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Abstract

Hydrogen-induced crack growth initiation, in metallic structures, is studied under constant
temperature and chemical equilibrium, by employing Chemical Equilibrium Fracture Mechanics
(CEFM). The conditions of small-scale, contained and large-scale hydrogen embrittlement are
introduced and the areas of material deterioration, together with the distributions of stresses and
hydrogen concentration, including hydride volume fraction, are derived analytically. It is shown that
the shape of the material deterioration zone is identical for embrittlement caused either by hydrogen
in solid solution or by hydride precipitation; the size depends on the strength of the asymptotic crack-
tip field, which develops by the mechanical loading in the hydrogen-free structure, as well as on the
average hydrogen content absorbed by the structure. It is also shown that a linear relation exists
between a power of the threshold of crack-growth initiation and the logarithm of hydrogen content,
depending on the extent of hydrogen embrittlement and material elastic-plastic deformation. The
predictions of the present analysis are confirmed by published experimental fracture mechanics
measurements on several non-hydride and hydride forming alloys, including o/ hydride forming
alloys. The present study facilitates structural integrity assessments, significantly, without relying on
complicated coupled numerical analysis of material deformation, hydrogen diffusion and hydride
precipitation.

Keywords: CEFM; hydrogen embrittlement; hydrogen chemical equilibrium; threshold; structural
integrity

1. Introduction

Hydrogen technology and use of it are expected to develop significantly, in order to provide
means of mitigating climate change, due to anthropogenic greenhouse gas emissions. Hydrogen,
produced from renewable energy sources, is seen as an alternative fuel or fuel-carrier both in energy
generation and transport. It is expected to be generated in areas, around the globe, where there is
abundance of solar and wind energy, and subsequently transported to places where the consumption
is highest. Thus, a global energy transition is foreseen, based on hydrogen [1-5].

A key issue in the development of hydrogen economy is safety / structural integrity. Extensive
use of hydrogen technology / applications will be necessarily accompanied by developments on
structural integrity assessments, due to new designs, but also due to the significant increase of use of
existing or moderately modified designs; the last need to be examined, simply due to the relation of
failure probability with the number of devices / equipment and operation time.

A Dbasis of structural integrity assessments is provided by Linear Elastic or Elastic-Plastic
Fracture mechanics (LEFM, EPFM). The assessment is founded on the principle of similitude. The
stress and strain distributions are similar both in the structure under evaluation and a specimen,
loaded in the lab, both characterized either by the stress intensity factor, in the case of LEFM, or the
J-integral, in the case of EPFM (e.g. [6-8]); to be precise, the distributions are identical if properly non-
dimensionalized. Then, fracture measurements in the lab can be used to assess the integrity and
predict crack growth in the structure under evaluation. This basis needs to be extended in order to
take into account material deterioration and crack-tip field modifications, caused by hydrogen.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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It is well-known that hydrogen, when absorbed during operation or introduced during
manufacturing, diffuses easily in metallic structures, due to its size, and may lead to embrittlement,
which can cause failure under lower loads, compared to those sustained by a hydrogen-free material.
Several hydrogen embrittlement mechanisms have been proposed (e.g. [9,10]). An initial material
categorization is related to the precipitation or not of hydrides.

Hydrides precipitate in alloys, based on titanium, zirconium, magnesium, vanadium and
niobium. Hydrides are brittle and therefore their precipitation, when hydrogen terminal solid
solubility is exceeded, causes material degradation, which leads to fracture, if sufficient mechanical
loading is applied. Therefore, the underlying embrittlement mechanism is understood. One
additional reason for considering the category of hydride-forming alloys is the significant
modification of the crack-tip field, due to the expansion of the hydrides, during precipitation [11-13].
The modified crack-tip field is characterized by a constant stress trace in the hydride precipitation
zone, under constant temperature and hydrogen chemical equilibrium.

In the case of hydrogen embrittlement without the formation of hydrides, as in steel, nickel-
based and (-phase titanium alloys, there are several proposed mechanisms such as hydrogen
enhanced decohesion (HEDE), hydrogen enhanced localized plasticity (HELP) adsorption-induced
localized slip and combinations. Therefore, the scientific community does not provide a final answer.
In addition, hydrogen, being in solid solution, does not produce any significant effect on crack-tip
stress field. More information is given in review papers [9,10,14] as well as in a recent publication of
the author [15].

For all embrittlement cases, various fracture models have been developed, which are based on
the hypothesis of a failure process (e.g. [16,17]). Therefore, their applicability and validity depend on
the operation or not of the assumed failure process.

The objective of the present work is the extension of integrity assessment methodology, based
on the principle of similitude, when a structure is used / operates in the presence of hydrogen. In this
extension, the features of the crack-tip fields in a hydrogen environment, including their
modifications, when hydride precipitation occurs, need to be rigorously taken into account. This
extension shall not rely on the details of a fracture mechanism, the implications of which are expected
to be incorporated in the values of crack-growth threshold or fracture toughness, measured with
standard fracture tests. Therefore, detailed information on how hydrides (single, in clusters or
networks) or the accumulation of hydrogen in interstitial sites and traps affect material integrity will
not be used. However, the result/outcome/effect of any of these fracture mechanisms on the intensity
of the crack-tip field at growth initiation is an important ingredient of the extended methodology.

The vehicle for the extension of the integrity assessment methodology is Chemical Equilibrium
Fracture Mechanics (CEFM), a multidisciplinary approach of thermodynamics, materials science,
solid mechanics and mathematics, which is based on the assumption of material deterioration under
chemical equilibrium [11-13,15,18]. In the case of hydrogen embrittlement, material deterioration is
examined following hydrogen redistribution, which leads to hydrogen concentration spatial
distribution independent of time. In industrial applications this assumption corresponds to steady-
state facility operation, which provides the basic conditions of initial design related to material
selection and main dimensions, given the range of operation parameters. Under CEFM, the coupling
of the operating mechanisms of material deformation, hydrogen diffusion and hydride precipitation
is taken into account. It is worth-mentioning that, the structure of crack-tip fields, derived based on
CEPRM,, is clearly presented, via analytic relations. Thus, the work of extending structural integrity
assessment methodology is significantly facilitated, without compromising on accuracy.

