significantly, but this fact is in no way taken into account
by the modern system of standards regulating the maximum permissible hydrogen
concentrations, including the thin rolledmaterials. At themoment, this concentration
is assumed to be equal to the concentration of hydrogen in the metal of the original
ingot.

One of the reasons for the modern hydrogen problems in aluminum alloys is the
markedly increased proportion of secondary metal in finished products. At the same
time, standard measurements of hydrogen concentration from two or three hydrogen
samples do not guarantee the quality of the material. Our experiments show that the
spread in the values of hydrogen concentrations reaches 3–4 times in samples cut
from one section of the product with an interval of 15–20 mm.

The quantitative data on hydrogen concentrations available in the modern litera-
ture are extremely scanty, do not contain a description of how the surface hydrogen
was removed, and this raises many questions, especially if the indicated concentra-
tions significantly exceed 1 ppm. Probably, it is necessary to expand the research,
which is usually carried out for steels, to the aluminum alloys and to determine the
ranges of safe and dangerous concentrations in terms of structure and strength of the
metal more precisely.
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