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Abstract

The mechanisms of hydrogen related fracture are briefly outlined. Previous
investigations on the physics and treatment of the hydrogen transport processes are
reviewed. A hydrogen diffusion model based on the interaction of hydrogen
induced strain in the lattice with local material elastoplasticity is presented. Finite
element studied were carried out to analyze the hydrogen distribution in the
neighborhood of a blunting crack tip under small scale yielding conditions and in
the neighborhood of a rounded notch in a 4-point bend specimen. The calculated
hydrogen concentration profiles and experimental observations of embrittlement in
high strength steels are used to make evaluative statements on the occurrence of the

first microcracking event.

1. INTRODUCTION

Hydrogen embrittlement is a severe environmental type of failure [1-9].
When hydrogen is present, materials fail at load levels that are very low compared
with those that a hydrogen free material can sustain. The result is usually
catastrophic fracture which occurs unexpectedly, sometimes after many years of
service [10]. Embrittlement can occur due to hydrogen contained in a pressure

vessel or arising from chemical reactions.

Despite extensive study, the mechanism(s) of hydrogen embrittlement has
remained unclear. Several candidate mechanisms have evolved, each of which is
supported by sets of experimental observations and strong personal views. One
reasonable certain aspect of this controversy is that there are several viable
mechanisms of hydrogen related failure and that the search for a single mechanism

to explain all observations is doomed to failure [1, 8, 11]. Of the many suggestions,



three mechanisms appear to be viable; stress induced hydride formation and
cleavage [12-18], hydrogen enhanced localized plasticity [1, 8, 19-25], and hydrogen
induced decohesion [26-32]. The first of these has been definitively established to be
operative in systems in which hydrides are either stable, or can be stabilized by the
application of a stress field, e.g. Group Vb metals [14, 33-35], Ti [16, 36], and, Zx [37].
This "second phase" mechanism is supported by microscopic observations [38] and
thermodynamic calculations [13, 39]. In these hydride forming systems it has been
shown [16] that under conditions in which the hydride cannot form, hydrogen
"embrittlement” will occur by the second mechanism named above, hydrogen
enhanced localized plasticity. The hydrogen enhanced localized plasticity
mechanism is based on observations that in a range of temperatures and strain rates,
the presence of hydrogen in solid solution decreases the barriers to dislocation
motion, thereby increasing the amount of deformation that occurs in a localized
region adjacent to the fracture surface [40-46]. The fracture process is a highly
localized plastic failure process rather than an embrittlement. This counterintuitive
process says that the macroscopic ductility is limited by the onset of extensive
localized plasticity and is supported by microscopic observations. The third viable
mechanism is the hydrogen related decohesion mechanism in which the atomic
bonding at the crack tip is weakened by the presence of hydrogen in solid solution
[26-32]. This mechanism is supported primarily by the observations that in some
non-hydride forming systems,‘ hydrogen embrittlement appears to occur in the
absence of significant local deformation, by theoretical calculations of the effect of

hydrogen on the atomic potentials [47] and by a thermodynamic argument [48-49].

A very important aspect of hydrogen embrittlement is that there exists a
transport stage [7] of hydrogen to the sites where degradation occur. The ductility
minimum versus temperature [5] (at low temperatures hydrogen diffusion slows

whereas at high temperatures, stress levels and thermodynamics do not allow for



critical hydrogen concentrations to be achieved), the increase in ductility with
increased strain rate (hydrogen cannot diffuse effectively), the incubation period,
and the critical hydrogen concentration build-up before fracture are all important
features that reflect transport kinetics [1] rather than mechanisms of failure.
Therefore, the analysis of the hydrogen transport processes should precede any

attempt to address the issue of hydrogen embrittlement related failures [2].

The purpose of this work is to review the progress to date in analyzing the
material mechanical behavior at a crack tip [50-52] or a rounded notch [53] with that
of hydrogen diffusion. An effort is made to address the role of significant
parameters according to experimental findings, e.g. hydrostatic stress, plastic strain,
and hydrogen concentration. Hydrogen concentrations predicted in conjunction
with a continuum plasticity viewpoint are then used to correlate experimental
observations on crack initiation. In the interest of clarity and economy, the systems
that are investigated either do not form hydrides (steels, Fe and Ni) oz, if they form -
hydrides as is the case of niobium, the initial concentration of hydrogen is chosen
small enough so that no hydride precipitation is favored under the given loading
and temperature conditions. A detailed presentation of the micromechanical
treatment of hydrogen transport and diffusion in the presence of hydride formation

can be found in the recent work of Lufrano et al. [17, 18].

2. PHYSICS AND ANALYSIS OF HYDROGEN TRANSPORT

The interaction [54-58] between solute hydrogen atoms and an applied stress
field results from the hydrogen induced volume [59] and local moduli changes [60,
61] that accompany the introduction of the solute hydrogen in the lattice [26, 62]. In
regions of tensile hydrostatic stress and softened elastic moduli [25], interstitial

hydrogen has a lower chemical potential [63, 64]. As a consequence, diffusion



through normal interstitial lattice sites (NILS) is generated toward these regions
tending to eliminate the gradients of the chemical potential. Regions with
compressive hydrostatic stress or hardened elastic moduli are depleted [25]. This
discussion pertains to situations of hydrogen transport through normal interstitial
lattice site diffusion. Hydrogen transport by dislocations moving toward the crack
tip may also be important [65]. However, this is an unresolved issue as of yet, since
there magr be dislocations from internal sources that move away from the tip, thus
canceling the effect of those dislocations moving toWard the tip. In general though,

recent experimental observations do not support the dislocation transport model

[66, 67].

Transported hydrogen through NILS diffusion can accumulate at various
microstructural heterogeneities such as dislocations, grain boundaries, inclusions,
voids, surfaces and impurity atoms described as traps [68-70]. It has been established
that trapping is very important part of hydrogen embrittlement and its significance
lies behind the embrittling mechanisms [7, 70-77]. However, characterization of the
trap type, density, (the number per unit volume), binding energy and occupancy is a
difficult problem and much research has been carried out in this diréction [75, 78,
79].  Oriani [80] analyzing experimental data for annealed iron concluded that
interfaces and microcracks were involved in trapping. Kumnick and Johnson [79]
estimated a trap density of 2.77x10* traps/m> in iron at deformation levels by
rolling of 40% and concluded that this density is not likely to be associated with long
range elastic stress fields of dislocations. In a later work, Kumnick and Johnson [81]
calculated the trap binding energy in pure iron equal to 60kJ/mole independent of
temperature and amount of plastic deformation. Their measured trap densities
ranged from 10% traps/m® for annealed iron to 10% for heavily deformed iron
which were approximately two orders of magnitude smaller than the trap densities

at dislocations. Hence, Kumnick and Johnson [81] concluded that traps were



associated with the imperfection structure, dislocations and point defect aggregates
or dislocation debris. Commenting on the results of Kumnick and Johnson [81],
Johnson and Lin [82] explained that indeed a high binding energy and a low trapping
density calculated by Kumnick and Johnson [81] provide the best fit of the analytical
results. Later Hirth [7] pointed out that a binding energy value of the order of
60kJ/mole could well correspond to trap sites of the standard mixed or screw

dislocation cores.

Studying hydrogen transport in the alloy X-750, Lufrano et al. [53] considered
that the hydrogen trap sites are associated with dislocations in the deforming metal
[83, 84]. Assuming one trap site per atomic plane threaded by a dislocation [83, 85,

86], one finds that the trap site density in traps per cubic meter is given by

Nr=+2p/a, (1)

where p is the dislocation density and a is the lattice parameter. This assumption is
consistent with the experimental work of Thomas [83] in which the best fit to the |
experimental data was obtained with a trapping radius of only 1 to 2 atomic spacings.
Equation (1) can be used to determine the trap site density once the dislocation
density is known as a function of a measure of the plastic deformation, e.g., the
equivalent plastic strain € [53]. On the other hand, if one considers that hydrogen
is trapped at the octahedral sites on the interface of the y” precipitates [87], a density
of 6.0x10% sites per cubic meter and a binding energy of 15.1 kJ/mole are calculated.
However, it should be pointed out that a value of 31 kJ/mole for the trapping

binding energy has also been reported in the literature for the alloy X-750 [88].

Neglecting trapping at microstructural defects, Van Leeuwen [89] and
Hippsley and Briant [90] calculated the solute hydrogen distribution at a crack tip in
an isotropic linearly elastic solid under non-steady state conditions of hydrogen

transport. Similar calculations of hydrogen atmospheres at a crack tip in



equilibrium with local stresses were done by Liu [91] in an isotropic linearly elastic
material and by Tong-Yi et al. [92, 93] in single crystals of elastically anisotropic iron.
One dimensional hydrogen transport at a crack tip and the associated crack
propagation in an elastic material was studied by Unger [94]. Calculations on NILS
populations at a crack tip in equilibrium with local stress were recently carried out
by Lufrano and Sofronis [95] in the absence of trapping. In this work the effects of
hydrogen induced volume change and modulus softening on the standard crack tip

singular elastic solution were investigated.

