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ELECTRON CONCEPT OF HYDROGEN
EMBRITTLEMENT AND HYDROGEN-INCREASED
PLASTICITY OF METALS

Based on theoretical and experimental studies of hydrogen effect on the electron struc-
ture of iron, nickel and titanium, an electron concept is proposed for hydrogen embrit-
tlement as well as for hydrogen-improved plasticity of engineering metallic materials.
This concept implies a hydrogen-caused redistribution of valence electrons across their
energy levels and an increase in the density of electron states at the Fermi level, caus-
ing a softening of the crystal lattice and, thereby, leading to a decrease in the specific
energy of dislocations with consequent increase in their mobility. Innate phenomena in
metallic solid solutions, namely, short-range atomic order in its two versions, short-
range ordering and decomposition, are shown to be a precondition for the localization
of plastic deformation. Hydrogen enhances merely this effect resulting in pseudo-
brittle fracture. The role of hydrogen-induced superabundant vacancies in hydrogen-
caused localization of plastic deformation and grain-boundary fracture in pure metals
is discussed. Using the temperature- and strain-dependent internal friction, the en-
thalpies of hydrogen diffusion and hydrogen-—dislocation binding are studied, and
their controlling effect on the temperature- and strain-rate-dependent hydrogen
embrittlement is demonstrated. Finally, a physical rationale is proposed for using
hydrogen as a temporary alloying element in the technological processing of titanium
alloys, and for a positive hydrogen effect on the fatigue life and plasticity of austenitic
steels.
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1. Intfroduction

Hydrogen embrittlement (HE) of iron and steel was detected in 1874 by
Johnson, who published the results of his observations in 1875 [1]. Hirth
and Johnson [2] defined it as the degradation of mechanical properties in
metallic materials plastically deformed under the atmosphere of gaseous
hydrogen, namely, hydrogen environmental embrittlement (HEE). The
same effect occurring in the case of hydrogen after its prior dissolution in
a crystal lattice was designated as internal hydrogen embrittlement (IHE).
Both kinds of hydrogen-assisted premature fracture were described, possib-
ly, first time, by Louthan [3], and Bernstein and Garber [4], respectively.

This effect is reversible, and the embrittlement disappears, if hydro-
gen is evacuated from specimens before mechanical tests. A particular
feature is manifestation of it in a certain range of temperatures (see, e.g.,
Refs. [6—8]) and strain rates (see, e.g., Refs. [6—9]). The latter distingui-
shes hydrogen embrittlement from stress corrosion cracking (SCC).

Several hypotheses have been proposed for interpretation of this rath-
er complicated phenomenon: those of hydrogen pressure expansion (see
Refs. [10—12]); hydrogen surface adsorption [13, 14]; hydrogen-induced
lattice embrittlement [15, 16]; hydrogen-enhanced decohesion (HEDE) [17—
20]; adsorption-induced dislocation emission (AIDE) [21-23]; hydrogen-
enhanced strain-induced vacancies (HESIV) [24—26]; nanohydride embrittle-
ment [27-29] and hydrogen-enhanced localized plasticity (HELP) [30—36].

Two of them, HEDE and HELP, are the most common. A central point
of the HEDE model proposed in 1972 by Oriani [17] is the hydrogen-
caused weakening of interatomic forces at the tip of an existing crack
provided a normal stress orthogonal to the crack plane occurs. Due to this
stress, the interatomic bonds are broken atom by atom, resulting in con-
tinuous crack propagation. A fundamental feature of Oriani’s model in its
original version is the negation of any role of dislocations in hydrogen
embrittlement.

The HELP model, first substantiated by Birnbaum and Sofronis [30]
(see also article by Sofronis and Birnbaum [37]), is based on hydrogens’
redistribution within its dislocation atmospheres. It occurs due to a linear
superposition of stress fields around neighbouring dislocations.
Consequently, the repulsion force exerted by neighbouring dislocations
decreases, which in turn reduces the applied stress needed to move disloca-
tions with their hydrogen atmospheres. The hydrogen-increased velocity
of dislocations and the hydrogen-decreased distance between dislocations
in their planar ensembles have been confirmed in several in situ TEM ob-
servations; see, e.g., those performed by Ferreira et al. on 310S stainless
austenitic steel [38] and high-purity aluminium [39].

It is worth noting that hydrogen-caused shielding of repulsion between
neighbouring dislocations was found only in the calculations for edge dis-
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locations. It was also supposed by Ulmer and Altstetter [40] that hydrogen
decreases the ability of edge dislocations to cross-slip, thereby assisting
slip planarity. This idea was supported by TEM studies of dislocation char-
acter in aluminium [39], where hydrogen atoms were shown to stabilize
the edge segments of dislocations thereby inhibiting their cross-slip.

Within the last two decades, attempts have been made to bring the HEDE
and HELP models together. The HEDE + HELP model follows the earlier
cycle of research performed by Gerberich et al. [41-43], who substantiated
the necessity of both plasticity and brittleness in hydrogen-caused micro-
cracking. The key points of this model are as follow (see, e.g., Djukic et al.
[44—-46]): (i) normal stress in front of the crack tip is obligatory and con-
sistent with the original HEDE model; (ii) hydrogen-enhanced dislocation
mobility only prepares the necessary conditions for HEDE to be activated
and is substituted by the hydrogen-impeded mobi-lity of dislocations,
thereby facilitating HEDE; (iii) above a certain criti-cal hydrogen concen-
tration at the crack tip, the HELP mechanism is replaced by HEDE, which
becomes an independent mechanism of hydrogen embrittlement.

The HELP-mediated HEDE model, first proposed at first by Nagao et
al. [47—-49] for quasi-brittle fracture of martensitic steels, also implies the
HELP phenomenon as a preliminary stage to the HEDE mechanism.
Finally, the intergranular fracture of lath martensitic steel was attributed
to the slip of dislocations encased in their hydrogen atmospheres within
martensitic blocks surrounded by high-angle grain boundaries and piled
up against prior austenitic grains. In contrast, transgranular failure was
claimed to occur, if these dislocations are piled up against lath/block
boundaries. This model was supported by subsequent studies of intergran-
ular fracture in pure nickel and AISI 316 austenitic stainless steel per-
formed by Bertsch et al. [60] and Nygren et al. [51], respectively.

It is relevant to note that intergranular fracture in metals can be also
interpreted in terms of the above-mentioned HESIF model as the effect of
hydrogen-induced superabundant vacancies segregated at grain bounda-
ries, decreasing their strength, which does not require any involvement of
dislocations. Consistently with such interpretation, Harris et al. [52] ob-
served the intergranular fracture of pure nickel during its tensile tests
with hydrogen segregated at grain boundaries before plastic deformation.

This paper aims to analyse the hydrogen effect on the mechanical pro-
perties of metallic materials in terms of hydrogen-changed electron struc-
ture resulting in hydrogen embrittlement or hydrogen-improved plasticity.