In the following Section 2, the conditions of small-scale, contained and large-scale hydrogen
embrittlement are introduced. These conditions are used in a similar way as small-scale and large-
scale yielding in LEFM and EPFM. Under each one of these conditions, the areas of hydrogen-induced
material deterioration are derived, under both hydrogen in solid solution and hydride precipitation,
based on CEFM. In Section 3, simple fracture criteria, which do not rely on the details of the operating
mechanisms, are used to derive thresholds and their dependence on average hydrogen content.
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Subsequently, these predictions are compared with fracture test measurements, published in the
literature. The comparisons are performed for several non-hydride and hydride forming alloys,
including two-phase Ti-alloys. Subsequently, the main / most important points of an integrity
assessment are given for a structure exposed to hydrogen, in the cases of small scale yielding and
large-scale yielding / HRR-dominance under mechanical loading alone, (i.e. before the absorption of
hydrogen).

2. Materials and Methods

In LEFM and EPFM, structural integrity assessments are performed by using the principle of
similitude. According to this principle, the crack-tip field in the structure under investigation and in
a lab-specimen, made of the same material, need to be similar. If the validity of the principle of
similitude is confirmed, the measurements of crack growth initiation in the lab-specimen can be used
to predict crack growth initiation in the structure.

Under small scale yielding, both in the lab-specimen and the structure, the plastic zone size is
small compared to the characteristic length of the geometry. Then, in the lab-specimen and the
structure, there is an annulus, surrounding the crack-tip, where K-field dominates [19]. Taking into
account that the stress intensity factor of the K-field is related to the energy which is available in the
material for damage and crack growth initiation, it is concluded that, under the conditions of
similitude and small-scale yielding, crack growth initiation occurs when the stress intensity factor
reaches the same critical value in the lab-specimen and the structure. Then by measuring the critical
stress intensity factor in the lab, one predicts the critical load at which crack growth initiation occurs
in the structure.

Similarly, under large scale yielding, both in the lab-specimen and the structure, the plastic zone
is comparable to the characteristic length of the geometry. Then, considering validity of similitude in
the lab specimen and the structure, there is an annulus, surrounding the crack-tip, where HRR-field
dominates [20,21]. Taking into account that the intensity of the HRR-field, given by J-integral [22], is
related to the energy which is available in the material for damage and crack growth initiation, it is
concluded that, under the conditions of similitude and large-scale yielding, crack growth initiation
occurs when J-integral reaches the same critical value in the lab-specimen and the structure. Then by
measuring the critical value of J-integral in the lab, one predicts the critical load at which crack growth
initiation occurs in the structure.

In order to apply a similar structural integrity methodology, when hydrogen embrittlement
occurs in a metallic structure, the principle of similitude needs to be considered. Then, in addition to
the conditions of small- or large-scale yielding, the conditions of small-scale, contained or large-scale
hydrogen embrittlement need to be introduced and taken into account.

In the following, a structure with a crack is considered. A Cartesian coordinate system, (xy,
X2, x3), is specified, which has origin at the crack tip. x; lies on the crack plane, normal to the crack
edge. x, is normal to the crack plane. Also (r, @, x3) is the respective cylindrical coordinate system,
where 1 is the radial distance from the crack tip and ¢ is the angle, measured from the crack plane.
In the present discussion, the structure is assumed to be subjected to the conditions of hydrogen
chemical equilibrium and constant temperature, T, under the most important/detrimental plane
strain mode I loading. All following relations are written with respect to the previously mentioned
Cartesian coordinate system and repetition of indices denotes summation.

The analysis is based on CEFM, which has been presented in detail in previous studies [11-
13,15,18]. Elements of CEFM are given in the following, to the extent, which is necessary for
understanding the conditions of small-scale, contained and large-scale hydrogen embrittlement. For
additional information, the interested reader is referred to the previously mentioned publications.

2.1. Small-Scale Hydrogen Embrittlement

Small scale hydrogen embrittlement is defined as the condition, under which, the deteriorated
area ahead of the crack lies within an annulus of K-field dominance. If Ryg, R; and L are the size of
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hydrogen embrittlement area, the inner radius of the K-field dominance annulus and the
characteristic length of the structure, then, under small scale hydrogen embrittlement, the following
relation is valid:

Rug <Ri <L . (1)

The characteristic length, L, is the smallest length of the structure, which is related to the stress
intensity factor of K-field (e.g. crack length, crack ligament or other length, related to the geometry
of the structure, near the existing crack). In the case of plane strain mode-Iloading, the stress intensity
factor, K, is proportional to an applied stress measure, @, and the square-root of L, (K; < aVL).

In the hydrogen embrittlement area, the material has lost toughness, due to the presence of
hydrogen. In non-hydride forming alloys, such as steel and nickel-based alloys, or in hydride forming
alloys, such as 3-Ti, where embrittlement may occur before the precipitation of hydrides, hydrogen,
in the embrittlement area, is in solid solution at a concentration level, sufficient to reduce ductility.
Hydrogen in reversible traps, such as dislocations, is also expected to contribute to hydrogen
embrittlement. Then, in relation (1), the size of the hydrogen embrittlement area is defined by the
boundary at which hydrogen both in interstitial lattice sites and reversible traps, reaches a critical
level:

Ryr = TlCH+CT=Cg+T , (2)

where € and CT are the concentrations of hydrogen in solid solution in interstitial lattice sites and
reversible traps, respectively. CH*T could be measured by performing standard tensile tests either in
a hydrogen atmosphere or of specimens with hydrogen content, introduced, before the performance
of the testing; care should be taken, with respect to hydrogen pressure or specimen hydrogen content,
so that specimen ductility, during tensile testing, reaches a minimum. Fracture tests is also a source
for specifying CHT.

Taking into account that hydrogen in interstitial lattice sites and reversible traps does not modify
the crack-tip stress field significantly, one may conclude that, under small scale hydrogen
embrittlement, Ryy may reach the size of the inner radius of K-field dominance annulus, R;.
Therefore, when no hydrides are present, relation (1) is rewritten as follows:

Ruyp <R <L . G)

In hydride forming alloys, if embrittlement occurs due to the precipitation of brittle hydrides,
such a-Zr or a-Ti, the hydrogen embrittlement area is the area of hydride precipitation. If ry, is the
size of the hydride precipitation area, then:

Ryg =Tz - (4)

Due to the expansion of the precipitating hydrides, the stress field is significantly modified.
Therefore, in hydride forming alloys under small scale hydrogen embrittlement, the size of the area
of material deterioration is always smaller than the inner radius of the annulus of K-field dominance:
Ryp =711, <R; <L.