The effect of trapping on hydrogen transport was first formally modeled by
McNabb and Foster [96]. Their analysis is based on probabilistic considerations and
places no constraint on the trapping mechanism thus being of very general
applicability. However this feature constitutes a source of indefiniteness because the
parameters are difficult to measure. Another approach on modeling the trapping
effect is that taken by Oriani [80]. Oriani assumed that hydrogen can reside in the
interior of the materials either at normal interstitial lattice sites or at lattice
imperfections-trapping sites. Then he postulated that at any stage of hydrogen
diffusion, the hydrogen populations in reversible traps [7, 70, 74-76, 78, 97], and those
in NILS are in local equilibrium. This equilibrium argument is realistic when the
lattice diffusion relaxation times are relatively long compared to the time required
to replenish or deplete the traps. Oriani concluded that at temperatures around
300K all systems of interest meet the condition for equilibrium because their binding
energies are less than a critical binding energy which he identified to be 67k]J/mole.
Pressouyre and Bernstein [98] deployed trapping analysis to study hydrogen induced
cracking in iron titanium alloys and computed hydrogen populations based on
Oriani's theory. It is worth mentioning that most of the numerical solutions to the
hydrogen diffusion equation accounting for trapping [99-104] are based on the

McNabb and Foster formalism [96], and they do not account for the interactions



between hydrogen concentration, plastic straining and stress. However, notable

exceptions are the work of Ellebrock et al. [105] and Allen-Booth et al. [106].

Coupling of nonlinear diffusion phenomena with elastoplastic deformation
was first attempted by Kitagawa and Kojima [107]. Sofronis and McMeeking [108]
analyzed transient diffusion of hydrogen and hydrogen trapping at microstructural
defects in iron and steel in the area around a blunting crack tip. The diffusion
model accounted for drift due to hydrostatic stress and trapping generated by plastic
deformation. Modeling the interaction of hydrogen with local elastoplasticity at
cracked and rounded— notched geometries, Lufrano and Sofronis [52] extended the
model of Sofronis and McMeeking by including the effect of hydrogen induced
dilatation on the material constitutive law. In systems with large hydrogen
solubility (e.g. niobium), the dilatational effect of hydrogen becomes important at
high hydrogen concentrations as it affects both the sfress relaxation and the
diffusion paths. Krom [109] modified the model of Sofronis and McMeeking by
introducing in the diffusion equation a strain rate factor to accurately account for the
hydrogen balance in NILS and trapping sites. This strain rate factor is particularly
important in transient calculations of hydrogen at high strain rates. Sun et al. [110]
found experimentally that the distribution of dissolved hydrogen ahead of a crack
tip in a nickel single crystal under load exhibited two peaks that were correlated with

the maxima in the plastic strain and the hydrostatic stress.

3. AHYDROGEN TRANSPORT MODEL IN A SOLID STRAINED
ELASTOPLASTICALLY

Following Johnson and Lin [82] and Sofronis and McMeeking [108], one can
assume that hydrogen resides either at normal interstitial sites or reversible

trapping sites generated by plastic deformation. The two populations are always in



equilibrium according to Oriani's theory [80], such that

or _ 0
1-0; 1-6,

2)

where 0; denotes the occupancy of the NILS, 6, denotes the occupancy of the
trapping sites,

K = exp(Wp/RT) : (3)
represents the equilibrium constant, W, is the trap binding energy, R is the gas

constant equal to 8.31] mole™ K™ and T is the absolute temperature. The hydrogen

concentration per unit volume in trapping sites, Cr, can be phrased as

CT = GT(XN T, (4)
where o denotes the number of sites per trap and Ny, which is a function of the
local effective plastic strain, i.e., Ny = NT(SP ), denotes the trap density measured in

number of traps per unit volume. The hydrogen concentration in NILS, C;, can be

stated as
Cp =8N, (5)

where [ denotes the number of NILS per solvent atom and N; denotes the number

of solvent lattice atoms per unit lattice volume. If the available number of trapping
sites per unit volume, oNy, is small compared with the available NILS per unit

volume, BN;, then
Ny =Nu/Vu, (6)
where N, =6.0232x10% atoms per mole is Avogadro's number and V), is the

molar volume of the host lattice measured in units of volume per lattice mole.

Hydrogen conservation in any arbitrary material volume combined with Egs.
(2) through (5) yields the governing equation for transient hydrogen diffusion
accounting for trapping and hydrostatic drift as [82, 108, 109]
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where () =0d( )/dx,, d/dt is the time derivative, D is the hydrogen diffusion

constant through NILS, D, is an effective diffusion constant given by
Deﬁ‘ = D/(1 + aCT/aCL), (8)

Vy is the partial molar volume of hydrogen in solid solution, o, is the Cauchy
stress, and the standard summation convention over the range is implied for a
repeated index. The last term in the right hand side of Eq. (7) is the strain rate factor
of Krom [109]. It is implicit in the Oriani's model that trap filling kinetics is very
rapid. Consequently the effective diffusion constant is less than the normal NILS
diffusion constant as long as the traps are not saturated or as plastic straining
continues and new traps are created. Another important observation is that NILS
hydrogen populations can achieve equilibrium with local stress only when plastic
straining terminates and new traps are no longer created. Clearly, Eq. (7)
demonstrates that the calculation of the hydrogen distribution within a solid is

coupled to the fields of the hydrostatic stress and effective plastic strain.

4. ELASTOPLASTIC DEFORMATION IN THE PRESENCE OF HYDROGEN

The hydrogen effect on dislocation behavior [25, 40] is ignored and the flow
stress is assumed independent of hydrogen concentration. However, the hydrogen
induced lattice deformation is modeled through the dilatational distortion that
accompanies the introduction of the hydrogen solutes into the lattice. Thus, the
material is considered to harden isotropically under plastic straining, and flow
according to von-Mises J, flow theory. In the case of finite deformations, the

associated flow law is given by the classical Prandtl-Reuss equations [111]
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appropriately modified to account for the hydrogen induced dilatational strain:

v 3 10kl
Gij = 2G| 838 + ——— 1 8 Ok — 2—71-1]———2 (Dkl “Dltd) ©)
—+1
(3@ " )
for plastic loading and
2G(61k6ﬂ +5-8, ak,)(Dk, - Dy (10)

for elastic loading or any unloading, where D; is the deformation rate tensor and
equals the symmetric part of the velocity gradient in spatial coordinates, §, is the

Kronecker delta, the superposed V denotes the Jaumann or corrotational stress rate

(which exhibits proper material invariance for rigid spin), ¢ j = Cij —Oxd;; /3 is the
deviatoric stress, o =3070}/2 is the equivalent stress, G and v are the shear
modulus and Poisson's ratio respectively, and h=dc,/de? is the slope of the

uniaxial Cauchy stress versus logarithmic plastic strain, €’. In multiaxial

deformation €” is defined as &’ =j 2D!'D! [3dt, where the deformation rate is
expressed as D; = D} + Dj + D with Dj denoting the elastic part, D! the plastic part,
and D] the part due to lattice straining by the solute hydrogen. The hydrogen
induced deformation rate D} is purely dilatational [59] and, in the context of the

large strain formulation, is phrased as

D} = ;t {m[n(c—"a%)éf}}sﬁ, (11)

where ¢ is total hydrogen concentration (in NILS and trapping sites) measured in
hydrogen atoms per solvent atom, ¢, is the initial hydrogen concentration in the
absence of any straining, Av is the volume change per atom of hydrogen introduced
into solution that is directly related to the partial molar volume of hydrogen

Vy =AvN, in solution, and Q is the mean atomic volume of the host metal atom.

Note that for small changes of concentration, Equation (11) yields the infinitesimal
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strain rate as €} = (¢Av/3Q)3,, where ¢ is the time rate of change of concentration.

Lufrano et al. [18] demonstrated that in high solubility systems (e.g. niobium)
and at relatively high initial concentrations (e.g. 0.3 atoms of hydrogen per metal
atom), the stress induced enhancement in the local hydrogen concentration is large
enough to cause stress relaxation in front of a crack tip by as much as 20%. They
concluded that the hydrogen induced dilatation strain has no effect on the material
constitutive only when the initial hydrogen concentration is small, that is,

approximately less than 0.01 hydrogen atoms per metal atom.

The governing equations for rate equilibrium accounting for changes of the

deformed volume of the material are cited by McMeeking and Rice [111] as

| (cvs,-j+ Dkkci].)su,jdv - [40,8(2D,D,, = v, v, ,)aV = [Tdvds+ [bvav ~ (12)
v S 14

vV

where V is the volume of the material in the current configuration bounded by the
surface S, T is the traction which is specified on the part S, of the surface where -
tractions are prescribed, b, is the body force per unit volume in the reference
configuration, v, is the velocity, and 8 indicates an arbitrary virtual variation of the
quantity it precedes. Note that both 7, and b, are nominal rates of change [111]. Any

virtual variation of the velocity is constrained to vanish on the part S-S, of the

surface where velocities are prescribed.