2. Hydrogen Effect on the Electron Structure of Metals

Any applied mechanical force shifts atoms in metals from their positions,
and the response of crystal lattice, plastic deformation or brittle fracture,
is controlled by the type of interatomic bonds. The closed electrons’ shell
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Steel Cr18Mn20N0.88

Fig. 1. Conduction electron spin resonance
(CESR) in the hydrogen-free (dashed line)
and hydrogen-charged (solid line) steel
Cr18Mn20NO0.88. The CESR signal is re-
corded as a derivative of the absorbed mi-
crowave power on the external magnetic
field. The area under CESR signal is pro-
portional to the concentration of free elec-
trons. Measurements were performed at 77
K. Signal A, belongs to the reference sam-
ple (borate glass) containing 10'® electron

| Signal of
reference
-2 | sample

CESR of hydrogenated sample, A/A,
=)

spins and is seen on the left side of the -4 . . . A .
main CESR signal. According to Shanina 0 0.2 04 0.6 0.8
et al. [53] Magnetic field, T

of ion is only slightly polarized under strain and does not take part in this
response. The relaxation time of valence electrons is shorter by several
orders of magnitude in comparison with that of the ion shell. Therefore,
only valence electrons forming interatomic bonds are responsible for the
character of deformation behaviour. Their prevailing localisation at atoms
with narrow electron bridges between them creates covalent interatomic
bonds and causes brittleness, as is the case in groups V and VI of metals
in the periodic table (V, Nb, Ta, Cr, Mo, W), where only the so-called
bonding electron states in the d-electron band are filled. In contrast, in
metals where the bonding states in the d-electron band only start to be
filled, e.g., Ti in group IV and from Fe to Cu in groups VIII to XI with the
essentially filled antibonding electron states, the prevailing free electrons
promote ductility. They are responsible for the so-called metallic character
of interatomic bonds, and therefore the ductility of metals and their alloys
is the higher, the larger the fraction of free electrons.

Using the conduction electron spin resonance (CESR), the first ex-
perimental study of the hydrogen effect on the electron structure of steels
was performed by Shanina et al. in 1999 [53]. Shown in Fig. 1, there is the
CESR spectrum of the hydrogen-charged stainless austenitic steel that is
not ferromagnetic at any low temperatures.

Thus, hydrogen in austenitic steels significantly increases the concen-
tration of free electrons, enhancing the metallic character of interatomic
bonds and thereby increasing ductility in steels.

A reason for that was clarified through the first principles calcula-
tions of the electron structure [564, 55, 57] using the density functional
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Fig. 2. DOS for f.c.c. iron without (solid line) and with (dashed line) hydrogen at the

atomic ratio, H/Fe, of 1/32 for two orientations of electron spins under applied mag-

netic field. The insets on the left show the density of states at the Fermi level E,.

Adopted from Ref. [57]
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Fig. 3. DOS in the niobium hydrogen-free (solid line) and hydrogen-doped (dashed-dot
line) at the atomic ratio H/M = 1/54. DOS in the vicinity of Fermi level is presented
in the inset. Adopted from Ref. [57]

theory and program package Wien-2k. The density of electron states (DOS)
in the d-zone of transition metals, particularly, at the Fermi level, was the
object of these studies.

As shown in Fig. 2 for f.c.c. iron, hydrogen increases the density of
electron states at the Fermi level, which is proportional to the concentra-
tion of free electrons.
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Table 1. Total DOS at the Fermi level

in hydrogen-free and hydrogen-containing
metals at different size of calculated
cells and corresponding hydrogen/metal
(H/M) atomic ratios

. Total DOS,
Metal H/M ratio states/(eV - cell)
b.c.c. iron H-free 46.69
1/54 50.85
f.c.c. iron H-free 34.11
1/32 36.20
nickel H-free 55.18
1/32 56.42
3/32 62.10 Fig. 4. Top view of the spatial distri-
6/32 64.85 bution of valence electrons on the ato-
16/32 55.54 mic plane (002) throughout the f.c.c.-
32/32 25.22 Fe lattice at the H/Fe ratio of 1/32.
b.c.c. titanium H-free 4.978 H alto.ms are located in the octahe-
1/2 4.699 dral sites. Adopted from Ref. [144]
1/1 3.348 Such calculations have been
2/1 1.677 |
also carried out for the b.c.c.

Fe, f.c.c. Ni, and b.c.c. Ti. The

Table 2. Calculated data for DOS obtained data are presented in

at Fermi level per atomic cell in b.c.c. Nb

Table 1.
System DOS at Fermi level, In all the studied metals,
and M/H ratio states/(eV'- cell) hydrogen increases the DOS at
Nb (H-free) 83.76 the Fermi level. The depend-
NbH (54/1) 81.3 ence of DOS on hydrogen con-

centration in nickel and titani-
um is non-monotonous because of a miscibility gap in the Ni—H solid solu-
tion (see Ref. [566]), and the formation of titanium hydrides [57].

It is remarkable that, before some critical concentration in the hydride
forming titanium, hydrogen increases the DOS. Quite different is the hy-
drogen effect in the strong hydride-formers (see, e.g., Fig. 3 and Table 2
for the DOS in the hydrogen-containing niobium).

As follows from comparing Tables 1 and 2, hydrogen decreases the
DOS at the Fermi level in niobium and, consequently, it is expected de-
creasing the concentration of free electrons at its significantly smaller
concentration in comparison with those in titanium.

An example of the spatial distribution of valence electrons over the
crystal lattice is presented in Fig. 4 for hydrogen-containing f.c.c.-Fe.

It follows from these data that hydrogen atoms are acceptors of elec-
trons and the concentration of free electrons is increased in their neigh-
bourhood.
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As will be shown in the following, the analysis of the hydrogen effect
on the atomic level interactions in metals allows proposing the electron
basis for the HELP phenomenon, different from the one developed within
the framework of continuum mechanics.

3. Localization of Plastic Deformation and Short-Range Atomic Order

Although included in its acronym, the hydrogen-enhanced localization of
plastic deformation is not really elucidated by the HELP theory.

The oft-recurring statements are as follow (see, e.g., Refs. [68-60]): (i)
hydrogen can promote localization of homogeneous macroscopic plastic
deformation into the bands of intense shear; (ii) inhomogeneous hydrogen
distribution causes the flow stress to be lower in areas where the hydrogen
concentration is the highest; (iii) if a solid solution is hardened due to
formation of hydrides or the hydrogen clusters, the initial passage of dis-
locations by cutting through these obstacles reduces the stress for contin-
ued slip in the same shear band; (iv) hydrogen-induced volume dilatation
can cause shear localization even with uniform hydrogen distribution.

It is worth noting that no shear bands are observed in pure metals,
e.g., in iron, nickel and aluminium, whatever hydrogen is present or not.
Their observation by Hwang and Bernstein in hydrogen-charged iron sin-
gle crystals [61] (as well as by Le and Bernstein in hydrogen-charged sphe-
roidized steel [62]) relates to Si-rich particles cut by dislocations in the
former case and with localized dislocation structure emanating from car-
bide particles in the latter one. The cutting of precipitates by the first
moving dislocations eases the passing of the subsequent ones in the vicin-
ity of the same planes.

The hydrogen-enhanced waviness of dislocation slip in deformed nickel
was found by MclInteer et al. [63]. The prevailing formation of dislocation
cells was also observed by Wang et al. [64] in the hydrogen-charged pure
nickel subjected to high-pressure torsion. Harris et al. [52] did not reveal
a systematic difference in either dislocation-cell size or dislocation—
grain boundary interactions between the structures in uncharged or hy-
drogen-charged pure nickel subjected to plastic deformation. According to
Bertsch et al. [50], hydrogen also intensifies the formation of a cell dislo-
cation structure in nickel during uniaxial tensile deformation. However,
these authors observed slip microbands depending on the grain orientation.

There is also no clear evidence of the shear bands in pure aluminium.
It occurs in the hydrogen-free Al-Li alloys because of cutting the ALLi
precipitates by dislocations (see, e.g., Ref. [65]), and disappears, if the size
of precipitates is too large for their cutting [66]. Hydrogen in these alloys
causes a prevailing intergranular fracture (see, e.g., Ref. [67]).

Conceivably, the hydrogen-caused localization of plastic deformation
in pure metals can be related to hydrogen-induced superabundant vacan-
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cies. These vacancies were predicted in theoretical calculations for solid
solutions containing any interstitial elements searching for interpretation
of a decrease in the activation enthalpy of self-diffusion with increasing
carbon content in iron, as detected by Gruzin [68].