In the case of two-phase hydride forming alloys, such as a/B-Ti and «a/p-Zr, hydrogen
embrittlement in a-phase is caused by hydride precipitation, while in B-phase, which has
significantly higher hydrogen solubility, the embrittlement occurs before the precipitation of
hydrides. Then, in this case, there are two lengths, related to hydrogen embrittlement, one for each

phase:
Ruga = Thza » (5)
Rygp =7|.H, T_ H+T . (6)
\ cp+cp=cty

Then in «a/f hydride forming alloys, small scale hydrogen embrittlement occurs, when the
following relations are both satisfied:
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th,a < Ri <L P (7)
Rypp <R, <L . 8)

Under crack-growth initiation, caused by hydride precipitation, 74,4 > Rygg. The treatment of
two-phase hydride forming alloys is discussed in [18]. Based on this treatment, hydrogen
embrittlement zone contains both phases.

It is worth-mentioning that in ductile alloys, the existence of an annulus of K-field dominance
implies that small scale yielding conditions are also satisfied. Therefore, the size of the plastic zone,
1, shall be smaller than the inner radius of the K-field dominance annulus: r, < R; < L.

In the analysis of structural integrity, under small scale hydrogen embrittlement, relations (1) or
(3), or (7) and (8), depending on the alloy, need to be confirmed. Therefore, besides R;, derived by
well-known elastic-plastic analysis, Ryg has to be also evaluated. In the following, Ry is derived,
by considering CEFM, which is applicable at crack growth initiation, under hydrogen chemical
equilibrium.

It is assumed that S;; is the stress due to applied mechanical loading, when no hydrogen is
present in the structure. When there is no hydride precipitation, the stress field is only negligibly
affected by the presence of hydrogen in solid solution [e.g. 11, 15]. Then the stress field of the
embrittled structure, g, is about equal to that before the absorption, solution and distribution of
hydrogen:

UijESij . (9)

Under hydrogen chemical equilibrium and constant temperature, the distribution of hydrogen
in solid solution in interstitial lattice sites, in the body of the structure, satisfies the following well-
known relation:

< _ exp [(Ukk—ﬂRe) VH] ) (10)

H
ck. 3RT

R is the gas constant (=8,314 J'mole'K-). V¥ is the molal volume of hydrogen in solid solution.
According to (10), the distribution of hydrogen in solid solution, in interstitial lattice sites, is related
to the stress trace and hydrogen concentration of a reference particle, (0., Ch.). In order to simplify
the analysis, the reference particle is selected to be far away from the crack edge and faces. Then, o,
is generally negligible compared to the near-tip stresses and, consequently, compared to oy, in
relation (10). Furthermore, when the structure is subjected to hydrogen pressure, the reference
particle is selected on the surface, which is exposed to hydrogen gas. Consequently, Ck, satisfies
Sievert’s law and therefore it is proportional to the square root of hydrogen pressure, p, or in the case
of deviation from perfect gas constitutive relation, as expected at high hydrogen pressures, €k, is
proportional to the square root of hydrogen fugacity, F.

Furthermore, by considering chemical equilibrium between hydrogen in interstitial lattice sites
and reversible traps, € T is derived [23], based on Fermi-Dirac statistics (e.g. [24]):

g_:’ = (Kquiq)IZ:1+NI ’ (11
where:
e (2), m
cH =0'N!, (13)
CT =0TNT. (14)

K®1 is the chemical equilibrium constant of hydrogen in interstitial and trap sites, which
depends, exponentially, on trap binding energy, AET. N’ is the number of interstitial sites per unit
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volume, divided by Avogadro’s number, N, (=6,022-10% atoms per mol), and 0! is the fraction of
occupied interstitial sites. N7 is the number of trap sites per unit volume (which includes the
possibility of several hydrogen atoms trapped at a site), divided by Avogadro’s number, and 87 is
the fraction of occupied trap sites. In the above relations, C¥ and €T are given in moles per unit
volume. It is noted that, according to relation (11), when the occupancy of interstitial lattice sites is
small (6" « 1), also satisfying (K°? —1)8' « 1 , the total hydrogen concentration in interstitial
lattice sites and traps is proportional to hydrogen concentration in interstitial lattice sites: C# + €T =
(K®INT/N' + 1)CH. The same result is derived if both occupancies of interstitial sites and traps are
small (e.g. [25]). Under the condition of small-scale hydrogen embrittlement, crack-tip plastic
dissipation does not contribute to the number of trap sites at the boundary of the hydrogen
embrittlement zone. The number of trap sites could be assumed to be constant, e.g. due to grain
boundaries or dislocations introduced during manufacturing.

In the case of a/f alloys relations similar to (10)-(14) are valid for each one of the two phases [18].

Relation (10) is valid at the boundary of the hydrogen embrittlement zone, at which €# +
CcT(c?) = CHT Ttisnoted that C”Icgrw = CcH+T — CT(C”lcgrw) and therefore Cch?;fT is a function of

CH*T. Then, based on relations (9) and (10), the size of hydrogen embrittlement area is derived:

~ ¢-1 CRe
RHE = Strace (CH|CH+T> ’ (15)
o

where S;l.. is the inverse function of the stress trace of the hydrogen-free structure. According to
relation (15), the size of the hydrogen embrittlement zone, when there is no presence of hydrides,
depends on the stress trace distribution of the hydrogen-free structure and the ratio of hydrogen in
solid solution in interstitial lattice sites far from the crack-tip over the critical hydrogen content in
solid solution in interstitial lattice sites, which causes embrittlement, C%,/CH |C£"r”'

Under small-scale hydrogen embrittlement, under which §;; is given by K-field, taking into
account relations (9), (10) and (15), one may derive the specific to small scale hydrogen embrittlement
relation of Ryg:

K1

~ 2 2 29
Ryp = 7T(l +v) - Ao cos® >, (16)
=gRT In A
v CRre
H+T _ rH KeINT
Co™ =C |c£¢+T [1 + (Keq—1)cH|CH+T+N1 (17)
cr

where v is material Poisson’s ratio.