It is evident from Egs. (7-12) that the hydrogen diffusion initial boundary
value problem and the elastic-plastic boundary problem are fully coupled.
Therefore the problem of calculating the velocity field and the local distribution of
hydrogen is coupled in a non-linear sense and the solution procedure involves
iteration [25, 52, 53, 108]. The finite element procedures for the solution of the
coupled problems are outlined in the work by Sofronis and McMeeking [108],

Lufrano et al. [53] and Krom [109]. The formulation of Govindarajan and Aravas
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[112] for large strain plasticity was adopted to ensure zero lattice strain during large
rigid body rotation. Incompressibility of the plastic deformation was enforced by the

method of Nagtegaal et al. [113].

5. NUMERICAL RESULTS

In this section solutions to the initial boundary value problem of transient
hydrogen diffusion coupled with material elastoplasticity are presented: (a) in the
neighborhood of a blunting crack tip under small scale yielding conditions; and (b)
in a four-point rounded-notch bend specimen. In both cases plane strain conditions
were assumed and the system's temperature was 300K. The materials used in the
simulations were impure iron/low strength steel, high strength steel, and niobium
as these systems suffer from embrittlement at room temperature and experimental

data are readily available [7, 51, 59, 60, 108].

Environmentai embrittlement conditions were simulated by assuming that

the specimen is under a uniform initial NILS hydrogen concentration, C; =C,. The
trapping site concentrations Cr follow from the NILS populations through Eq. (2).
The crack or notch free surface was assumed "open" to allow equilibration with the
hydrogen gas, and therefore a constant concentration boundary condition , C; =C,,
was enforced on the boundary of the domain at all times. In the case of internal

embrittlement, at time zero hydrogen is in NILS and trapping sites, the two

populations C; =Cy and Ct being in equilibrium as Eq. (2) dictates. All external
surfaces including those of the crack or the notch were assumed to be insulated (zero
hydrogen flux). Such a specimen is obtained via cathodic or thermal charging

followed by insulation of its surfaces to preclude hydrogen loss.
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5.1. Blunting crack

The boundary layer approach of small scale yielding (see Fig. 1) under mode I
(tensile) opening was used in the calculations. The finite geometry material was
replaced by an infinite body with a semi-infinite crack and the asymptotic
displacement boundary conditions of the Irwin [114] singular linear elastic field were
imposed at the circular boundary at a distance L=15cm from the tip. These
displacements were applied incrementallz at a constant stress intensity factor rate K;
during a loading time #, at the end of which the final value of K; was K,. At times
greater than #; the displacements were kept constant while hydrogen diffusion was
allowed to continue. The ratio L/b,, where b, is the initial crack opening
displacement, was taken equal to 30,000. The finite element mesh is described in the

work of Sofronis and McMeeking [108].

5.1.1. Low strength steel

The uniaxial stress-strain law was given by a power-law hardening
relationship of the form (o, /0'0)1/ N =(0,/00)+(3G/oy)e?, where the yield stress o,
was equal to 250MPa, the work hardening exponent was 0.2, and G is the shear
modulus. Poisson's ratio v was 0.3 and Young's modulus E was 207GPa. At the
end of loading, i.e., at time t=#;, the final value of the stress intensity factor was
Kp =89.7MPa+m and the corresponding crack opening displacement b was equal to
5by.

The lattice diffusion constant of hydrogen at 300K was D=1.27x10®m?2/s
[115]. The interstitial hydrogen expands the lattice isotropically [58] and its partial
molar volume in solution was 2.0x107°m3/mole [7]. The molar volume of iron
was 7.116 x10°m®/mole and hence N 1 =8.46x10%® solvent lattice atoms per m>.

Uniform hydrogen concentration in the unstressed lattice, C, =2.084 x10% atoms per
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m’ (2.46x10™ atoms per solvent atom) in equilibrium with gas at one atmosphere
pressure was used as initial condition. The parameter oo was taken equal to 1. The
parameter B was set equal to 1 and this corresponds to a maximum NILS
concentration of 1 hydrogen atom per solvent lattice atom. The trap density N, was
assumed to increase with plastic straining, €”, according to the experimental results
of Kumnick and Johnson [81] as shown in Fig. 2. and the trap binding energy was
60k]J/mole. It should be pointed out that the function Nr(e?) interpolating the
experimental data in Fig. 2 increases monotonically with €’ and no trapping site
saturation level exists, as was the case in the Sofronis and McMeeking [108]

calculations.

(i) Concentration boundary conditions. Figures 3 through 5 show the
distribution of field parameters on the axis of symmetry (6 =0) ahead of the crack tip

at the end of loading (b =5b,) at times t; =1.3, 13, and 130s.

In Fig. 3 the equivalent plastic strain &’ and the normalized hydrogen
distribution at trapping sites Cr/C; prevailing at the end of loading are plotted
against the distance R from the notch root in the undeformed configuration.
Distance R is normalized by the current crack opening displacement b. Also shown
is the concentration Cr at steady state after approximately 3 h have elapsed and after
the loading has terminated. The site of accumulation of trapped hydrogen is near
the crack surface and the profile of the concentration Cr follows closely that of the
plastic strain (Fig. 3). This is because the trap density increases monotonically with
plastic strain as shown in Fig. 2. At the crack surface, where the effective plastic

strain is maximum and equal to 1.6, concentration C; assumes its maximum value
which is equal to 91 times as large as the initial concentration C,. It can be seen that
the loading rate has no effect on the trapped hydrogen populations. Diffusion of

hydrogen through NILS delivers hydrogen to trapping sites at a rate faster than the
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rate at which traps are generated by plastic straining. As a result, the trapping sites
are always saturated due to the high binding energy, with the exception of the traps
in a small segment of size 0.3b centered at R/b=0.7 from the tip when the rate of
loading is very fast, (t; =1.3s). The trap occupancy in that segment though is not less
than 86%. Therefore, once loading has ceased and traps are no longer created by
plastic straining, there is almost no change in the trapped concentration. As a result,
trapped hydrogen concentrations Cr reach their steady state values (saturated traps)

upon load termination.

In Fig. 4 the normalized hydrostatic stress o6y, /30, and the normalized
concentration Cp/Cy in NILS are plotted against distance R/b for the three loading
courses. While the trapped hydrogen concentration profiles are loading rate
independent, the accumulation of hydrogen in NILS decreases with increasing
loading rate. At slow strain rates (f; =13,130s), the distribution of concentration C;
varies with distance from the notch root in accordance with the hydrostatic stress .
and it attains its maximum at 7/b=1.53. However, at higher strain rates (4 =1.3s), a
trough is established in the NILS population profile somewhere between the notch
surface and the site of the hydrostatic stress peak location. Trap generation rate close
to the notch surface increases with strain rate causing more demand for hydrogen at
the crack tip. On the other hand, hydrostatic stress gradients pull hydrogen away
from the tip toward the hydrostatic stress peak at r/b=1.53. In addition, the crack tip
concentration Cj, is kept constant at the value of C; at all times. The competition
between these three processes dictates the shape of the NILS concentration profiles.
Thus, at high strain rates the trap generation rate is "ahead" of hydrogen diffusion.
As a result, hydrogen in the region 0<R/b<153 is depleted from NILS sites to
satisfy the elevated demands for hydrogen in the trapping sites close to the notch
surface and the hydrostatic stress peak location. As a consequence, a trough is

established in the NILS hydrogen distribution somewhere in between the notch
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surface and the site of the hydrostatic stress peak. It should be noted here that such a
trough was not observed in the calculations of Sofronis aﬁd McMeeking [108] and
Lufrano and Sofronis [52] at high strain rates because of the omission of the strain
rate term [109] from the diffusion equation (7). In addition, the crack tip
concentration C; is maintained at the constant value C; by hydrogen ingress
through the crack surface. In contrast, at slow strain rates the demand for trapping
hydrogen is less severe and traps are saturated by the end of loading. Hence,
diffusion through NILS and the ingress of hydrogen through the crack surface can
supply hydrogen to the trapping sites close to the crack tip and the hydrostatic stress

peak location without the establishment of a trough.

Unlike the trapping site concentrations, the NILS concentrations by the end of
loading are away from their steady state values (see Fig. 4). Obviously the most
dramatic departure from steady state occurs with loading at high strain rates. As a
result, the total hydrogen concentration profiles C; +Cr, shown plotted against R/b
on Fig. 5, are also away from steady state by the end of loading. It is notable that
even at steady state, NILS concentration C, is only mildly elevated at the peak of the
hydrostatic stress location at some distance from the tip. The maximum steady state
NILS concentration C, is only 1.82 as large as C, at a distance R=1.53b from the tip.
Lastly, after the chemical potential of hydrogen in the area ahead of the crack tip is
neutralized, that is, at steady state, the constant concentration boundary condition at

the tip is maintained by an egress of hydrogen from the specimen through the crack

surface.