The first thermodynamic analysis in this respect was performed in
1988 by McLellan [69], who reported a carbon-caused five-fold increase of
vacancy concentration in the f.c.c. Fe—C solid solution with the carbon
content 0, = ny/N,, = 0.06. Similar results were obtained in the theoretical
calculations carried out in 1991 by Smirnov for any interstitial atoms
[70]. Later on, Carr and McLellan [71] described the formation of H—va-
cancy clusters in Pd, Ni, Fe, Mo, and Nb.

The first experimental evidence of superabundant vacancies induced
in Ni and Pd under high hydrogen pressure was obtained in 1993 by Fukai
and Okuma [72] using in situ measurements of x-ray diffraction. The hy-
drogen-induced vacancies in austenitic steel were first demonstrated by
Gavriljuk et al. [73] in 1996 using transmission electron microscopy.

Later on, the hydrogen-increased concentration of vacancies and the
formation of hydrogen—vacancy complexes were analysed, using the first
principles calculations, by Takeyama and Ohno [74], Counts et al. [75],
Nazarov et al. [76], Lu and Kaxiras [77].

Takeyama and Ohno [74] found stable vacancy—hydrogen atomic con-
figurations VH, in b.c.c. iron and demonstrated the formation of line-
shape vacancy clusters along atomic planes typical of hydrogen-caused
brittle fracture of steels. As obtained by Nazarov et al. [T6], a vacancy in
f.c.c. iron can be occupied by up to six H atoms. A feature of hydrogen in
aluminium is that a single vacancy can trap up to 12 hydrogen atoms (see
article by Lu and Kaxiras [77]).

According to Birnbaum et al. [78], H-vacancy complexes in aluminium
form platelets of about 15 nm in radius and 7 nm in thickness, which lie
on the planes (111). If so, the hydrogen-induced vacancies can act as mi-
crovoids, and, as consistent with the ‘voids’ sheeting’ model proposed by
Teirlinck et al. [79], one may suggest a decrease in dA,/A, in the load-
bearing area along these atomic planes leading to the formation of shear
bands:

a4, _ -4r’N dy, (1)

b

where A, is the slip area, r, is the void radius, and N, is the void density
per unit volume.

As evidence of localized plastic deformation, the formation of hydro-
gen-assisted shear bands is certain in solid solutions, e.g., in the martensi-
tic and austenitic steels (see Refs. [35, 38]), respectively. A widely shared
idea for their interpretation is associated with hydrogen-decreased sta-
cking fault energy (SFE) expected to inhibit the cross slip of dislocations
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thereby assisting its planarity, although, it is not clear why planar slip on
its own can result in the formation of separate slip bands. The uncertainty
of the SFE concept can be clearly demonstrated by comparing different
dislocation substructures in the cold-worked carbon and nitrogen auste-
nitic steels.

Both carbon [80, 81] and nitrogen [82] are known to increase SFE in
austenitic steels, although, some decrease of SFE is observed at high ni-
trogen contents. Nevertheless, at any concentration, carbon assists the
formation of a tangled dislocation structure during cold work (see, e.g.,
Ref. [83]), whereas nitrogen facilitates planar dislocation slip and loca-
lizes plastic deformation into shear bands [83, 84].

Closer to explaining the hydrogen-enhanced localization of plastic de-
formation is short-range atomic order (SRO) observed in solid solutions
and firstly analysed by Gerold and Karnthaler [85] as a main reason for
planar slip in f.c.c. alloys.

Cowley was the first to describe atomic distribution in solid solutions
in terms of interaction between solute atoms of different kinds (see Ref.
[86]). The nearest neighbourhood of A and B atoms in the AB solid solu-
tion is characterized by Cowley’s parameter o.:

a’zl_})lmn/cA’ (2)

where P, is the probability that an atom with (I, m, n) co-ordinates con-
cerning a B atom in the coordinates’ origin should be an A atom, c, is the
atomic fraction of the A atoms in a binary solid solution with ¢, + ¢, = 1.
P, ./c, is equal to the atomic ratio N5 /N5 between the number N of
atomic pairs AB in actual and ideal binary solid solutions.

Therefore, two types of SRO are possible. A preference in the nearest
neighbourhood for different kinds of atoms, A—B, or for the same kind,
A-A and B-B, is denoted as short-range atomic ordering or short-range
atomic decomposition of solid solutions with o < 0 and o > 0, respectively.

Short-range atomic order in substitutional solid solutions was studied
in detail summing up available experimental data back in the seventies of
the last century [87, 88]. The miscibility gap observed in b.c.c.-Fe—Cr al-
loys results in the formation of chromium-rich and iron-rich submicrovol-
umes [89]. At the same time, the short-range ordering was detected in
these alloys at small chromium contents [90]. Manganese is shown to form
atomic clusters in f.c.c. Fe—Mn alloys [91, 92]. According to first-princi-
ple calculations [93], the Fe—Fe and Ni—Ni neighbourhoods prevail in com-
parison with the Fe—Ni one within the Fe—Ni alloys. Superstructures
Fe,Ni, FeNi and FeNi, were analysed in several studies, e.g., [94, 95], ma-
king it possible to suggest that short-range decomposition of binary FeNi
alloys is accompanied by atomic ordering in the areas rich with nickel.

Using energy-dispersive x-ray analysis, Garner and McCarthy [96]
studied atomic redistribution in the Fe—Ni and Fe—Ni—Cr invar alloys un-

490 ISSN 1608-1021. Prog. Phys. Met., 2024, Vol. 25, No. 3



Electron Concept of Hydrogen Embrittlement and Increased Plasticity of Metals

1000 25 mass % of Ni
T=177K 0.4 r
500
0F
0r 10 mass % of M
-500 0.4 T=77TK
a - a
300 20 mass % of Ni ﬂ 1k 5 mass % of Mn
<° 200 T="7T7TK <ﬁ" T=77TK
< 100 b T ol
% 103 I :f
- I~ o
= 1L
© -200 I I I I % 1 I I I I
b (2 b
i 15 mass % of Ni O 30 - 0 % of Mn
4+ T=77TK 20 - T=17TK
0 . 10 B
0F
AT -10 |
_8 1 1 1 1 _20 1 1 1 1
0.2 0.3 0.4 0.5 0.2 0.3 0.4 0.5
Magnetic field, T Magnetic field, T
c Cc

Fig. 5. Conduction electron spin resonance in steels Cr15Nil5 (a), Cr15Ni20 (b), and
Cr15Ni25 (c¢). Adopted from Ref. [102]

Fig. 6. Conduction electron spin resonance in Cr15Ni20 (a), Cr15Ni20Mn5 (b), and
Cr20Ni20Mn10 (c) steels [102]

der electron- and neutron-irradiation at elevated temperatures. The au-
thors obtained that both kinds of alloys are decomposed in a spinodal-like
manner forming Fe- and Ni-rich areas with nickel-level oscillations be-
tween 25% and 50% and wavelengths of 100 nm to pm. Chromium beha-
viour was found to be similar to that of iron. Rotman et al. [97] also ob-
served a similar short-range decomposition of a Fe—45Ni—16Cr alloy after
1 MeV electron irradiation at 500 °C.

The role of irradiation amounts merely to an increase in the concentra-
tion of vacancies and self-interstitial atoms, which accelerates the diffu-
sion of metallic atoms. The inherent thermodynamic nature of short-range
decomposition has been proven by Wiedenmann et al. [98], who detected
oscillating fluctuations of Ni concentration between 28.5 and 36.5 at.% at
temperatures of 625 to 725 °C in a Fe—34 at.% Ni alloy. The spatial extent
of these fluctuations exceeded 200 nm. It is presumably that chemical in-
homogeneity can remain after solution treatment.