When hydrogen embrittlement is caused by the precipitation of hydrides, of type MHx, the stress
field in the hydride precipitation zone is significantly modified, due to hydride expansion during
precipitation. Furthermore, under constant temperature and hydrogen chemical equilibrium, the
stress trace in the hydride precipitation zone, ay,, is constant, depending on hydrogen content.
According to previous analysis [11-13,15,18], the stress field and the hydride volume fraction, f, in
the hydride precipitation zone, satisfy the following relations:

8
0ij = Sij == Smm = 02y Smm = Oz, (18)
S cIS\] crs
Opz = g R3 + RT In (@)] = WRTITI (E) , (19)
1-2
f = Smm = 01z) - (20)

The inequality of relation (18), S, = 0p,, specifies the condition, under which hydride
precipitation occurs. €I is the terminal solid solubility of hydrogen in the metal, under no applied
stress, and incorporates the strain energy, which is required for the accommodation of the expanding
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hydrides. x is the mole fraction of hydrogen in the hydride of molal volume, V", and expansion
strain, @"". The metal is assumed to have Young’s modulus E. Z provides the relation between the
fc¢) and total (constrained by the surrounding matrix, g;/) hydride-induced expansion

ij
at a material particle, emo — &6, = Zemer. Z depends on elastic and plastic material properties, as

stress-free (&

well as on hydride expansion strain, 8. In the case of linear elastic material behavior, Z =1 —
(1 +v)/[3(1 —v)] [26-28]. Under elastic-plastic material behavior, Z takes values, which decrease,
significantly, when the deformation of the material changes from linear elastic to perfectly plastic
[28,29]. It is useful to notice that, according to (20), at the boundary of the hydride precipitation zone,
at which the hydride volume fraction equals zero, S,,,, is equal to oy,; therefore, at the boundary
of the hydride precipitation zone, S;; equals a;;.

By elaborating on relations (18) and (19), one may derive the following relation between the size
of the hydride precipitation zone and the concentration of hydrogen far from the crack-tip:

~ ¢—1 CIIQ-IE
Thz = Strace (@) ’ (21)

where S;l.. is the inverse function of the stress trace of the hydrogen-free structure. In o/p alloys a
relation similar to (21) is derived for embrittlement caused by a-phase, in which CH, and CT¥ shall
be replaced by €, and €T3, respectively.

Considering similar arguments, as in the case of non-hydride forming metals, under small-scale
hydrogen embrittlement, under which §;; is given by K-field, taking into account relations (18)-(21),
one may derive the specific to small scale hydrogen embrittlement relation of rp,:

2
Ty = 2(1 +v)? (ﬁ)2 cos? 2 = 2(1 +v)? —1 | cos??. (22)
m Thz 2o ﬁm ln(%) 2

If one pays attention to a part of the hydride precipitation zone, where the hydride volume
fraction is larger than a certain value, 0 < f < 1, then by elaborating on relations (19), (20) and (22),
he derives:

2 2

~ 2 2 K1 @ _ Oh

T'(f, (P) = ;(1 + V) ( EZOhT ) cos® E =Thz " ( Ezzghr > . (23)
Thzt oy Thzt oS

Therefore, any part of the hydride precipitation zone, corresponding to a specific value of
hydride volume fraction, has the same shape as the hydride precipitation zone and size, which
depends on f, according to relation (23).

It is interesting to mention that, under the dominance of K-field in the hydrogen-free material
and small-scale hydrogen embrittlement, the shape of the hydrogen embrittlement zone, which
develops either by hydride precipitation or accumulation of hydrogen in solid solution, is the same,
given by following relation (24) and Figure 1, which are derived based on relations (16), (22) and (23):

RHE(®Q) _ Thz(9) _ v(fip) _ 29
Rus(@) | @ r0) | 05 2 (24)
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Figure 1. Shape of hydrogen embrittlement zone, caused by either hydride precipitation or accumulation of

hydrogen in solid solution, under small-scale hydrogen embrittlement.

Indeed, relations (16) and (23), or (22) (corresponding to f = 0), are identical, if the following
stress trace quantities are correlated/interchanged:

¢ |ccr EZOM EzoMT
2 RT In ( % ><—>ahz+mf~9hr hrRTln( )+1_2vf. (25)

Re

¢l
In (25), 7 RT In (#) is the stress trace ahead of the crack tip, which causes hydrogen in

Re

S
solid solution accumulation up to a critical level for material deterioration. ohrvhr == RT In (c ) is the
Re
hr

. . e (]
constant stress trace in the hydride precipitation zone and =
1-2v

f corresponds to the reduction of

the hydroden-free material stress trace, caused by hydride precipitation. Equivalently, the sum oy, +
EZG"T

o, [ corresponds to the stress trace at the boundary of critical material deterioration, before

hydrlde precipitation.

According to relations (16), (22) and (23), the size of the hydrogen embrittlement zone is linearly
related to energy release rate, G, which equals to (1 — v?)K?/E, under plane strain Mode I loading,
irrespective of hydrogen embrittlement mechanism.

The above observations facilitate the treatment of hydrogen-induced crack growth initiation,
within a structural integrity analysis. A more detailed discussion is given in Section 3, where the
support of experimental measurements is presented.

2.2. Contained Hydrogen Embrittlement

Contained hydrogen embrittlement is defined as the condition of hydrogen embrittlement of a
structure, under which, the deteriorated area ahead of the crack exceeds small scale conditions, i.e. it
is not surrounded by a K-field annulus, and lies within an annulus of HRR-field dominance [20,21].
If Ryr and R; are the size of hydrogen embrittlement area and the inner radius of the annulus of
HRR-field dominance, respectively, then, under contained hydrogen embrittlement, Ryr < R;.