(i) Zero flux boundary conditions. For the three loading courses, the
normalized hydrostatic stress Gy /36, and the hydrogen concentration C;/C,, and
the normalized total concentration (Cp +Cr)/Cy are plotted respectively in Figs. 6

and 7 on the axis of symmetry (8=0) ahead of the crack tip at the end of loading
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(b=5by). Also shown are the corresponding concentrations at equilibrium with
local stress after approximately 3 h have elapsed and after the loading has

terminated.

The transient hydrogen concentrations during straining are now somewhat
smaller than in the case of constant concentration boundary conditions. With zero
flux boundary conditions, the demand for trap filling hydrogen at the crack surface
and for hydrogen to be delivered to the NILS at the high hydrostatic stress region is
met only with hydrogen drawn by NILS diffusion toward the crack tip from the bulk
of the specimen remote from the tip. In other words the additional supply of
hydrogen through the crack surface (which was the case at constant concentration
boundary conditions) is absent in the insulated specimen. Hence, the lattice sites in
the insulated specimen are depleted more since less NILS hydrogen is available to be
distributed according to the concentration gradient and hydrostatic stress induced
diffusion. Also, due to the lack of this additional supply of hydrogen no trough is
observed in the transient NILS population profile at high strain rates. In fact when
the loading is fast (¢ =1.3,13s), the NILS at the crack tip region in the insulated
specimen are severely depleted of hydrogen since less hydrogen is now available to
meet the demands of the trapping sites. It is notable that a strain rate (f =13s)
which is low for a specimen with concentration boundary conditions (Fig. 4), may be

high (Fig. 6) in the case of an insulated specimen.

In contrast with the transient NILS concentrations, after the loading has
terminated and the NILS hydrogen population relaxes to its equilibrium
distribution, the values of C; in the insulated specimen are larger than those in the
constant concentration boundary condition speéimen. This is due to the constant
egress of hydrogen from the specimen through the notch root in the latter case in

order for the concentration to be kept at the constant value of C,. On the other
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hand, the equilibrium NILS concentration at the crack tip in the former case is about
L5 times as large as C; . As in the case of concentration boundary conditions, the
maximum equilibrium value of C; is also attained at R/b=1.53 from the tip and the

corresponding value is 1.98 times the initial concentration Cj.

Due to the high binding energy, at slow and moderate strain rates
(t; =130,13s), the trapping sites are saturated during loading. Accordingly, there is
no variation to the trapping concentration after straining. Thus, any changes in
total concentration of hydrogen is due to the variations in the NILS concentration.
Since the magnitude of NILS populations is much smaller than that of the trapped
populations, the profile of the total concentration of hydrogen C; +Cy (Fig. 7) is
almost the same as that for constant concentration boundary condition case (Fig. 5),

in which traps were also saturated during straining.

At high strain rates (¢ =1.3s), lattice diffusion fails to saturate the traps
during loading. Trap occupancy in the region 0<R/b<1 is less than 55%.
Consequently, as shown in Fig. 7, the total concentration C; +Cr at the tip of the
notch is approximately equal to the half of its corresponding steady state value.
However, as in the case at slower strain rates, the trapped hydrogen concentrations
continue to dominate the total concentration profile (Fig. 7) since the NILS
concentrations are of much smaller magnitude. Eventually at steady state, traps
become saturated even at high strain rates. As a result, the distribution of hydrogen
after long time from the termination of loading is independent of boundary

conditions (Figs. 5, 7). As in the case of constant concentration boundary condition,
the maximum equilibrium value of Cj at the notch root is 91 times the initial

concentration C, (Fig. 7).
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5.1.2. High strength steel

This material had a yield stress 6 of 1200MPa and work hardening exponent
N equal to 0.2. The rest of the material and hydrogen related constants were
assumed exactly the same as those for low strength steel. The loading was imposed
at a constant displacement rate and the load times were t;=04, 4, and 40s. The
final value of the stress intensity factor was K, =132MPavm, and the

corresponding crack opening displacement b was equal to 3.5.

In Figs. 8 and 9 the normalized concentration C;/C, and hydrostatic stress
Ok /30, are plotted against distance R/b on the axis of symmetry (8 =0) ahead of the
crack tip respectively for constant concentration and zero flux boundéry conditions
at the end of loading (b =3.5b;) for the three loading courses. In Figs. 10 and 11 the
corresponding normalized total concentration (Cp+Cr)/Cy is plotted against
distance R/b respectively for the two cases of boundary Condiﬁons. Also shown
plotted respectively in Figs. 8 and 10 are the steady state concentrations C; /C, and
(CL +Cr)/Cy under concentration boundary conditions achieved after approximately
500 s. Similarly, the equilibrium concentrations C;/Cy and (C; +Cr)/C, for zero
flux boundary conditions achieved after approximately 500 s are also shown
respectively in Figs. 9 and 11. Again, the effects of hydrostatic stress, plastic strain,
strain rate and boundary condition on the concentration profiles are qualitatively

the same as in the case of mild strength steel.

The maximum NILS concentrations C; for concentration and flux boundary
conditions are attained for both cases at distance R/b=1.6 from the notch surface.
The corresponding maximum values of Cp, are 9 and 15 times the initial
concentration Cp. These values are much higher than respective values of 1.82 and
1.98 in low strength steel; and this derives from the fact that at the end of loading

the maximum hydrostatic stress in the high strength steel is 6;; = 12600 MPa (Fig. 4)
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whereas in the low strength steel oy =3575MPa (Fig. 8). Figures 10 and 11 indicate
that the hydrostatic stress effect beyond the high trap density region at the notch
surface is drawing hydrogen toward the site of the hydrostatic stress peak in large
quantities. At that location, the plastic strain and therefore the density of traps is
low. As a result, most of the hydrogen there resides in NILS since the demand for
trap filling hydrogen is zero (due to saturation at all times). As a consequence, a
local minimum is observed in the total hydrogen concentration profile in the
segment 0<R/b<2 (Figs. 10, 11) when the local chemical potential gradients are
neutralized with time. It is notable that no such local minimum was observed in
the case of mild steel (Figs. 5 and 7). Apparently, the hydrostatic stress at the peak
location in the low strength material is not sufficiently high to attract hydrogen

there in large quantities.

Again as in the case of low strength steel, the total equilibrium concentration

of hydrogen C; +Cr under zero flux boundary conditions (see Fig. 10) is the same as

the steady state profile for constant concentration boundary conditions (see Fig. 11).

5.1.3. Niobium

BCC niobium (yield stress, o,=250MPa, power law hardening exponent,
N =0.2) is a system that allows for high hydrogen solubilities in contrast to iron. As
in the case of steels, the parameters oo and B were chosen equal to 1. The partial
molar volume of hydrogen in solution with the metal was Vi =1.88cm?®/mole and

the expansion of the lattice due to hydrogen was purely dilatational [59]. The molar

volume of niobium was 10.852x10°m?3/mole and the NILS diffusion constant at
300K was D=83x1071° mz/s [115]. The trap binding energy was taken 29.2kJ/mole,
as has been calculated by Baker and Birnbaum [116]. Since no experimental data for

trap populations are available, the trap density was quantified through the
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dislocation based model of Egq. (1). The dislocation density p, measured in
dislocation line length per cubic meter, was considered to vary linearly with plastic
strain [117], namely p=po+7ve? for &’ <05 and p=10° for e’ >0.5, where
p, =10"dislocation lines per cubic meter denotes the dislocation density for the
annealed material and y=2.0x10" lines/m?. Given the lattice parameter
2=33%x10""m, the maximum number of trapping sites per cubic meter,
oNy =428 x10® traps/m>, was much smaller than the number of the available
NILS, N, =5.55x10% solvent lattice atoms per m>. The Poisson's ratio was 0.39 and
Young's modulus was 113 GPa. The crack was loaded at a constant displacement
rate during a loading time t;, at the end of which the final load phrased in terms of
the applied stress intensity factor was K, =40MPavm. At times greater than t, the
load was kept constant at K, = 40MPa+/m .