A correlation between short-range atomic order and electron structure
in the iron-based solid solutions was studied in Refs. [99-102] (see Figs. 5
and 6 along with Table 3).

ISSN 1608-1021. Usp. Fiz. Met., 2024, Vol. 25, No. 3 491



V.G. Gavriljuk, V.M. Shyvaniuk, and S.M. Teus

Adding nickel increases the concentration of free electrons in CrNi
austenitic steel, whereas manganese and chromium decrease it. Instead of
CESR, the electron paramagnetic resonance (EPR) from not compensated
electrons at the Mn atoms with a well-resolved hyperfine structure is ob-
served in steel Cr20Ni20Mn10. Six lines belong to **Mn atoms with the
nuclear spin I = 5/2. The measured value of the constant of hyperfine
splitting A = 93.3-10* ecm™ is typical of paramagnetic atoms Mn'" in the
solid-state compounds with a cubic symmetry of the crystalline field (see,
e.g., Ref. [103]).

Based on the data of contributions to magnetic susceptibility from dif-
ferent electron subsystems, namely free electrons, single atoms of d-ele-
ments with not compensated electrons and superparamagnetic clusters,
i.e., atomic clusters of d-elements, a tendency to form clusters in multi-
component iron-based solid solutions was studied in Refs. [99-102]. This
analysis used a difference in the temperature dependence of magnetic
susceptibilities caused by the mentioned electron subsystems. The tem-
perature dependence of a relative magnetic susceptibility X;l = %:/Xa with
those of free electrons, y,;, and not compensated electrons localized on the
atoms with the not filled d band, y,, is described by the following formula
(for details, see Refs. [101, 102]):

X;I(T) =0y Xgo T Xfoxz + QZXdZXfOX;i ’ 3)

where o, is a parameter of the exchange interaction between the free elec-
trons and those localised on the single atoms of d-elements, y,, is the mag-
netic susceptibility of free electrons which does not depend on tempera-
ture, y, is the magnetic susceptibility of single atoms of d elements,
which obeys the Curie law x,,(T) = C,/T, a, is a parameter of the exchange
interaction between the free electrons and superparamagnetic atomic clus-

Table 3. Concentration of free electrons n,, clustering coefficient K,
and correlation between the interatomic bonding types and SRO in austenitic steels

s | K| ening [ Eibanced [ Al
Cr15Nil5 0.14 378 — — —
Cr15Ni20 0.37 5.3 Ni metallic ordering
Cr25Ni25 0.10 254 Cr covalent clustering
Cr15Ni20Mnb5 0.16 42 Mn covalent clustering
Cr15Ni20Mn10 0.09 — Mn covalent clustering
Cr15Ni20Mo1l.3 0.09 84 Mo covalent clustering
Cr25Ni20Cu2.5 0.31 71 Cu metallic ordering
Cr18Nil6Mn10 2.6 19 N metallic ordering
(0.4N)

Cr18Nil6Mn10 0.19 4.9 covalent clustering
(0.3C)
492 ISSN 1608-1021. Prog. Phys. Met., 2024, Vol. 25, No. 3
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Fig. 7. Temperature dependence of the rela- -1 \
. . 1 es 1 Xr
tive magnetic susceptibility Lo = Ao/ %a for

austenitic steels Cr15Ni25 (circles), Cr15Ni20
(open triangles) and Cr15Ni20Mol.3 (closed

triangles). For convenience, the data for steel 25
Cr15Ni25 are increased by 10 times. Decrease

in the nickel content and alloying with molyb-

denum cause non-monotonous temperature be- 2.0 |

haviour of X;l , which is a sign of the tendency
to clustering [101]

ters of d elements, y,, is the magnetic 1.5
susceptibility of the superparamagnetic
cluster, which obeys the Langevin law A
Yaoo(T) = C,L(0/T) with C, = %, at 1.0}
T =1 K, LO/T) = coth(6/T) — T/0,
0 = MH/k,, where M is the magnetic
moment of the cluster, H is the exter- . . .
nal magnetic field, k; is the Boltzmann 100 200 300 T, K
constant, 0 is the energy of cluster un-

der magnetic field in temperature units, which is proportional to the num-
ber of atoms in the cluster.

The temperature dependence of y,! is shown in Fig. 7 for three auste-
nitic steels. In the absence of superparamagnetic clusters, x(T) should be
a linear function of temperature.

It is seen that clustering is enhanced, if the nickel content in CrNi
steel decreases or if this steel is additionally alloyed with molybdenum.

The clustering tendency in the multicomponent solid solutions of 3d
transition metals can be characterized by the following parameter (see

Ref. [102]):
K, =0a,C,0/a,C,. 4)

Following Eq. (3) and Fig. 7, a,C, is proportional to the number of
atomic clusters in the sample, and 0 is proportional to the number of atoms
in the cluster; therefore, their product characterises the number of atoms
included in the cluster system. The o,C, is proportional to the number of
single atoms of d-elements in the solid solution. If the value of K, is
higher, the clustering is stronger. Data on the correlation between intera-
tomic bonds and a type of SRO are presented in Table 3 for several auste-
nitic steels (see Ref. [101]).

Thus, nickel in austenitic steels assists the short-range atomic ordering,
whereas chromium, manganese and molybdenum promote clustering.

A unique possibility to bring to light the short-range atomic order in
multicomponent solid solutions is provided by measurements of stacking
fault energy that is controlled by chemical compositions of metallic mate-
rials (see Fig. 8 and [104] for details).
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Fig. 8. Frequency curves of the measured dislocation triple node radius in Cr18Mn19
(a) and Mn12C1.2 (b) austenitic steels. Adopted from Shanina et al. [104]
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Fig. 9. Triple nodes in the previously solution treated alloy Fe50Ni50 before (a) and
after (b) hydrogen charging. According to Ref. [104]

Table 4. Dislocation triple node radius, r;, and SFE

r, Ty, SFE,, SFE,, DSFE,

Steel nin nin md/ ﬁlz md/ 1%12 md,/m?
CrMnCN 11.5 16.0 38 27 11
MnC 6.4 10.6 68 41 27

The fitting of the experimental data was carried out using a Gauss
distribution, which is natural for the statistical scattering in the experi-
mental data. The obtained SFE values are presented in Table 4.

Two maxima of dislocation splitting give evidence of short-range de-
composition in the studied steels and the existence of submicrovolumes
having different chemical compositions. One can see that the gap between
them is smaller in the C+N steel, where combined alloying by carbon and
nitrogen is known to increase concentration of free electrons assisting
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ordering (see Refs. [84, 104]), whereas it becomes clearly apparent in the
Hadfield-type carbon steel with Mn—C, where carbon promotes covalent
interatomic bonds and corresponding clustering.

It is worth noting that, due to the different chemical affinity of hy-
drogen with elements constituting metallic alloys and its significant effect
on the stacking fault energy, hydrogen can serve as an appropriate tool for
the identification of short-range atomic order in solid solutions, where it
is not clearly detectable using an available experimental technique. As an
example, the occurrence of short-range atomic decomposition in the equia-
tomic FeNi-alloy solution treated at 1000 °C is demonstrated in Fig. 9.

Along with the hydrogen effect on the line tension of dislocations,
their velocity in the submicrovolumes of different chemical compositions
of short-range decomposed solid solutions is expected to be controlled by
their different hydrogen-caused splitting. In the case of short-range ato-
mic ordering, as mentioned above, its local destruction by first gliding
dislocations makes it easy to slide the subsequent ones resulting in the
formation of the slip bands. Because of the increased concentration of free
electrons within the hydrogen atmospheres at dislocations and a corre-
sponding increase in their velocity, hydrogen assists this phenomenon.