As already discussed, in the case of non-hydride forming alloys, hydrogen in solid solution
affects only negligibly the stress distribution. Therefore, under contained hydrogen embrittlement in
non-hydride forming alloys, the deterioration zone may reach HRR annulus, Ryr < R;, where Ryg
is defined by relation (2). On the other hand, in the case of hydride forming alloys, due to the
significant effect of hydride precipitation on the stress field, the hydride precipitation zone, lies
within HRR-annulus, Ryg =15, < R;. Consequently, in o/p-Ti or Zr alloys, the conditions of
contained hydrogen embrittlement become: rp,, <R; and Rygg < R;, in which rp,, is the
hydride precipitation zone, caused by the precipitation of hydrides in a-phase, and Rygg is defined
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by relation (6). As already mentioned in section 2.1, under crack-growth initiation in o/(3 hydride
forming alloys, caused by hydride precipitation, 7,4, > Rygg, in the case of contained hydrogen
embrittlement too.

Under no hydride precipitation, relations (9) — (15) remain valid. It is emphasized, that due to
plastic dissipation, the number of trap sites in relation (11) depends, generally, on accumulated
effective plastic strain. In contained hydrogen embrittlement analysis, a constant number of traps
could be conservatively assumed, corresponding to the limit at relatively large plastic strains. In
addition, SgL.. of relation (15), which is the inverse function of the stress trace of the hydrogen-free
structure, is derived by the HRR-field. Then, in non-hydride forming alloys, the extent of hydrogen
embrittlement zone satisfies the following relation:

(n+1)

00Skk

J
= 2
RHE 5 CH|CH+T (aaosoln) g ( 6)
TRT In cr
1%

CRe
where g, isequal to the yield stress in tension and &y, (= gy/E), to the respective strain at yielding.
a is a material constant and n, (> 1), is the strain hardening exponent of Ramberg and Osgood [30]
stress-strain relation; in the limit as n — oo, non-hardening behavior is approached. J is J-integral
[22], I, is a dimensionless constant, which depends on loading mode and hardening, and S
provides the angular variation of the stress-trace before hydride precipitation, i.e. of the HRR-field
[12].

Under hydride precipitation, relations (18) — (21) are valid. In (21) the inverse of the stress trace
function corresponds to HRR-field. Then, the boundary of the hydride precipitation zone is provided
by the following relation:

(n+1)
o0Sic) D ] 00Skk J
Ty = = = , (27)
Ohz aopgpln 3x RT 1 Ce aopgply
ghryhr n CIIiI
e

By elaborating on relations (19), (20) and (27), one derives the part of the hydride precipitation
zone, which corresponds to hydride volume fraction larger than a specific value, 0 < f < 1:

) (n+1) (n+1)
o apS, J = g
r(f, @) = (%) (aooSoln) = (ﬁhrf) . =

Thzt 5y 1-2v

According to relation (28), the part of the hydride precipitation zone, with hydride volume
fraction larger or equal to f, has the same shape as the hydride precipitation zone and size which
depends on f, i.e. the size of the hydride precipitation zone multiplied by the (n+1)-power of

ahz/ (ahz + E;Z__GZ’:
behavior tends to elastic, relation (28) tends to (23).

According to relations (26), (27) and (28), the shape of the hydrogen embrittlement zone, shown
in Figure 2, is the same under either hydride precipitation or hydrogen in solid solution. Indeed,

according to relations (26), (27) and (28):

f). It is confirmed that, as the hardening exponent, n, tends to 1 and material

Rue(p) _ rhz(@) _ r(f.9) _ [5kk(<P) (n+1) (29)

Rup(0) ~ (0 T r(f,0) LSk (0)
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<o 20
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Figure 2. Shape of hydrogen embrittlement zone, caused by either hydride precipitation or accumulation of
hydrogen in solid solution, under contained hydrogen embrittlement and various values of material hardening

exponent.

Relations (26) and (28), or (27) (corresponding to f = 0), are identical if the stress-trace
correlation (25) is taken into account.

According to relations (26), (27) and (28), the size of the hydrogen embrittlement zone is linearly
related to J-integral, irrespective of hydrogen embrittlement mechanism.

2.3. Large-Scale Hydrogen Embrittlement

Large scale hydrogen embrittlement is defined as the condition of hydrogen embrittlement of a
structure, under which, the deteriorated area ahead of the crack exceeds small-scale or contained
conditions, i.e. it is not surrounded by K- or HRR-field annulus, even though in the hydrogen-free
structure such an annulus of dominance could exist, depending on yielding conditions. Large scale
hydrogen embrittlement occurs, when the area of material deterioration, either due to hydrogen
accumulation in solid solution or due to hydride precipitation, reaches a size comparable to the
characteristic length of the cracked structure, L. In the case of hydrogen embrittlement of non-
hydride forming alloys, the material has reached the level of lowest ductility, which does not change
with further increase of hydrogen content. On the other hand, in hydride forming alloys, although
hydrides exist everywhere in an area ahead of the crack-tip of size L, parts of the material, where
hydrogen is in solid solution at the terminal solubility limit, is ductile. Therefore, by increasing
hydrogen content and therefore by increasing hydride volume fraction, the energy, required for
initiation of crack growth, may further decrease, until a continuous hydride network is reached [31-
33]. In the following, emphasis is placed on hydride forming alloys.

The objective is to facilitate the understanding / interpretation of experiments on hydride
forming alloys, such as those discussed in Section 3, which have been performed, under large scale
hydrogen embrittlement. Thus, based on this understanding, a methodology of integrity assessment
of structures under large-scale hydrogen embrittlement, could be provided.

Large-scale hydrogen embrittlement of test specimens is treated, by assuming that in the
hydrogen-free specimen, an annulus of either K- or HRR-field dominance existed.

A hypothetical cracked specimen is considered, of characteristic length Lys (Lps > L), and
similar geometry. The size and the hydrogen content of the hypothetical specimen are selected in
order to satisfy the following conditions:
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Tot — ~H  Ln
CTo% = Cft g, 22 (30)
_ . 3x IS\ 3« IS Ly
Ohz = Opshz = WRTITL (m) = WRTIYL (m * T) ’ (31)

where €T is the average total hydrogen concentration of the actual specimen, under consideration,
which includes hydrogen in solid solution and in hydrides. C . is the hydrogen concentration in
interstitial lattice sites at a reference particle of the hypothetical specimen, far from the crack tip. oy,
is the hydride precipitation zone stress trace of the actual specimen. @y, is the stress trace in the
hydride precipitation zone of the hypothetical specimen. The size of the hypothetical specimen is
such that, in the reference particle, hydrogen is only in solid solution. The load considered to be
applied in the hypothetical specimen is such that the stress intensity factor or J-integral in the
hypothetical specimen is equal to that applied in the actual specimen. In the case of a/p-phase hydride
forming alloys, Cjsg, and €IS correspond to a-phase. Boldly stating, a hypothetical specimen is
considered, under small-scale or contained hydrogen embrittlement, with the same near-tip stress
intensity and total hydrogen content, in order to develop the same near-tip material deterioration, as
in the actual specimen.