Figures 12 through 14 show the hydrogen concentrations C;, Cr and the sum
Cp +Cr normalized by the initial concentration C, plotted against distance R/b on
the axis of symmetry (6 =0) ahead of the crack tip at the end of loading (¢ =# =120s)
when b=26b,. The hydrogen concentration profiles are also plotted after 120
minutes when hydrogen relaxes to the steady state concentration values. In
addition, in Figs. 12 through 14 constant concentration C, was prescribed as
boundary condition over the entire boundary of the specimen. It was found that the
results for zero flux boundary condition were not qualitatively different and this is
why they are not reported. Figure 12 shows that for a normalized initial
concentration cp /N . of 107" hydrogen atoms per niobium atom, the total
concentration is dominated by trapped hydrogen populations and the maximum
value is attained close to the crack tip. At this low level of initial lattice
concentration, traps are occupied at 92% before straining begins, and this is the
reason that no significant change in the trap concentration is observed. After the

loading terminates, the changes in the NILS concentration C; are not significant, an
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indication that the strain rate is sufficiently slow so that near equilibrium conditions
prevail during straining. When the nominal concentration is higher, i.e.
cy /N L= 1073, the trap and NILS populations are of the same magnitude at the tip,
whereas at distances R/b greater than approximately 0.1 the magnitude of Cj is
about 10 times as that of Cp due to the low plastic strains. As a consequence, a local
minimum is observed in the total hydrogen concentration profile in the segment
0<R/b<2 (see Fig. 13). Again no dramatic changes in the transient concentrations
are observed and the trap occupancy during strainihg is always 99%. At an even
higher initial concentration, Cg /NL =1072, the NILS concentrations are much
greater than the trap concentrations and the hydrostatic stress dominates the
hydrogen distribution at all times (see Fig. 14).

Lastly, the maximum total hydrogen concentration in the neighborhood of
the crack tip is less than 1.9 times the initial concentration Cy for zero flux boundary

conditions.

5.2. Rounded-notch specimen

The four-point bend-specimen of Griffiths and Owen [118] shown in Fig. 15
was employed in the analysis. Uniform initial NILS concentration of 2.46x10°°
atoms per solvent atom was used throughout as an initial condition. The outer
surface of the specimen was modeled either as impermeable or was held at constant
NILS concentration equal to the initial concentration during straining. The
specimen was loaded in plane strain by prescribing displacement increments Au; at
points A and B (Fig. 15). The loading was performed at constant displacement rates
Auy /At of 0.002mm/s for low strength steel and 0.lmm/s for high strength steel
until loading was completed (t=t;), at which time the loading displacements at

points A and B were held constant and hydrogen diffusion continued under fixed
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held displacements. The extent of deformation and loading in the specimen was
measured in terms of a nominal stress defined as o, =6M/wa®, where M =Fd is
the bending moment due to the reaction forces F at points C and D, d is the
bending moment arm, a is the unnotched ligament and w is the specimen
thickness. The nominal stress o, denotes the maximum bending stress in an
straight beam of height a. In the following the hydrogen concentration profiles are
plotted vs normalized distance R/r, along the axis of symmetry directly beneath the
notch, where R is measured from the tip of the notch, and r, is the undeformed

notch root radius.

5.2.1. Low strength steel

Three loading courses were applied respectively with load times 7,=17, 40, and
107s. At the end of loading, the corresponding normalized nominal stresses o, /o,
were 1.0, 2.0 and 3.0; and the corresponding plastic strains at the root of the notch |
were 0.5, 2.0 and 8.0%. The peak hydrostatic stresses 6, /36, were respectively 1.3,
2.0 and 2.7, and they were achieved at a distance R/r, =0.8, 1.2, and 1.7 from the tip
of the notch. Plastic straining at the notch root commences when o, /0, =0.32,
whereas on the other side of the specimen opposite the notch root, it commences at
Onom/C0 =142. Obviously, yielding is contained for the loading course with
maximum G,,,/0o=1.0 (i,=17s), and still is not fully spread throughout the
uncracked ligament even in the case of the course with maximum o, /0, =3.0

(t, =107s).
For the three loading courses the normalized hydrogen concentration C;/C,
Cr/Cy, and (Cp +Cr)/Cy is plotted respectively in Figs. 16, 17 and 18, at the end of

loading for both zero flux and constant concentration boundary conditions. The

C./Cy profiles vary with distance from the notch root in accordance with the
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hydrostatic stress and the order of magnitude is in accordance with the level of
hydrostatic stress elevation. Evidently, the rate at which the loads are applied is
small enough for the hydrogen diffusion through NILS to keep up with the demand
for trap filling hydrogen. In the case of zero flux boundary condition the NILS
concentration is somewhat larger than in the case of constant concentration
boundary condition. This is due to the constant egress of hydrogen from the
specimen through the notch root in the latter case in order for the concentration to
be kept at the constant value of Cy. The Cr/C, profiles vary with distance from the
notch root in accordance with the equivalent plastic strain. Since the trap binding
energy is relatively high and the strain rate is low, the traps always saturate during
straining. Only at relatively low plastic strains (less than 0.5%), i.e. for loads such
that 6,,,,/00 <1.0, is the total hydrogen population in the material dominated by
the hydrostatic stress effect (see Fig. 18). At high plastic strains, which occur when
Onom/Co > 2.0, the plastic strain effect dominates. It is notable that this behavior is
virtually independent of the boundary conditions.

After the loading terminates and traps are no longer created, the trapped
hydrogen concentration Cr/C, does not vary with time. However, hydrogen
diffusion through NILS continues toward the hydrostatic stress peak location and
the local NILS concentration profiles continue to change at all locations until the
chemical potential gradients of hydrogen are neutralized. The growth of the
hydrogen populations and the equilibrium and steady state values are shown in
Figs. 19, 20 and 21 for the three different loading cases. For small plastic strains
ahead of the notch, 6., /67 <1.0, the trap concentration is small and the shape of
the hydrogen concentration profile depends on the boundary conditions (see Fig.
19). For constant concentration boundary conditions the NILS concentration is
necessarily equal to C, at the notch tip. However, for zero flux boundary condition

the NILS concentration at the notch tip will be larger than C; as dictated by the local
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hydrostatic stress gradients. Therefore the zero flux boundary conditions yield
higher NILS concentration at the hydrostatic stress peak location. Thus regardless of
the level of plastic strain the interstitial hydrogen populations in the region from
the notch root to the hydrostatic stress peak location are larger in the case of zero
flux boundary conditions. On the other hand, since the trapping sites are saturated,
there is no variation to the trapping concentration due to boundary conditions.
Accordingly the effect of boundary conditions on the total concentration of
hydrogen is due to the variations in the NILS concentration. Hence at low plastic
strains, Gyom/0p<1.0, where the NILS concentration is dominant the boundary
condition affects the total hydrogen concentration close to the surface of the notch
(see Fig. 19). Whereas, at high plastic strains, 6,,,/0,>2.0, that is, near general
yield where trapping is dominant, the effect of boundary conditions on the total
hydrogen concentration close to the notch surface is smaller (see Fig. 21). It is
notable that the maximum total hydrogen concentration in all loading cases is less

than 3.25 times the initial concentration Cj.

5.2.2. High strength steel

Two loading courses with load times #=1.65 and 3.85 respectively were
simulated. At the end of loading, the corresponding normalized nominal stresses
Cuom/Co Were 1.0 and 2.0; and the corresponding plastic strains at the root of the
notch were 2.4 and 8.8%. The peak hydrostatic stresses 6, /36, were respectively
1.3, and 1.94, and they were achieved at a distance R/r, =0.8,and 1.3 from the tip of
the notch. As in the case of mild steels, plastic straining at the notch root
commences when 6,.,,/6o =0.32, whereas on the other side of the specimen across
from the notch root, it commences at o, /06, =142. Hence, when the load time

was t;=1.65s, yielding was contained. In the other case, when t, =38s, general
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yielding was not established by the end of loading.

The results shown in Figs. 22 and 23 indicate that in high strength steels the
hydrostatic stress dictates the shape of the equilibrium and steady hydrogen
concentration profiles at least up to plastic strains équal to 2.4% (OCpom /00 =1.0) at
the notch root (see Fig. 22). It also continues to influence the profiles even at strains
as large as 8.8% (G0 /09 =2.0) (see Fig. 23). This is due to the large magnitude of
the peak hydrostatic stress (/3 =1560MPa) in comparison with the corresponding
small hydrostatic stress (o /3 =325MPa) in low strength steels under the same
normalized nominal stress of 1.0. However, when o,/ =2.0, the trapping sites
close to the surface of the notch begin to strongly compete with the hydrostatic stress
peak location for trap filling hydrogen. As a result, a minimum in the total
concentration is observed in the region 0<R/b<2. Lastly, the maximum total

hydrogen concentration for all loading cases studied is less than 5.2 times the initial

concentration C,.

At the end of loading, Figures 22 and 23 show that hydrogen concentrations
under constant concentration conditions are larger than those under zero flux
boundary conditions, unlike the case of rounded-notch specimen of low strength
steel (see Fig 18). The reason is that the traps close to the notch surface are not fully
saturated for the high strength steel under zero flux boundary conditions since they
compete for hydrogen with the large hydrostatic stress away from the notch root.
On the other hand, under constant concentration boundary conditions, the traps are
saturated due to the hydrogen ingress through the notch root. When equilibrium
or steady state are reached, the traps have saturated and the total hydrogen
concentration is larger for flux boundary conditions than for constant concentration
boundary conditions. As in the case of low strength steels, hydrogen diffuses out of

the specimen in the former case in order for the tip concentration to be kept
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constant.