As obtained by Movchan et al. [93] in their calculations of interatomic
bonds in the binary FeNi solid solutions, the Fe—Fe and Ni—Ni bonds pre-
vail over the Fe—Ni one, which is consistent with a spinodal-like decompo-
sition measured by Garner and McCarthy [96]. Moreover, according to
Ref. [93], hydrogen atoms prefer the neighbourhood of the iron, rather
than nickel atoms. This suggests higher hydrogen solubility in the iron-
rich submicrovolumes leading to higher velocity of dislocations so that
plastic deformation is localized there.

Thus, one can state that hydrogen itself is not responsible for the lo-
calization of plastic deformation, which is inherent in metallic alloys if
the short-range atomic order becomes sufficiently apparent. Hydrogen
merely enhances it because of increased velocity of dislocations.

4. Hydrogen Embrittlement and Increased Plasticity

As follows from the hydrogen effect on the electron structure of metals,
hydrogen atmospheres around the dislocations in pure iron or nickel and
titanium at sufficiently low hydrogen contents are characterized by the
increased concentration of free electrons and, consequently, by the de-
creased shear module p with the following consequences for dislocation
properties:

« a decrease in the critical stress for activation of dislocation sources,
e.g., o > 2ub/L for the Frank—Reed dislocation source with L as a distance
between the pinning points, which decreases the yield stress under me-
chanical loading easing, thereby, the start of plastic deformation;
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« a decrease in the specific energy of dislocations, namely their line
tension I' >> (ub?/4m)/log(A/5b) with A as the dislocation curvature radius,
which results in the increased velocity of dislocations whatever they are
edge or the screw ones;

» a decrease in the distance between dislocations in their planar en-
sembles resulting in the increased shear stress at the leading dislocation,
1, = nt, where t is applied stress and 7, is the leading dislocation, resul-
ting, thereby, in the earlier opening of a microcrack ahead of the pile-ups.

These are those phenomena, which have been observed in the experi-
mental studies confirming the HELP theory. Nevertheless, some distinc-
tive features are worth to be noted. First, within the electron concept,
hydrogen changes the properties of individual dislocations, not the inter-
action between them. Second, in contrast to the shielding effect predicted
by the HELP theory for edge dislocations, both the screw and edge ones
acquire the increased velocity due to the enhanced metallic character of
atomic bonds within the dislocation atmospheres. Third, hydrogen should
increase plasticity of metallic alloys provided that deviations from the
random atomic distribution in the solid solution are not significant or if
the interaction between hydrogen atoms and dislocations is rather weak.

Let us analyse available experimental data about hydrogen effect on
the mechanical properties of metallic materials in terms of the electron
concept of hydrogen brittleness in comparison with the HELP theory.

4.1. Hydrogen-Increased Velocity of Dislocations

The strain-dependent internal friction (SDIF) caused by the strain-induced
alternating movement of dislocations is a simple and reliable means of
estimating dislocation mobility, because, at a constant frequency of me-
chanical vibrations, their amplitude is proportional to the area swept by
dislocations. Presented in Fig. 10, there is SDIF measured in austenitic
steel Cr25Ni20 before and after hydrogen charging.

It is seen that hydrogen in this steel decreases the stress needed for
dislocation slip and increases dislocation velocity. Hydrogen degassing
restores the previous state, except for a small increment of internal fric-
tion caused by new dislocations emitted under small-applied stress during
cyclic SDIF measurements.

Exactly this hydrogen effect is interpreted within the HELP theory
developed in terms of continuum mechanics as a result of the hydro-gen-
caused shielding of stress fields created by neighbouring dislocations. A
feature of this theory is that hydrogen atoms are presented simply as
point defects, which cause elastic stresses in the crystal lattice, whereas
the chemical interaction between hydrogen and metallic atoms is ignored.

If so, any interstitial elements in solid solutions should increase dislo-
cation velocity, provided the atmospheres of interstitial atoms accompany
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Fig. 11. Strain dependence of internal friction in the carbon and nitrogen austenitic
steels. According to Gavriljuk et al. [143]

Fig. 12. Snoek—Koister relaxation caused by carbon and nitrogen in martensitic Cr-
15Mo01C0.6 and Cr15Mol1NO0.62 steels [143]

dislocations during plastic deformation. A fitting possibility to test the
shielding effect of interstitials on dislocation velocity is provided by nitro-
gen and carbon in austenitic steels. The point is that their atoms acquire
nearly the same effective size in b.c.c. and f.c.c. crystal lattices (see Refs.
[101, 105]), respectively, thereby causing similar elastic stresses. There-
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fore, the shielding effect is expected to be nearly the same for these ele-
ments in iron-based solid solutions and, consequently, dislocation veloci-
ties should be comparable.

Strain-dependent internal friction in austenitic Cr18Nil6MN10 steel
alloyed with C or N is presented in Fig. 11.

The diffusivity of carbon and nitrogen atoms in f.c.c. iron within the
temperature range above 500 °C is sufficiently high. Therefore, they can
be transported by dislocations at strains of >>10"° and vibration frequen-
cies of >>1 Hz. As shown in Fig. 11, dislocation velocity in nitrogen aus-
tenitic steel significantly exceeds that in carbon one.

The same is true for the nitrogen and carbon effects on dislocation
properties in martensitic steels. Snoek—Késter relaxation caused by mo-
ving dislocations dragged by interstitial atoms occurs in alloys with b.c.c.
crystal lattice. It follows from Fig. 12 that dislocations encased in the
atmospheres of nitrogen atoms acquire higher velocity in comparison with
that is the case of carbon ones.

Since C and N atoms cause similar distortions in the crystal lattice of
iron alloys, the comparison of their effects on dislocation velocity makes
it possible to conclude that the HELP theory overestimates the shielding
effect of interstitial hydrogen atoms. It is worth noting that a giant
Snoek—Koster relaxation in b.c.c.-Fe is caused by hydrogen in comparison
with so called a-relaxation caused by the same dislocations in the hydro-
gen-free iron (see Ref. [106]).

A feature of iron alloys doped with nitrogen or charged by hydrogen
is the increased concentration of free electrons. Thus, the hydrogen-en-
hanced metallic character of interatomic bonds resulting in the decrease
of the shear module is the real reason for the decrease in the line tension
of dislocations and, consequently, their increased mobility.

4.2, Hydrogen-Dislocation Interaction
and Temperature Range of Hydrogen Embrittlement

Cottrell and Bilby [107] described the interaction between dislocations and
interstitial atoms with the following equation:

¢ =c,ex M (5)
0 XD rk,T )

where ¢, is a concentration of solute atoms at distances of r from a disloca-
tion, and P is proportional to the difference between the host atomic vol-
umes and solute atoms in the solid solutions.

Transforming this formula, one can obtain the relation between hy-
drogen concentrations in the bulk and at dislocations using the Arrhenius
equation
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where ¢, and ¢, are hydrogen contents in the bulk and at dislocations, re-
spectively, H, is the enthalpy of binding between hydrogen atoms and
dislocations.

Measurements of strain-dependent internal friction at different tem-
peratures make it possible to study hydrogen—dislocation interaction in
terms of binding enthalpies [57, 108] (see Table 5 and, e.g., experimental
data for hydrogen effect on dislocation mobility in austenitic steel
Cr15Ni25 in Fig. 13).