In both specimens, the area of hydride volume fraction, larger or equal to f, is given by the
following relation, when K-field is dominant in the hydrogen-free material:

2

~2 2 Ky 29
r(f @) =24V |— (G | (32)
ghryhr cTot L 1-2v
or, when HRR-field is dominant in the hydrogen-free material:
(n+1)
~ 905Kk J 33
r(f,9) = 3o n<CLTS_L£) EZB’”’f (aagaoln) ) (33)
ghryhr cTot L 1-2v

It is implied that the part of the hydride precipitation zone, under consideration, is significantly
smaller than the characteristic lengths of the specimens, r(f, ¢) < L. Relations (32) and (33) were
derived, by taking into account, that, according to relation (18) and (20), the same value of stress trace
in the hydride precipitation zone and the same value K; or J lead to the same distributions of stress
and hydride volume fraction, ahead of the crack-tip in the hydride precipitation zone. Then the left
parts of relations (23) or (28) can be employed, in which o}, is given by relation (31).

In the following Section 3, the relations of the extent of the area of material deterioration under
small-scale, contained or large-scale hydrogen embrittlement (i.e. relations (16), (22-23), (26-28), (32-
33)), are used for the development of fracture criteria and the interpretation of fracture measurements
of several hydride or non-hydride forming alloys, including two-phase a/p hydride-forming alloys.

3. Results and Discussion

According to tensile tests of specimens, either hydrogenated and loaded in an inert atmosphere
or loaded in a hydrogen atmosphere, the ductility of non-hydride forming hydrogen susceptible
alloys, such as steel and nickel alloys, is significantly reduced (e.g. [34-38]). According to these
experiments, material ductility reaches a minimum with the increase of hydrogen pressure or,
equivalently, hydrogen concentration.

Consider a cracked structure, made of a non-hydride forming alloy, under loading. Based on the
experimental evidence, it is assumed that, crack growth initiation requires total hydrogen
concentration, in interstitial lattice sites and reversible traps, reaching a critical level at a critical
distance from the tip, which is of the order of grain size:

Cl+CT =CHYT, r =1,y . (34)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202602.1231.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 February 2026 d0i:10.20944/preprints202602.1231.v1

12 of 20

Furthermore, under small-scale hydrogen embrittlement, crack growth initiation occurs when
the threshold stress intensity factor, Ky, is reached. Then by substituting relation (34) into (16), one

H
~ |TTerit , 1 i ¢ |C£Ir+T
Ky = [ere. L. 2Ry ln( s ) (35)

According to relation (35), the threshold stress intensity factor depends on hydrogen content. If

derives:

crack growth initiation tests are performed with two specimens, containing two different
concentrations of hydrogen, Cf{el and Cf{ez, two different values of threshold are expected to be
measured, Ky, and K,y,. By manipulating relation (35), a linear relation between the two different
values of hydrogen concentrations and thresholds is found:

KinpKiHs o 1 (CRZEZ) , (36)

EVI Req

where [ is related to grain size.

Liner relation (36) has been confirmed experimentally. Figures 3 to 5 present experimental
results measured on nickel-based and (-Ti alloys, where crack growth initiation is caused by
hydrogen embrittlement without hydride precipitation. A measure of the deviation of the
experimental measurements from linearity is given by the coefficient of determination R?, of least
square regression. In all cases R? approaches unity, thus verifying linearity.

H
CRez
In T
CRel
o
og 10 12 14 16 18
20,01 -
1 % y =-0,0222x + 0,0062
T R? =0,9847
Ky = Ky )
EV1 ]
-0,03 -
IN718
-0,04

Figure 3. Variation of threshold stress intensity factor with specimen hydrogen content in the case of IN718. The
experimental measurements have been performed by Hicks and Altstetter [39] on single edge notched tensile
specimens. Young’'s modulus, E, is taken equal to 199,9 GPa, at room temperature, according to data of the
manufacturer [40]. The grain size is equal to 30 pum, measured by Hicks and Altstetter [39]. The ratios of average
hydrogen concentration, given in the experimental studies, is taken equal to the ratios of C{,, considering small

occupancy of interstitial and trap sites far from the crack-tip.
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Figure 4. Variation of threshold stress intensity factor with specimen hydrogen content in the case of IN625. The
experimental measurements have been performed by Hicks and Altstetter [39] on single edge notched tensile
specimens. Young’s modulus, E, is taken equal to 207,5 GPa, at room temperature, according to data of the
manufacturer [41]. The grain size is equal to 11 um, measured by Hicks and Altstetter [39]. The ratios of average
hydrogen concentration, given in the experimental studies, is taken equal to the ratios of Ck,, considering small

occupancy of interstitial and trap sites far from the crack-tip.

H
CRez
In CH
Re]_
0,02 T
15 25 30 35 40
-0,03 1
] y =-0,0255x + 0,0232
] R2=0,9472
0,04 1
Kin, — Kin, ]
EV1 -0,05
-0,06 1
Ti-30Mo
0,07 1

Figure 5. Variation of threshold stress intensity factor with specimen hydrogen content in the case of Ti-30Mo.
The experimental measurements are given by Katz et al. [42]. Young’s modulus, E, is taken equal to 100 GPa
[43,44]. The grain size is taken equal to 100 um [43,45]. The ratios of average hydrogen concentration, given in
the experimental studies, is taken equal to the ratios of C,, considering small occupancy of interstitial and trap

sites far from the crack-tip.