6. DISCUSSION

The results reported in the preceding section indicate that there are two
competing mechanisms [52] influencing the distribution of hydrogen near a crack tip
or a notch. One is the traps generated by plastic straining (concentration Cy) and the
other is the tensile hydrostatic stress (concentration C;). The site of accumulation of
trapped hydrogen is near the crack or notch surface as dictated by plasticity, and the
site of accumulation of NILS hydrogen is in the high triaxiality regions at some
distance from the crack or notch surface.

It has been demonstrated that in low fugacity systems (e.g., low solubility low
and high strength steels) and in situations of severe plastic straining as with
blunting crack tips, hydrogen concentrations (transient, equilibrium or steady state)
in the region close to the crack surface are always greater than the concentrations at
the hydrostatic stress peak location (see Figs. 5, 7, 10, 11), as Sofronis and McMeeking
[108] and Lufrano and Sofronis [51] also found. The same is also true in the case of
rounded notch specimens of low strength steels provided that large plastic yielding
is not confined to the notch root. When the equivalent plastic strain at the tip of the
notch is not less than 8.0% (i.e. the case when 6,,,,,/0 = 3.0), the preponderance of
the hydrogen resides close to the notch surface (see Figs. 18, 21). However, when the
plastic strain at the notch root is very small, namely about 0.5%, the calculations
show that hydrogen accumulates at the hydrostatic stress peak location in from the
tip (see Fig. 16, 19). In rounded-notch specimens of high strength steel, even though
the transient concentration profiles are dominated by the trapped hydrogen close to
the notch surface, the hydrostatic stress dictates the shape of the equilibrium or

steady state hydrogen concentration distribution even at plastic strains as large as
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2.4% (when o, /060 =1.0) (see Figs. 22, 24).

Concerning the results for the effect of the strain rate, at low strain rates
hydrogen can diffuse rapidly relative to the rate at which traps are created (See Fig. 4,
6, 8, 9, 12-14, 16, 18). Consequently, traps can be filled readily and the lattice
concentration maintained. As a result, the concentration C; is more pronounced
about the hydrostatic stress peak (see Figs. 4, 6, 8, 9, 12-14, 16). At high loading rates,
diffusion through NILS is too slow to supply the traps in the high plastic region
which exert an attraction for hydrogen. The traps are filled from the lattice nearby,
and this has the effect of depleting the lattice and diminishing the relative hydrogen
concentration in the high hydrostatic stress region (see Figs. 4, 6, 8, 9). This effect is
more pronounced during straining of insulated specimens (see Figs. 4, 6, 8, 9) since
trap filling hydrogen is supplied only from the high hydrostatic stress region,
whereas for a specimen with constant concentration boundary conditions, hydrogen
enters the specimen also through the crack surface. It should be emphasized
though, that at blunting crack tips, the maximum NILS concentration is generally
negligible compared with the maximum trapping site concentration and so this
particular effect of strain rate may be unimportant in processes causing hydrogen
failures if it is the trapped hydrogen which is important [108]. On the other hand, at
round- notched specimens in which concentrations C; and Cr are of the same order
of magnitude (see Figs. 16, 17, 22, 23), this diffusion related strain rate effect may be
important.

In high fugacity systems, (e.g., niobium) the site of accumulation depends
strongly on the nominal concentration and the magnitude of the plastic strain. At
initial concentrations less or equal than 107 trapping is dominant and the peak
hydrogen concentration occurs at the tip of the blunting crack. However, hydrostatic
stress dictates the population distribution even in the neighborhood of a blunting

crack tip when the initial hydrogen concentration is high, that is, greater than 1072
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hydrogen atoms per metal atom.

It has been found that in steels and impure irons there is only a small
elevation, less than 100 times the initial concentration of hydrogen in equilibrium
with hydrogen gas at 1 atm, of the local hydrogen concentration ahead of a notch or
a crack tip due to the local trapping and hydrostatic stress effect. Similarly, a mild
elevation, less than 2 times the initial concentration of 0.01 hydrogen atoms per
metal atoms, of the hydrogen concentration was also the case in the niobium
system. The dilatational distortion (cf. Eq. (11)) associated with these concentrations
is small compared with the corresponding strain due to the applied loads [18].
Therefore at room temperature and at the initial concentration considered, the effect
of hydrogen on stress relaxation is not significant .

The current results can be used to better understand certain aspects of the
hydrogen embrittlement problem. The following discussion [52] is general and
assumes that no second phase particles or inclusions are necessary for the failure
mechanisms to operate. Sofronis and Birnbaum [25] in an effort to identify the
underlying principle in the HELP mechanism for hydrogen embrittlement
demonstrated that hydrogen trapped at dislocations is responsible for the enhanced
dislocation mobility in the presence of hydrogen. Hence, the hydrogen effect will be
assumed to be related with the total, NILS and trapping site, populations C; +Cy.

A commonly found assertion in the literature is that a critical hydrogen
concentration at some location of the material is needed for the hydrogen effect to
initiate. Thus, if a critical concentration alone is the criterion for fracture, one by
experimenting with rounded notch bend specimens of low or high strength steels
should expect that if fracture occurs at low normalized nominal stresses, ~0.1, the
failure event should first be observed at the hydrostatic stress peak location. The
results with the niobium system can be used to verify this thesis by just changing

the nominal concentration in a cracked specimen. At low concentrations the
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cracking event should start at the tip whereas at high concentrations the location of
the first cracking should be expected to move inside from the tip. Similarly, if a
cracked specimen of either low or high strength steel is used and loaded to undergo
blunting, the fracture event is to be observed first at the tip of the crack. These
conclusions are independent of the mechanism responsible for the hydrogen
induced failure. Therefore, one cannot identify the type of the mechanism from the
cracking location in experiments with cracked and notched bodies if a critical
hydrogen concentration is the local fracture criterion. For instance, the mechanism
may be lattice decohesion, and the cracking event in a system like niobium may
occur under low hydrogen fugacities at a blunting crack tip where the critical
concentration condition is first met and the stress is low. On the other hand, the
mechanism of embrittlement may be through hydrogen enhanced localized
plasticity and the fracture in rounded-notch specimens of iron and steel may be first
triggered at the hydrostatic stress peak location under loads causing no substantial
plastic straining at the tip.

If the criterion for fracture requires a critical concentration in combination
with a high local stress, say, along the grain boundaries (lattice decohesion) then the
experiments on the rounded notch (low or high strength steel) will show cracking
in from the tip if fracture occurs at a low nominal normalized stress, ~0.1. On the
other hand, a blunted crack specimen of low or high strength steel may not be
affected by hydrogen due to absence of high local stresses at the crack tip region
despite the presence of high hydrogen concentrations there. In fact, in this case
cracking may occur somewhere in between the crack tip and the hydrostatic stress
peak location where hydrogen concentration is still far above the initial and the
local tensile stress is greater than at the tip location. Again as in the case of iron
systems, at low nominal concentrations a cracked specimen of niobium may not fail

but it will definitely microcrack inside from the tip at high concentrations. The



32

discussion in this paragraph can also be applied to the case when the role of
hydrogen is to promote void nucleation at inclusions through the process of local
stress assisted interface decohesion.

If the criterion for fracture requires a critical concentration in combination
with local material softening (enhanced dislocation motion) then the fracture event
in rounded notched specimens of low or high strength steel may not occur until the
loads are raised sufficiently high (6,,m /0o =2.0,3.0) so that most of the hydrogen is
forced to reside close to the highly strained region at the tip where the dislocation
density is high. Similarly in a cracked niobium specimen, hydrogen induced
cracking may be possible even at low initial concentrations when hydrogen resides
mostly close to the tip. These comments also pertain to the case of hydrogen assisted
void nucleation at inclusions through local material softening (dislocation pile-ups
against the inclusion-matrix interface) and in turn plastic flow localization along the

interface.

7. IMPLICATIONS FOR HYDROGEN EMBRITTLEMENT IN STEELS

In the following the numerical results reported in this work on rounded
notch 4-point bend specimens will be utilized to address the location of the
hydrogen induced crack initiation site in experimental investigations of hydrogen
embrittlement in steels. If a critical concentration, C; +Cr, of the hydrogen solute is
required for hydrogen embrittlement to occur, the present study can help in
rationalizing the location of the first cracking event. The site identification is
qualitative in nature given the variability of the model parameters as they apply to a
specific steel [65]. For instance, it is not certain whether the Kumnick and Johnson
[81] trapping model and the associated binding energy can still be used to the sorts of
steels used by other researchers in their experiments. Thus, specific model

parameters and pertinent details may first need to be adjusted on a case by case basis
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to use the present model to reliably determine the location of the first cracking
event due to hydrogen.