At 77 and 117 K, the H atoms are ‘frozen’. They serve as point obstac-
les to moving dislocations remaining practically immobile. At higher tem-

Table 5. Effect of chemical compositions on the enthalpy of binding between
hydrogen atoms and dislocations, AH,, in comparison with that of diffusion, AH,
and condensation temperatures, T.. Here are presented the data for austenitic steels
[54], Ni [109, 110], Inconel 718 [111], B-Ti alloy [112], b.c.c. Fe [113, 114]

Alloy H, = 0.01, eV H,+=0.01, eV T,+5,K
FeCr15Ni25 0.11 0.54 173
FeCr15Ni40 0.09 0.49 163
FeCr25Ni25 0.12 0.59 189
FeCr15Ni25Cu2 0.10 0.52 174
FeCr15Ni25Mnl5 0.12 0.57 182
b.c.c. Fe 0.28 0.04 —

Ni ~0.08 0.42 —
Inconel 718 0.07 0.42 149
TiV10Fe2Al3 0.03 0.27 Below 77 K
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peratures, hydrogen atoms acquire diffusivity and can follow dislocations
as their hydrogen atmospheres, thereby, increasing internal friction.

Treatment in the Arrhenius coordinates reveals two temperature areas
of experimental data for dislocations pinned by hydrogen atoms and for
those moving, accompanied by hydrogen atmospheres.

The intersection point between these two branches of the experimental
curve is the condensation temperature for hydrogen atoms at dislocations.
Hydrogen atmospheres weaken their binding with dislocations above this tem-
perature and become diluted. The ratio In(AQ'/A¢)/K™ is equal to H,/kj, which
makes it possible to obtain the enthalpy of hydrogen—dislocation binding.

Its values are presented in Table 5 along with the condensation tem-
peratures and enthalpies of hydrogen diffusion obtained using tempera-
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Fig. 16. Relative elongation of hydrogen-free nickel and Ni containing ~0.2 at.% H at
various temperatures. Redrawn from Boniszewski and Smith [6]

Fig. 17. Effect of temperature and strain rate on plasticity of the hydrogen-free
(dashed line) and hydrogen-charged, 2 cm® H, per 100 g metal, (solid lines) alloy
FeCr05. According to Popov [7]

ture-dependent internal friction (TDIF); see, e.g., hydrogen-caused Snoek-
like relaxation in hydrogen-charged p-titanium alloy (Fig. 14) and austeni-
tic steel Cr25Ni25 (Fig. 15).

The strain-induced hops of interstitial atoms constitute a mechanism
of Snoek-like relaxation. The frequency shifts of relaxation peaks, as pre-
sented in the inset, make it possible to obtain the values of diffusion en-
thalpy. Comparing hydrogen Snoek-like peak temperatures in titanium
and austenitic steel, one can see how different hydrogen diffusivity is in
these materials.

It is clear that binding between hydrogen atoms and dislocations is the
highest in b.c.c.-Fe. It is much smaller in austenitic steels, increased by
chromium and manganese, but decreased by nickel and copper. The smal-
lest enthalpy of hydrogen—dislocation binding occurs in pure nickel, the
nickel alloy Inconel 718 and, particularly, in B-titanium alloy.

Some correlation occurs between diffusion enthalpy AH,, the enthalpy
AH, of their binding to dislocations and condensation temperature T,.
Manganese and chromium in austenitic steels retard hydrogen diffusion,
enhance hydrogen—dislocation binding and increase the temperature of
hydrogen condensation at dislocations. Compared to austenitic steels, the
nickel alloy Inconel 718 is characterized by faster migration of hydrogen
atoms and smaller hydrogen—dislocation binding, which corresponds to a
decrease in the condensation temperature. The extremely low values of
AH, and AH, in the b.c.c. titanium alloy represent a particular case of
high hydrogen-atoms’ diffusivity and their weak binding with disloca-
tions. Accordingly, the condensation temperature is too low to be measu-
red in the current experiment. A special case is hydrogen in b.c.c. iron,
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where hydrogen—dislocation binding is rather strong and hydrogen diffu-
sivity is extremely high.

Thus, the enthalpies of hydrogen diffusion and hydrogen binding to
dislocations control the hydrogen condensation temperature at disloca-
tions. Considering this, let us analyse available data about the tempera-
ture range of hydrogen embrittlement (see Figs. 16—18).

Hydrogen atoms in pure nickel at temperatures of 77 K and up to
150 K are ‘frozen’ and are simply point obstacles for moving dislocations.
Ductility even slightly increases because of the hydrogen-caused softening
of the crystal lattice. As follows from Fig. 15, hydrogen embrittlement
starts within 120 to 150 K. This temperature is close to that of hydrogen
condensation at dislocations for Inconel 718 (see Table 5) and reaches its
maximum in the temperature range of 150 to 225 K. The highest brittle-
ness occurs at nearly >>250 K, which is conceivably relates to compatible
rates of hydrogen diffusion and dislocation slip. The increase in the strain
rate by one order of magnitude reduces the loss of plasticity, slightly
shifts it to higher temperatures and assists restoration of plasticity as
temperature increases, which is obviously caused by the weakening of hy-
drogen—dislocation binding.

Unfortunately, there are no data on T, for iron doped with chromium
that makes it impossible to interpret the start temperature of hydrogen
embrittlement as >>165 K (see Fig. 17).

Such analysis could be particularly useful because of the opposite hy-
drogen effects on the enthalpies of hydrogen diffusion and hydrogen—dis-
location binding.
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The experimental data obtained by Fukuyama et al. [114] for the tem-
perature range of hydrogen embrittlement in stainless austenitic steels
(see Fig. 18) are of interest.

Our experimental data for steels Cr15Ni25 and Cr25Ni25 obtained us-
ing melting in a vacuum with pure chemical components, as presented in
Table 4, can be only roughly analysed in the comparison with those for
industrial steels 310, 316 and 304. The hydrogen condensation tempera-
tures in steels Cr15Ni25 and Cr25Ni25 are 175 and 190 K, and their hy-
drogen embrittlement is expected to start at higher temperatures in com-
parison with industrial steels.

Steel AISI 310S is shown to be stable against hydrogen, although the
H condensation temperature of steel Cr25Ni25 similar in its chemical
composition suggests the occurrence of hydrogen embrittlement if the
short-range atomic decomposition occurs.

A huge difference in the hydrogen-caused loss of ductility in steels
316 and 316L demonstrates the strong dependence of hydrogen-caused
damage to ductility on the content of unintentionally introduced elements
like carbon.

The comparison of HE in steels 316L and 316LN shows nitrogen hav-
ing a negative effect on resistance to HE caused by the nitrogen-increased
concentration of free electrons (see Refs. [99] and [115]) and combined
with nitro-gen-induced short-range atomic ordering in austenitic steels
(see Ref. [101]).

The increase in hydrogen embrittlement due to sensitization treat-
ment in steels 316(S) and 304(S) points to the significant role played by
short-range atomic decomposition of solid solutions in hydrogen embrit-
tlement. Martensitic transformation in steel 304 at low temperatures also
worsens its resistance to HE.

4.3. Hydrogen-Increased Plasticity of Metallic Alloys

The following experimental data confirm the intrinsic property of hydro-
gen as an element increasing the plasticity of metallic alloys.

4.3.1. Hydrogen as a Temporary Alloying Element

Zwicker and Schleicher [116] were the first to detect, by chance, that hy-
drogen improves the hot deformability of cast titanium alloys. A Ti—8% Al
ingot containing 0.061% H has been successfully deformed at 950 °C us-
ing a single deformation by 65% , whereas a hydrogen-free billet was com-
pletely destroyed by this deformation. A feature of their experiment was
the hydrogen charging of the ingot, not the semi-finished product. A rea-
son for that was not provided.