Under contained yielding, the fracture criterion (34) together with relation (26), leads to a
relation for the threshold value of J-integral:

]H = aaogolnrcrit (37)

The threshold value of J-integral also depends on hydrogen content. Then, by performing crack
growth initiation tests with two different concentrations of hydrogen, C%, ,and C gez, two different
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values of threshold are expected to be measured, Jy, and Jy,. In this case, relation (37) leads to the

following:

1 L H
(LT — (22)™7 o (zz,i) . (38)

If a specimen or a structure is exposed to a hydrogen pressure, p, then in (36) and (38), CH, can
be replaced by p, taking into account Sievert’s law. In case of relatively high hydrogen pressures, at
which the behavior of the gas is not ideal, C§, can be replaced by hydrogen fugacity, F (e.g [46,47]).
A linear relation between the threshold stress intensity factor and the logarithm of the square-root of
hydrogen pressure has been proposed in the past and applied to X45 and X80 steels [48,49] with no
consideration of plastic-yielding.

Relation (38) has been confirmed experimentally. Figures 6 and 7 present experimental

measurements performed on steels.
P2
In (—
P1

0,000 ————————F—+—+—+—+—7+—+—+——
015 1,5 2,5 35
1 x
-0,005 4
1 1 y =-0,0051x - 0,0028
(]Hz)n_-l-l (]Hl)n_-l-l -0,010 1 R2=0,8285
0'01 0'01 ]
-0,015 1
] X
] x80
-0,020

Figure 6. Variation of J-integral at crack growth initiation with hydrogen pressure, applied on CT specimens, in
the case of X80 [49]. Young’s modulus, E, Poisson’s ratio, v, initial yield stress, &, ultimate tensile strength,
hardening exponent, n, and grain size, I, are taken equal to 210 GPa, 0,3, 660 MPa, 724 MPa, 90 and 2,21 um,
respectively. Yield stress, ultimate tensile strength and grain size are given by Wei et al. [49] and used to calculate

the hardening exponent, based on API 5L elongation at fracture [50].

-0,010 ——T —— T
05 1,0 15 2,0 2|5
-0,015 - A516 Gr.70
1 1 ]
(]ﬂ)n+1 (]H_l)n+1 -0,020 -
O'ol O'ol )l
0,025 7 y =-0,0098x - 0,0046
] R? = 0,9983
-0,030 -

Figure 7. Variation of J-integral at crack growth initiation with hydrogen fugacity, in the case of A516 Gr.70 [51].
Young’s modulus, E, Poisson’s ratio, v, initial yield stress, @, ultimate tensile strength, elongation at fracture,
hardening exponent, n, and grain size, I, are taken equal to 210 GPa, 0,3, 375 MPa, 535 MPa, 0,17, 26 and 35 um,
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respectively. Yield stress, ultimate tensile strength, elongation at fracture and grain size are given by Somerday
[51] and used to calculate the hardening exponent. Hydrogen fugacity was calculated, based on hydrogen

pressures, given by Somerday [51] and the constitutive relation given by San Marchi et al [47]. .

In hydride forming alloys, crack growth initiation is caused by the fracture of the brittle
hydrides. Tensile tests of smooth specimens have shown that ductile-brittle transition occurs and a
minimum ductility is reached when a continuous hydride network develops, at sufficient hydrogen
content and therefore hydride volume fraction, which depends on microstructure [31-33]. Ahead of
cracks, the embrittlement may occur by the precipitation of either clusters of hydrides (e.g. [17,52])
or single hydrides (e.g. [53]), which is caused by stress-induced attraction of hydrogen in the near-tip
area. When clusters of hydrides develop, striations are present on the fracture surface of delayed
hydride cracking, the distance of which corresponds to the size of the cluster. In a/p-phase alloys,
hydrides precipitate at the boundaries between a- and -phase grains [54]. In all cases, a critical
hydride volume fraction is required, which depends on microstructure. Therefore, crack growth
initiation requires the satisfaction of the following criterion:

f=Jferr T =Terit - 39)

Terie 15 related to the failure mechanisms, corresponding either to a cluster of hydrides, a
sequence of hydrides along a/p-grain boundaries or a single hydride and therefore also related to
grain size.

In addition, under small-scale or contained hydrogen embrittlement, crack growth initiation
occurs when the threshold stress intensity factor, Ky, or the threshold J-integral value, Jy, is
reached. Then by substituting relation (39) into (23) or (28), or equivalently by considering the
correlation (25) and relations (35) and (37), one derives:

T i 1 3x cIs EzohT
Ky = crit . . —— RT In (=% | + — 40
IH 2 1+v |@hryhr CIIZ.Ie + 1-2v ﬁ:r 7 ( )

(n+1)

TS hr
3x Ce EZO
——RT ln(c§12>+ T2 fer

(1)

According to relations (40) and (41), a wide range of thresholds can be achieved, under small-
scale and contained hydrogen embrittlement conditions. In the case of large-scale hydrogen
embrittlement, when K- or HRR-field is dominant before hydride precipitation, €%5/CH, shall be
replaced by (€75 - L,,)/(C™* - L), according to relation (31).

By considering two levels of average hydrogen contents, i.e. two values of Cg,, Cge, and Cg,,,
which correspond to two levels of hydride precipitations zone stress trace, op,, and 6p,,, two
threshold values for crack growth initiation are derived, i.e. Ky, and K;y, under small scale
hydrogen embrittlement, according to relation (40), and Jy, and Jy, under contained hydrogen
embrittlement, according to relation (41). Then, by elaboration on (40), one may show that, AK;y (=
Ky, — Kin, ), appropriately normalized, is proportional to Aoy, (= 6y,, — 0y;,) . Similarly, by

1
elaboration on (41), one may show that, ({‘"T;)"“ - ({‘"Ti)"“ is proportional to ahl%:"”, where 1 isa
length related to failure mechanisms, hydride length and grain size. Furthermore, relations (36) and
(38) are proven valid, under hydride-induced crack growth. A linear relation between the threshold
stress intensity factor and the stress trace of the hydride precipitation zone, by considering the whole
extent of the hydride precipitation zone, has been also presented in steady crack growth studies,
under small-scale yielding [55].