Lee et al. [120, 121] and Onyewenyi and Hirth [122] carried out experiments on
precharged rounded notched bend specimens in spheroidized AISI 1095 steel (yield
stress of 380MPa) and spheroidized AISI 1090 steel (yield stress 345) respectively, and
identified the role of hydrogen as promoting flow localization (plastic instability) [1,
21, 22, 25] that leads directly to crack initiation at the crack surface. The results were
independent of the radius of curvature which shows absence of high triaxiality
effect. In the experiments of Lee et al. [120, 121], void initiation was observed at
strains of 6.0% and hydrogen enhanced the formation of deformation induced void
initiation. In the experiments of Onyewenyi and Hirth [122], it was found that at
strain of 12.0% cracking was demonstrated to occur at the surface of the notch and to
begin to propagate along characteristic slip traces before any significant cracking or
void formation occurred in the plastically deformed region beneath the notch root.
Based on the present study these are cases in which hydrogen concentration close to
the surface of the rounded notch is much larger than the concentration away from
the surface.

Lee et al. [122] performed experiments on precharged U-notched specimens of
tempered AISI 4340 steel (o5 =1280MPa) and found that the notch root strain for
crack initiation was at most 1.0%. They also found that MnS inclusions had little
role in the fracture process. The results were interpreted to indicate internal crack
nucleation at a critical combination of hydrogen concentration and local stress
concentration a result which is consistent with the decohesion theory for hydrogen
embrittlement first introduced by Troiano and co-workers [26-28] and later
elaborated by Oriani and Josephic [29-30], and Gerberich and co-workers [31-32].
Crack initiation occurred in a mode I manner with a subsequent Mode II region

connecting the crack to the surface through hydrogen promoted (as the authors
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claim) plastic instability along characteristic slip traces. These results pertain to the
case of the present calculations in which hydrogen concentration in high strength
steels under small strains attains its maximum at the hydrostatic stress peak
location.

Investigating the effects of hydrogen on plastic flow and fracture in iron and
steel, McMahon and co-workers [124-126, 127-130] found that hydrogen produces
brittle fracture by decohesion of grain boundaries already weakened by impurity
segregation [131-134]. Takeda and McMahon [124] studied the hydrogen effect
through tests at notched four-point bend specimens (of the Griffiths and Owen type
[118]) in air and hydrogen using a 5pct Ni quenched and tempered steel (based on HY
130). Experimenting on a specimen of yield stress 6y =1060MPa, they observed
hydrogen induced cracking along shear bands at the notch root and they termed it
plasticity related hydrogen induced cracking (PRH[C). It is notable that this PRHIC
was observed at high strains prior to specimen failure and in the absence of
sufficient impurity segregation. In this case the results of the present study suggest
that the preponderance of the hydrogen resides at the notch root when the plasticity
is fully developed across the unnotched ligament. On the other hand, a notched
specimen of a heat aged 1000h (to allow segregation of embrittling elements like Mn
and Si, to grain boundaries), 6y =1015MPa, microcracked intergranularly at a load
less than half of the general yield load in the region between the notch tip and the
hydrostatic stress peak location. According to the present study calculations for high
strength steels the hydrogen building-up location is inward from the notch root at
the hydrostatic stress location when the plasticity is limited. Takeda and McMahon
maintain that this intergranular hydrogen induced cracking (IGHIC) tends to be the
dominant mode of embrittlement in practice, particularly in the early stages of
cracking. Similar modes of PRHIC and IGHIC were also observed experimentally on

four-point bend tests of Sb-doped Ni-Cr medium strength steel (cy=840MPa) by
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Kameda and McMahon [125] and Morgan [126]. However, the present calculations
do not address medium strength levels, even though a similar assessment for the
site of maximum hydrogen concentration as in high strength steels may still apply.

Costa and Thompson [135] investigated the effect of hydrogen on the fracture

behavior of a quenched and tempered at various temperatures medium-carbon 1045 -

steel. For a tempering temperature of 400C the yield stress was found to be
Gp =1225MPa and this allows the use of the results of Figs. 22 and 23 in interpreting
the hydrogen distribution ahead of the rounded notch in the slow bend tests they
conducted on a specimen similar to that of Griffiths and Owen [118]. For this steel
crack initiation in the uncharged specimen took place at a load such that
Crom/C0 =2.88, and G /G =0.66 in the presence of hydrogen. At this low level of
nominal load, it can be inferred from Figs. 22, 23 that hydrogen should have
accumulated at the hydrostatic stress peak location at a distance R =0.757, from the
notch root. Costa and Thompson report that the crack initiation event was
infrequently identified, because in most cases some propagation of the crack
occurred before the loading could be stopped. Thus it is likely that sub-surface crack
initiation might have occurred accompanied by almost simultaneous brittle
intergranular fracture with sections of transgranular quasi-cleavage of the uncracked
ligament.

Later results by Costa and Thompson [136] in nominally pearlitic 1045 steel
(0p =590MPa) cannot be addressed with the present study because the yield stress of
the material is neither low (low strength) nor very large (high strength). However,
since fracture initiation was observed to occur just prior to general yielding of the
specimen, trapping of hydrogen should have dominated the hydrogen distribution
whose maximum should have developed close to the notch root. The authors had
difficulties in determining the cracking location but they claim that the location of

crack initiation shifted from notch root surface to subsurface with the addition of
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hydrogen.

In summary, the finite element calculations of the hydrogen accumulation
site ahead of a rounded notch subjected to stress are in correspondence with
experimental findings on the location of the crack initiation site. When fracture is
accompanied by large strains at the notch root, most of the hydrogen is trapped close
to the notch root and cracking has been observed to initiate there. In contrast, when
limited plastic straining precedes the fracture event most of the hydrogen resides at
the NILS sites at the hydrostatic stress peak location inside from the tip. At these
occasions hydrogen has been reported to induce microcracking in the highly stressed

material volume inside from the notch root.

8. CONCLUSIONS

The coupled hydrogen diffusion initial boundary value problem and the large
strain elastic-plastic boundary value problem was solved in the neighborhood of a
blunting crack tip at a pre-cracked spécimen and of a rounded notch at a 4-point
bend specimen. The calculations were carried out at room temperature under plane
strain conditions using material parameters for steel (low hydrogen solubility) and
niobium systems (high hydrogen solubility). Both zero flux and constant hydrogen
concentration boundary conditions were used. The numerical results can be
summarized as follows [52]:

i) Since the Oriani's equilibrium theory between the trap and NILS
populations was used trapped hydrogen concentrations become larger than the NILS
concentrations with increasing plastic strain and decreasing initial concentration.

ii) In pre-cracked steel specimens strained under small scale yielding
conditions, hydrogen trapping dominates the hydrogen populations regardless of
the strength level of steel. As a result, hydrogen accumulates at the surface at the

crack tip and not at the hydrostatic stress peak location further inside from the tip.
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iii) In pre-cracked niobium specimens strained under small scale yielding,
trapping concentrations dominate at small initial concentrations (i.e., less than or
equal to 10™*hydrogen atoms per metal atom) and the accumulation site is the crack
tip free surface. However, at large initial concentrations (i.e., greater than or equal to
1072) the NILS concentrations dominate resulting in hydrogen concentration -
profiles ahead of the tip with the local maximum being at the hydrostatic stress peak
location.

iv) In 4-point bend specimens of low strength steels cy<250MPa, NILS
populations dominate if the plastic strains at the notch are small (less than 0.5% at
Gphom/Co ~1.0). At larger strains, trapping populations dominate as in the case of
pre-cracked specimens under small scale yielding conditions. In high strength
steels, NILS dominance holds at even higher plastic strains at the notch root (~2.3%,
Onom/Co ~1.0). In general, for both low and high strength steels trapped
populations dominate when the load is raised to values close and beyond the
general yield load.

v) In experimental studies with 4-point bend specimens hydrogen induced
cracking at the surface of the notch occurred under large strains and microcracking
inside from the notch was the case at very small strains. These results, in
conjunction with the present numerical calculations of the hydrogen concentration
point to the direction that most of the hydrogen was residing at the microcrack
initiation site prior to the onset of fracture.