In fact, this unorthodox result confirms the dominant role of short-
range atomic order in the localization of plastic deformation in metallic
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Fig. 19. Hydrogen effect on yield strength c,, and critical upsetting deformation de-
gree g, of quenched alloy VT30 at RT before the appearance of the first crack. Re-
drawn from Kolachev [123]

Fig. 20. Hydrogen effect on the ultimate plasticity of VT 221 (1) and Ti—-10V-2Fe—3Al
(2) alloys during cold deformation. Redrawn from Nosov et al. [125]

alloys (see Sec. 3). Inherited from the melt, the nearly random atomic
distribution in the ingot is close to that in ideal metallic solutions, which
prevents the hydrogen-enhanced localization of dislocation slip. The plas-
tic deformation of ingots at high temperatures accelerates the diffusion of
metallic atoms and assists the short-range atomic decomposition of solid
solutions resulting in non-homogeneous hydrogen distribution and the
consequent localization of plastic deformation.

There were no publications on this topic for a long time after the ex-
periments by Zwicker and Schleicher. The first published studies belong to
Kolachev et al. [117], who deformed Ti—Al alloys doped with 0.1% of hy-
drogen after melting. The critical deformation not leading to cracking
during hot compression at 950 °C was equal to 25% . Along with superior
deformability, significantly decreased stress, from 30 kg/mm? down to 6
kg/mm?, was sufficient for deformation.

Possible mechanisms proposed for a positive hydrogen effect in Ti—Al
alloys included the hydrogen-caused stabilization of the soft b.c.c. B-phase
at lower temperatures, prevention of precipitation in the brittle interme-
tallic a,-phase Ti,Al, the enhanced diffusion of metallic atoms in the B
phase compared with that in the o phase, and the realization of new sys-
tems of dislocation slip (see Refs. [118-120]).

A number of experimental data obtained in subsequent studies of
high-temperature hydrogen-enhanced plasticity in titanium alloys were
reviewed in details by Eliezer et al. [121], Froes et al. [122, 123], etc.
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Kolachev et al. [124] were also the first to demonstrate a favourable
hydrogen effect on the plasticity of p-alloy VT15 (Ti—-11Cr—7Mo) and tran-
sition alloy VT30 (Ti—11Mo—6Zr—4.5Sn) at ambient temperatures (see
Fig. 19). At hydrogen content higher than 1 mas.%, cylindrical samples
of 10 mm in diameter and 15 mm in length were deformed close to 100%
during upsetting tests.

Later, Nosov et al. [125, 126] demonstrated high deformability at am-
bient temperature of B-alloys VT22 (Ti—5Al-5Mo—-1Cr—1Fe), VT22I (Ti-
3Al-5Mo—-1Cr—1Fe) and the alloy Ti—-10V-2Fe—-3Al (see Fig. 20).

Remarkably, these effects follow directly from the hydrogen effect on
the electron structure and properties of dislocations. Hydrogen embrittle-
ment is absent in B-titanium alloys due to the combined action of extreme-
ly small values of hydrogen diffusion and hydrogen binding with disloca-
tions enthalpies, which shifts the temperature range of its possible reali-
zation to temperatures close to that of liquid nitrogen. For this reason, at
ambient temperatures, the hydrogen-increased concentration of free elec-
trons is realized only in the softening of the crystal lattice without any
local effects at dislocations.

4.3.2. Hydrogen in Austenitic Steels

A peculiar phenomenon of hydrogen-increased fatigue life in 304 and 316
austenitic steels was observed by Murakami et al. [127]. As follows from
Fig. 21, the hydrogen-accelerated growth of a fatigue crack in steel 304
containing 23.9 ppm of hydrogen is replaced by its slowdown with a fur-
ther increase in hydrogen content.

The authors interpreted this result in terms of supposed hydrogen-
caused softening/hardening, claiming that dislocations are pinned by hy-
drogen atoms located at the dislocations. Released from pinning by hydro-
gen at its core, the dislocation acquires higher mobility. However, as hy-
drogen content increases, the plastic zone at a crack tip is blocked by
surrounding material with a higher flow stress. This phenomenon retards
fatigue crack growth rate.

Quite a different explanation has been given by Kirchheim [128] based
on his defactant theory for the formation and motion of kinks under the
effect of mobile solute interstitial atoms. According to Kirchheim, time 1,
for double kink generation, and time t,, needed to move the kinks to the
ends of a dislocation segment, control dislocation slip. Solute atoms segre-
gated at dislocations decrease T, If 1, <71, the strain rate increases, i.e.,
softening occurs. With increasing contents of solutes, they enhance the
dragging force on the moving kinks and t, increases, which results in
T, > T,- In the case of austenitic steels supersaturated by hydrogen atoms,
their drag on the kinks dominates over the hydrogen-caused enhancement
of kink formation leading to decreased strain rate, i.e., to hardening.
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However, the Peierls relief is rather shallow in the f.c.c. crystal lat-
tice of austenitic steels and kinks are extremely broadened so that plastic
deformation can be hardly described in terms of formation and movement
of the kinks. In particular for this reason, the Snoek—Koster relaxation
caused by the formation of kinks and their interaction with dislocations
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occurs in metals and alloys with the b.c.c. crystal lattice and is absent in
f.c.c. metals and austenitic steels. The only exception among the f.c.c.
metals is a pure Ni, where stacking fault energy is close to that in Fe,
dislocation kinks are narrow and, consequently, H causes Snoek—Koster
relaxation peak (see Ref. [129]). According to Seeger’s theory for the yield
stress in the f.c.c. metals [130, 131], the movement of dislocations under
applied stress is controlled by their intersections, not by kink formation
and motion. This theory was confirmed for austenitic steels by Obst and
Nyilas [132], Nyilas et al. [133], and Gavriljuk et al. [134], as well as for
the CuNiMn and AIMgMn alloys and copper by Obst [135].

More reliable is the interpretation of hydrogen-prolonged fatigue life
in austenitic steels based on the specific character of plastic deformation
during fatigue tests (see Ref. [136]). Margolin et al. [137] studied earlier
fatigue crack initiation in compression-tension tests depending on the
character of dislocation slip. They were first to detect that reversed defor-
mation during fatigue tests produces folds accompanying the wavy slip in
Cu and Al, whereas in the case of Cu—7.5Al alloy, these folds are absent
and characterized by a planar slip mode. As a result, the reversible gliding
of dislocations on the same slip planes should be localized in the slip bands
accompanied by the annihilation of dislocations with opposite signs and
causing increased fatigue life.

In fact, the localization of reversible plastic deformation in the slip
bands is a consequence of a significant deviation in the atomic distribution
from that of ideal solid solutions, namely short-range atomic order. For
example, Epperson et al. [138] observed a prevailing Cu—Al neighbourhood
and the absence of the Al-Al nearest neighbour pairs in CuAl alloys.

It is worth noting that, similarly to the observations by Murakami et al.
[127] for hydrogen, Tobler and Reed [139] found that nitrogen decreased
the fatigue crack propagation rate in the AISI 304 type steel Cr18Nil0, if
the nitrogen content increased from 0.039 to 0.240 wt.% . This result was
confirmed by Taillard and Foct [140], who carried out a thorough analysis
of dislocation substructure in the AISI 316 steel alloyed with 0.08 or
0.25% of N in comparison with the fatigue tests.

The data presented make it possible to conclude that the hydrogen ef-
fect against hydrogen embrittlement, as found by Murakami et al., is
identical to that caused by nitrogen in austenitic steels. Based on the
similarity of hydrogen and nitrogen effects on their electron structure and
dislocation properties, and taking into account the occurrence of short-
range atomic order in both cases, one can conclude that the Murakami
effect represents a unique combination of specific tension—compression
plastic deformation localized within the dislocation bands thanks to a
short-range atomic order and the softening of the crystal lattice by the
increased concentration of free electrons, thereby, assisting reversible dis-
location slip.