Figures 8 and 9 present experimental confirmation of the validity of relations (36) and (38) in
hydride forming alloys; all experimental data correspond to measurements on specimens, under
large-scale hydrogen embrittlement.
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Figure 8. Variation of threshold stress intensity factor with specimen hydrogen content in the case of Ti6Al4V.
Young’'s modulus, E, is taken equal to 113,28 GPa, at room temperature, based on data provided by Senkov et
al [56]. 1 isequal to the grain size (20 um [57]), related to hydride size and 7. (a) Experimental measurements
performed by Gu and Hardie [57], on compact tension specimens. (b) Experimental measurements performed
by Hardie and Quyang [58], on compact tension specimens. The experimental data correspond to the hydrogen
embrittlement sub-critical crack growth regime, above about 100 ppm of hydrogen [57,58]. .
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Figure 9. Variation of J-integral at crack growth initiation with hydrogen content in single edge-notched three
point bending specimens, in the case of Zircaloy-4 [59]. [ is equal to hydride size. Young’s modulus, E, initial
yield stress, 0, ultimate tensile strength, elongation at fracture, hardening exponent, n, and hydride size, I,
are taken equal to 94,6 GPa, 365 MPa, 522 MPa, 27,8 %, 25 and 100 pum, respectively. Young’s modulus is given
in [60]. The hardening exponent is calculated based on yield stress, ultimate tensile stress and elongation at
fracture, given by Bertolino et al. [59].

All experimental measurements, discussed above, for both non-hydride forming and hydride
forming alloys, confirm the general analysis of Section 2, related to small-scale, contained and large-
scale hydrogen embrittlement and the failure analysis of the present section.

Consider a structure with an initial crack, of characteristic length L, in the presence of hydrogen,
introduced either during manufacturing or operation, including the exposure of part of its surface to
hydrogen gas. The stress distribution in the hydrogen-free structure is given by §;;, which is derived
either analytically or numerically (e.g. by FEM). Under the present analysis, it has to be confirmed
that, in the hydrogen-free structure, around the initial crack, there is an annulus of K- or HRR-field
dominance, which develops due to mechanical loading alone. Emphasis is placed on the most
detrimental mode-I loading. Therefore, K; or J, applied on the structure, are derived. Given the

CTot

average total hydrogen concentration of the structure, , any modification of the stress field, in
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the case of hydride forming alloys, and the distribution of hydrogen are derived, according to the

analysis of Section 2, based on CEFM. If the structure is under small-scale or contained hydrogen

CTot

emrittlement, includes only hydrogen in solid solution in interstitial lattice sites and reversible

traps. In this case, if €T

lab-specimen, CH;T, subjected also to small-scale or contained hydrogen embrittlement, then
satisfaction of the condition K; > K,y (Ch3T) or J = J;4(CHIT) implies that relation (34) or (39) is

also satisfied; K;y and J;y are the threshold measurements, performed in the lab. Consequently,

is equal to or larger than the average total hydrogen concentration in the

crack growth initiation in the structure under evaluation occurs. If the structure under evaluation,
made of a hydride forming alloy, is under large-scale hydrogen embrittlement and/or the
measurements of the lab specimen, have been taken under large-scale hydrogen embrittlement too,
then K; or J shall be compared to K;y(C™ -L/Ly,) or Jy(CT°-L/Ly,;), where Ly, is the
characteristic length of the lab specimen. Thus, in all cases of large-scale hydrogen embrittlement,
considered previously, the evaluation is based on the hydrogen content in the structure, over an area
of size L, being equal to or larger than the hydrogen content in the lab-specimen, over an area of size
Ly4p. Detailed analysis, besides K;y and J;y (as functions of hydrogen content), derived by standard
experiments (either in hydrogen atmosphere or of hydrogenated specimens) and typical mechanical
properties of elastic and elastic-plastic deformation, such as elastic moduli, yield stress and hardening
exponent, requires the knowledge of hydrogen related properties, such as hydrogen terminal solid
solubility and Sievert’s law parameters. If hydrogen trapping is taken into account, hydrogen trap
binding energy and trap concentration are also required.

When, in the hydrogen free structure, there is no annulus of K- or HRR-dominance, as in the
case K-T or J-Q dominance of Constraint-Based Fracture Mechanics, the area of hydrogen-induced
material deterioration is affected [11,12]. In this case, additional experimental work, together with
analysis, is required, which is beyond the scope of the present study.

4. Conclusions

The present study focuses on hydrogen-induced crack growth initiation in metals, under
constant temperature and hydrogen chemical equilibrium. Chemical Equilibrium Fracture
Mechanics (CEFM) is employed, which is a multidisciplinary approach, based on the assumption of
material deterioration under chemical equilibrium. Under CEFM, the coupling of the operating
mechanisms of material deformation, hydrogen diffusion and hydride precipitation is taken into
account.

The conditions of small-scale, contained and large-scale hydrogen embrittlement are introduced.
Under these conditions, the area of material deterioration is derived analytically, together with the
distributions of stresses and hydrogen concentration, including hydride volume fraction of hydride
forming alloys. The presence of hydrogen in reversible traps is taken into account. Two phase, o/f3 Ti
and Zr, alloys are also treated.

It is shown, that the shape of the areas of material deterioration is the same in both hydride and
non-hydride forming alloys and depends on material’s hardening exponent. This feature is revealed,
when the stress trace, which attracts hydrogen in non-hydride forming alloys, is correlated to the
constant stress trace of the hydride precipitation zone in hydride forming alloys. The size of the area
of material deterioration increases linearly with energy release rate or J-integral, under K- or HRR-
field dominance, respectively, of the initial hydrogen-free structure. The size of the area of material
deterioration also increases with the average hydrogen content, which is absorbed during
manufacturing and operation.

Failure criteria of non-hydride-forming and hydride-forming alloys are introduced, which are
based on a critical hydrogen content over a critical area ahead of the crack tip, dependent on alloy
microstructure. Based on these criteria, it is shown that the threshold stress intensity factor or the
1/(n + 1)-power of the threshold value of J-integral, for hydrogen-induced crack growth initiation,
depend linearly on the logarithm of average hydrogen concentration, where n is material hardening
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exponent. This linear relation is confirmed by independent experimental measurements on several
non-hydride and hydride forming alloys, including /B Ti6Al4V, published in the literature.

Based on the present study, integrity assessments of metallic structures / equipment in a
hydrogen environment under steady-state operation, can be performed analytically, without relying
on complicated coupled numerical analysis of material deformation, hydrogen diffusion and hydride
precipitation.
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