vi) The present hydrogen transport model results, although very helpful in
understanding the interaction of hydrogen with local elastoplasticity, do not reveal
the role of hydrogen in promoting material degradation. Further research is needed
in the direction of coupling the present model results with the actual embrittling
mechanism(s) (HELP or decohesion) operating in the microscale. For instance,

incorporation of the shielding mechanism for embrittlement [25] in the present
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calculations may help to elucidate the role of hydrogen in promoting shear

localization of the plastic flow under certain temperature and strain rate conditions.
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Figure 1 Description of the boundary and initial conditions for the coupled diffusion
and elastic-plastic problems at a blunting crack tip under small scale yielding
conditions. Constant C; is the initial NILS hydrogen concentration, b, is the crack
opening displacement in the undeformed state, L is the distance from the crack tip, 1
is the outward unit normal to the external boundary, u; is the displacement, Ky is the
mode I applied stress intensity factor, T; is the traction, and j; is the hydrogen flux.
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Figure 2 Relationship between the trap density N; and the equivalent plastic strain
e? for iron and steels [81].
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Figure 3 Plot of hydrogen conceniration C;/C, in trapping sites and equivalent
plastic strain €’ vs distance R/b for low strength steel (o, =250MPa) at a blunting
crack tip upon the completion of loading and at steady state under constant
concentration boundary conditions. The load times were # =1.3,13,130s and the

corresponding crack opening displacement b was 5b,. The initial concentration C,

equals 2.084 x10%! hydrogen atoms per m°.
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Figure 4 Plot of hydrogen concentration C;/Cy, in NILS and hydrostatic stress
o /30, vs distance R/b for low strength steel (09 =250MPa) at a blunting crack tip

upon the completion of loading and at steady state under constant concentration
boundary conditions. The load times were ¢, =1.3,13,130s and the corresponding

crack opening displacement b was 5b,. The initial concentration Cy equals
2.084 x10%! hydrogen atoms per m>,
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Figure 5 Plot of total hydrogen concentration (C; +Cr)/Cy vs distance R/b for low
strength steel (0y =250 MPa) at a blunting crack tip upon the completion of loading
and at steady state under constant concentration boundary conditions. The load
times were f; =1.3,13,130s and the corresponding crack opening displacement b was

5b,. The initial concentration C, equals 2.084 x102% hydrogen atoms per m°.
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Figure 6 Plot of hydrogen concentration C;/C, in NILS and hydrostatic stress
0y /30 vs distance R/b for low strength steel (oo =250 MPa) at a blunting crack tip

upon the completion of loading and at equilibrium (neutralized chemical potential
gradients) under zero flux boundary conditions. The load times were t; =1.3,13,130s

and the corresponding crack opening displacement b was 5b,. The initial
concentration C; equals 2.084 x10°" hydrogen atoms per m’.
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Figure 7 Plot of total hydrogen concentration (C; +Cy)/C, vs distance R/b for low
strength steel (o) = 250 MPa) at a blunting crack tip upon the completion of loading

and at equilibrium (neutralized chemical potential gradients) under zero flux
boundary conditions. The load times were #;,=1.3,13,130s and the corresponding
crack opening displacement b was 5by. The initial concentration C, equals

2.084 x10% hydrogen atoms per m>.
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Figure 8 Plot of hydrogen concentration C;/C, in NILS and hydrostatic stress
ou /30, vs distance R/b for high strength steel (o, =1200MPa) at a blunting crack

tip upon the completion of loading and at steady state under constant concentration
boundary conditions. The load times were f,=04,4,40s and the corresponding

crack opening displacement b was 3.5b,. The initial concentration C, equals
2.084 x10! hydrogen atoms per m?,
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Figure 9 Plot of hydrogen concentration C;/C, in NILS and hydrostatic stress
o, /30, vs distance R/b for high strength steel (oj=1200MPa) at a blunting crack

tip upon the completion of loading and at equilibrium (neutralized chemical
potential gradients) under zerc flux boundary conditions. The load times were
t; =04, 4,40s and the corresponding crack opening displacement b was 3.5by. The

initial concentration C; equals 2.084 x10% hydrogen atoms per m>.
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Figure 10 Plot of total hydrogen concentration (C; + Cr)/ Co vs distance R/b for high
strength steel (0g = 1200MPa) at a blunting crack tip upon the completion of loading

and at steady state under constant concentration boundary conditions. The load
times were f,=0.4, 4,40s and the corresponding crack opening displacement b was

3.5b;. The initial concentration C, equals 2.084 x10% hydrogen atoms per m°.
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Figure 11 Plot of total hydrogen concentration (C +Cr)/Cy vs distance R/b for high
strength steel (o, = 250 MPa) at a blunting crack tip upon the completion of loading

and at equilibrium (neutralized chemical potential gradients) under zero flux
boundary conditions. The load times were f,=04,4,40s and the corresponding

crack opening displacement b was 35b,. The initial concentration C, equals
2.084 x10°" hydrogen atoms per m”.



59

10 L B N L U B 1 '
i C./C_ at 120 s and 120 min 1
8 |- E
6 | _
8 5 ot
CL/C0
4F (CL+CT)/C0 -
1Y 120 min 120 s :
a\ 120 min 120 s
\
2 | \\ -
e L —
\
0 . ] R | N ] . ] :
0 1 2 3 4 5 6 7

R/b

Figure 12 Plot of hydrogen concentration C;/ Co in NILS, Cr/Cy in trapping sites and
(CL+Cr)/Cy vs the normalized distance ¥® in front of a blunting crack tip in
niobium (o, =250 MPa) upon the completion of loading at time #,=120s and after
120m, when the crack opening displacement b equals 2.6b;, and under constant
concentration boundary conditions. The initial NILS concentration CL/N . equals
107 hydrogen atoms per metal atom.
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Figure 13 Plot of hydrogen concentration C;/Cy in NILS, C7/C in trapping sites and

(C; +Cp)/Cy vs the normalized distance Kb in front of a blunting crack tip in
niobium (o, =250 MPa) upon the completion of loading at time ¢, =120s and after
120m, when the crack opening displacement b equals 2.6b;, and under constant

concentration boundary conditions. The initial NILS concentration CLO/ N equals
107 hydrogen atoms per metal atom.
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Figure 14 Plot of hydrogen concentration C;/Cy in NILS, C7/C, in trapping sites and

(CL+C7)/Cy vs the normalized distance Rb in front of a blunting crack tip in
niobium (o, =250 MPa) upon the completion of loading at time #, =120s and after
120m, when the crack opening displacement b equals 2.6b,, and under constant

concentration boundary conditions. The initial NILS concentration C(L)/ N equals
1072 hydrogen atoms per metal atom.
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Figure 15 Loading and specimen geometry for rounded notch bend specimen; All
dimensions are in mm.
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Figure 16 Plot of hydrogen concentration C;/C, in NILS vs normalized distance R /%
from the rounded-notch tip in low strength steel (o, = 250 MPa) at the end of loading
at time f, with corresponding nominal stress Onom/Og for both constant
concentration and zero flux boundary conditions. Initial concentration Cy equals
2.084 x10*' hydrogen atoms per m°.
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Figure 17 Plot of hydrogen concentration Cp/Cp in trapping sites vs normalized
distance R/ 7, from the rounded-notch tip in low strength steel (o, = 250 MPa) at the
end of loading at time f; with corresponding nominal stress o,,,/0¢ for both
constant concentration and zero flux boundary conditions. Initial concentration C

equals 2.084 x10% hydrogen atoms per m>.
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Figure 18 Plot of total hydrogen concentration (C; + CT)/CO vs normalized distance
R/ 17 from the rounded-notch tip in low strength steel (o =250 MPa) at the end of
loading at time f; with corresponding nominal stress o, /o, for both constant
concentration and zero flux boundary conditions. Initial concentration C, equals
2.084 x10%! hydrogen atoms per m’,
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Figure 19 Plot of total hydrogen concentration (C; +Cr ),/Co vs normalized distance
R/ 71 from the rounded-notch tip in low strength steel (oy =250 MPa) at the end of
loading at time #; at which the nominal stress o,,,/0g is equal to 1.0 for both

constant concentration and zero flux boundary conditions. Also shown are the
corresponding steady state and equilibrium concentrations while loads are held
constantat o /o,=1.0. ‘
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Figure 20 Plot of total hydrogeh concentration (C; + CT)/CO vs normalized distance
R /1 from the rounded-notch tip in low strength steel (o = 250 MPa) at the end of
loading at time #; at which the nominal stress 0,,,/0( is equal to 2.0 for both

constant concentration and zero flux boundary conditions. Also shown are the
corresponding steady state and equilibrium concentrations while loads are held
constant at 6.,/ 0 = 2.0.
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Figure 21 Plot of total hydrogen concentration (CL+Cr ),/CO vs normalized distance
R/t from the rounded-notch tip in low strength steel (o =250 MPa) at the end of
loading at time #; at which the nominal stress Opom/ 0o is equal to 3.0 for both

constant concentration and zero flux boundary conditions. Also shown are the
corresponding steady state and equilibrium concentrations while loads are held
constant at o,/ =3.0.
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Figure 22 Plot of total hydrogen concentration (C; + Cy )/CO vs normalized distance
R/ 1 from the rounded-notch tip in high strength steel (o) = 1200MPa) at the end of
loading at time #, at which the nominal stress 0,,,/0 is equal to 1.0 for both
constant concentration and zero flux boundary conditions. Also shown are the

corresponding steady state and equilibrium concentrations while loads are held

constant at o, /0,=1.0.
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Figure 23 Plot of total hydrogen concentration (CL+Cr )/CO vs normalized distance
R/ 1, from the rounded-notch tip in high strength steel (6, =1200MPa) at the end of
loading at time t, at which the nominal stress Op,,/0( is equal to 2.0 for both

constant concentration and zero flux boundary conditions. Also shown are the
correspondinig steady state and equilibrium concentrations while loads are held
constant at o,/ 00 =2.0.
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