ISSN 1608-1021. Usp. Fiz. Met., 2024, Vol. 25, No. 3 507



V.G. Gavriljuk, V.M. Shyvaniuk, and S.M. Teus

It would not go amiss to mention that hydrogen increases plasticity in
austenitic steel AISI type 310 containing 24 mas.% of Cr and 19.4 mas.%
of Ni (see Ref. [141] and Fig. 22).

Plasticity characterized by relative elongation, as well as yield and
ultimate strengths were shown to be increased with increasing hydrogen
content. The non-monotonous dependence of plasticity in steel containing
the remaining 5 ppm and that charged with 133 ppm of hydrogen on the
increasing strain rate is remarkable. In both cases, relative elongation is
enhanced with an increase in strain rate from 5.0-107 to 5.0-102 s! and
decreases at the higher strain rate of 5.0-1073 s71.

The improved plasticity is obviously caused by the hydrogen-decreased
line tension of dislocations encased in the hydrogen atmospheres, where
the concentration of free electrons is locally increased. At sufficiently
high strain rates, dislocations are released from hydrogen atmospheres,
thereby decreasing their velocity.

5. Summary

A mechanism of hydrogen embrittlement of metallic alloys has been descri-
bed in terms of hydrogen effect on the electron structure. Hydrogen disso-
lution changes the distribution of valence electrons across their energy le-
vels, increasing the density of electron states at the Fermi level. Corres-
pondingly, the concentration of free electrons increases, which softens the
crystal structure and should increase plasticity, owing to a decrease in the
line tension of dislocations and a corresponding increase in their velocity.

However, this positive hydrogen effect can lead to pseudo-brittle frac-
ture if plastic deformation is localized. A deviation from the random dis-
tribution of solute atoms, namely, short-range atomic order of both types,
namely, ordering and decomposition, in solid solutions is shown to be a
precondition for hydrogen embrittlement. In pure metals, localized plas-
ticity can also be caused by hydrogen-induced superabundant vacancies
concentrated within the actual slip planes in hydrogen atmospheres around
moving dislocations. Hydrogen segregation at the grain boundaries lead-
ing to their saturation with vacancies is thought to be the main reason for
intercrystalline fracture in metals.

Using strain-dependent internal friction, hydrogen-enhanced disloca-
tion mobility has been confirmed, and enthalpies of hydrogen—dislocation
binding in austenitic steels, nickel and titanium alloys, have been ob-
tained. As a result, the temperatures of hydrogen condensation at disloca-
tions have been determined, above which moving dislocations are accom-
panied by hydrogen-atoms’ atmospheres. It is concluded that, along with
the data on hydrogen diffusion enthalpy obtained from measurements of
temperature-dependent internal friction, these values control the tempera-
ture range of hydrogen embrittlement, if localization of plastic deforma-
tion occurs. The condensation temperature of hydrogen at dislocations in

508 ISSN 1608-1021. Prog. Phys. Met., 2024, Vol. 25, No. 3



Electron Concept of Hydrogen Embrittlement and Increased Plasticity of Metals

the solution-treated nickel alloy Inconel 718 is consistent with the avai-
lable data on hydrogen embrittlement in pure nickel. Combined measure-
ments of H-condensation temperatures and mechanical tests on industrial
austenitic steels are desirable for estimation that is more precise.

A positive hydrogen effect on the fatigue life of austenitic steels, the
hydrogen-enhanced plasticity of a B-titanium alloy and type 310S stainless
steel, has been analysed in terms of hydrogen—dislocation interaction.
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EJIEKTPOHHA KOHIIEIIIISI BOOHEBOI'O OKPUXYEHHSA
TA IIIBUIIMEHOI IIJTACTUYHOCTI METAJIIB

Ha ocHOBi TeopeTHuHUX i eKCIEPUMEHTAIBHUX AOCJiJKeHb BILIUBY [imporeny Ha eJiek-
TPOHHY CTPYKTYpPY 3aJisa, HiKeJI0 Ta TUTAHY 3aIPOIIOHOBAHO €JEKTPOHHY KOHIIEII[il0
BOJHEBOTO OKPUXYEHHA Ta IoJinimeHol I'igporeHoM miaacTMYHOCTI KOHCTPYKIIMHUX Me-
TaJIeBUX MaTepiayiB. 3ampomOHOBaHA KOHIENIIiA Iepenbavae Mepeposnofia BaJeHTHUX
eJIeKTPOHIB 110 eHepreTUYHUX PiBHAX 31 30iJbINIEHHAM I'yCTUHU €JIeKTPOHHUX CTAHIB HaA
piBHi ®@epwmi, 110 3yMOBJIIOE TOM’ AKIIEHHA KPUCTAJIUHOI I'DATKU Ta 3MEHIIIEHHSA ITUTO-
moi eHeprii guciokarliii i3 BiAgmoBimHMM migBuUIeHHAM iXHBOI pyxJausocti. IIpupomHi
BJIACTUBOCTI MeTajieBUX TBePAUX PO3UMHIB, a camMe OJU3BKUI aTOMHUU MOPAJIOK Yy HOTO
IBOX MpPOsiBaX — OJU3BKUX BIOPAJKYBAHHI Ta posmafi, aHAJI3yIOThCSI K IlepeayMoBa
JoraJsisamii nmaactuunoi medopmarii. Iigporen aumie mocmiioe edeKT JOKaisoBaHOI
IJIACTUYHOCTI 3aBASAKMU PiBHiM #Oro pPO3UMHHOCTI B CyOMiKpOOO’€Max yIOpPAIKOBAHOTO
TBEPJOr0 PO3YUHY, IO MPU3BOAUTH IO IICEBAOKPUXKOro pyiHyBaHHA. [IpoaHasizoBaHo
poab iHgyKoBaHuUX ['ifporeHoM HAIJIMUINKOBUX BaKaHCiM y Jiokajisamii miaacTuuHOl me-
¢dopmarrii Ta BomHEBOMY 3€pPHOMEKOBOMY PYHHYBaHHI YMCTHUX MeTasiB. MeTomamu TeM-
mepaTrypo- Ta naedopMaIliiiHO-3aJIe;KHOTO BHYTPIITHBOTO TEPTA MJOCTiMKEHO eHTAJBbIil
nu@ysii Iigporeny Ta 3B’aA3Ky artomiB ['ifporeHy 3 AmMCIOKAIiaMU, IPOLEMOHCTPOBAHO
KOHTPOJIIOBAJLHUI BIJIUB iX HA 3aJI€KHICTh BOAHEBOTO OKPUXUYEHHS BiJl TeMmepaTypu Ta
mBugKocTi gedopmanii. Hampukinimi sanponoHoBaHo (isuuHe OOI'DYHTYBaHHS IJIs BU-
KOPUCTaHHA BOJHIO K THUMYACOBOTO JIEI'YBAJbHOTO €JI€MEHTY B T€XHOJIOTII TeMIlepaTyp-
HO-IedopMaIlifHoro 06po0IeHHS TUTAHOBUX CILIABIB i MOJIINIIIeHHA BTOMHOI MiITHOCTI Ta
MJIACTUYHOCTI ayCTEHITHUX CTaJIEH.

Karouosi ciioBa: BojgeHb, 3a/1i30, HiKeJb, TUTAH, €JIEKTPOHHA CTPYKTYpPa, OKPUXUECHHS,
MJIACTUYHICTD.
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