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A modified boundary layer formulation for the
problem of Mode-I loading of the single-edge notched
specimen in a hydrogen environment.

GIANNOULAS KONSTANTINOS
Department of Mechanical Engineering, University of Thessaly
Supervisor: Professor N. Aravas

Abstract

In this work, a modified boundary layer formulation is used for the prediction of the me-
chanical and hydrogen fields developing near the crack tip of the Single Edge Notch Ten-
sion (SENT) specimen loaded in plane strain tension. The effect of the so called "T-
stress” is accounted for in the numerical calculations. Transient diffusion and trapping/de-
trapping kinetics are also considered. A coupled mechanical-diffusion model is implemented
in ABAQUS/Standard via the provided UMAT and UMATHT user-subroutines by taking
advantage of a thermo-mechanical analogy. Comparison between the boundary layer for-
mulation and the full-field results from the SENT specimen reveal reasonable agreement in
both the mechanical fields and the hydrogen distribution in the vicinity of the crack tip.
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Introduction

It is not rare for an application to demand a steel component to function in a hydrogenous
environment. It has been observed though, through the years, that such components might
fail in sub-critical loading. The reason why this occurs, is that the atoms of the gaseous
hydrogen diffuse in the metal’s lattice affecting its microstructural integrity. Hence, the me-
chanical properties of the material downgrade and it becomes more brittle. This phenomenon
is called Hydrogen Embrittlement (HE). Some factors that boost the gas’s diffusion, are the
temperature and the pressure the gas applies on the metal.

In order to predict the mechanical and hydrogen distribution fields developing at the
vicinity of an axial crack in a pipeline steel, the SENT specimen can be used as suggested
by Dadfarnia et al. (2011) [7]. Also, based on [8], a modified boundary layer formulation
accounting for the effect of the so called "T-stress” has to be used, in order to accurately
predict the stress state at the crack tip. The boundary layer formulation can serve as an
efficient methodology for such predictions with reduced computational cost compared with
the full field calculation. In this regard, the appropriateness of using a boundary layer
formulation is investigated, for the prediction of the stress and hydrogen fields ahead of a
crack tip in comparison with calculations carried out in the actual SENT specimen.

In Chapter 1, the theory of hydrogen diffusion is described. The forms by which hydrogen
can be found in the metal’s lattice and how its concentration can be estimated are examined.
Also, the elastoplastic equations that characterise the material’s behaviour are presented,
in order to calculate the mechanical fields that are developed due to external loading. El-
ements from the theory of fracture mechanics are briefly recalled, since the problem under
examination includes a crack opening and the stress fields at its tip must be estimated.

Chapter 2, deals with the description of the details regarding the simulation set-up. The
boundary and initial conditions are discussed along with the analogy made between the
mass diffusion and heat transfer, since ABAQUS can not simulate coupled mass transfer -
stress analysis problems, unless user-defined finite elements are developed. To avoid pos-
sible numerical instabilities due to the discrepancy among the magnitudes of the coupled
mechanical and diffusion equations, all the quantities were normalized as explained. The
predictions from the numerical simulations are compared to some available results from the
simulations of the corresponding SENT specimen.

Standard notation is used throughout. Boldface symbols denote tensors the orders of
which are indicated by the context. All tensor components are written with respect to a
fixed Cartesian coordinate system with base vectors e; (i = 1,2,3), and the summation
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2 Introduction

convention is used for repeated Latin indices, unless otherwise indicated. The prefice det
indicates the determinant, a superscript 7' the transpose, a superposed dot the material
time derivative, and the superscripts sym and skew, enclosed in parentheses, the symmetric
and anti-symmetric parts of a second order tensor. Let a, b be vectors, A, B second-order
tensors, and C, D two fourth-order tensors; the following products are used in the text:
(a b)” = a; bj, A:B= Ai]’ Bz‘j, (AB)” = Azk‘ Bkjy (A B)ijk’l = Aij Bkzla (C : A)” = Cijkl Akb
and (C : D)kt = Cijpg Dpgii- The inverse C! of a fourth-order tensor C that has the “minor”
symmetries C;ji = Cjir = Ciju is defined so that C : Cl'=cC"':C=1Z, where T is the
symmetric fourth-order identity tensor with Cartesian components Z;jx = (0 051+ 61 1) /2,
d;; being the Kronecker delta.
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Chapter 1

Theory

In this chapter the constitutive equations for the diffusion and mechanical problem are
presented. Also, the process of numerical integration is being explained, in order to fully
present the process ABAQUS follows when calculating the quantities of interest in each time
increment. A brief outline of the Mode-I asymptotic solution from the theory of fracture
mechanics is also given here for convenience.

1.1 Theory of hydrogen

When a steel component comes in contact with gaseous hydrogen, at some occasions
atoms might diffuse in the metal’s lattice. These solute atoms change the chemical potential
of the matrix, since they intervene to its integrity and due to the dilation of the lattice that
they cause, internal, localized stresses are introduced. Hydrogen can either diffuse through
Normal Interstitial Lattice Sites (NILS) or be trapped at micro-structural defects (e.g., grain
boundaries, voids, precipitates etc.) that exist in the material’s micro-structure. The reason
why hydrogen migrates through the material, is the mechanics of diffusion. The solute atoms
have the tendency to move from regions with higher chemical potential to those with lower
one [9, 10]. Apart from that, since the applied mechanical loads are not negligible, a yield
criterion should be chosen and the respective equations from the field of fracture mechanics
must be expressed.

After some extensive analysis was conducted, it was observed that the mechanical prop-
erties of steel components functioning in an environment containing hydrogen downgrade
significantly, especially their strength and ductility [5]. This degradation of the material’s
properties can lead to sub-critical crack growth, occasionally leading to catastrophic failure.
What affects the behaviour of the material, is the diffusion of atomic hydrogen into the
metal’s micro-structure [4] since the atoms migrate through the lattice and might eventually
get trapped at some existing micro-structural defects [7]. This intervention to the material’s
integrity can lead to failure, even when the applied stress is less than the maximum stress
the application was designed to withstand [3]. The degree at which hydrogen affects the
metal can be influenced both from the amount of the hydrogen atoms that are absorbed
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4 Theory

in the metal’s lattice and the micro-structure of the material [6], along with the environ-
ment’s temperature and the pressure the gas applies [1], [2]. This phenomenon is known as
Hydrogen Embrittlement (HE) and is notorious for its impact on the ductility and fracture
resistance of the material in question.

1.1.1 Hydrogen transport

All real solids contain imperfections in their lattice, such as voids, impurities and dislo-
cations and such defects are possible traps for the hydrogen atoms [12]. It has been proven,
that the hydrogen concentration in trapping sites influences the stress at which a crack will
propagate. Furthermore, the traps are considered either reversible, when the required energy
for hydrogen atoms to escape has a small magnitude, or irreversible, when the atoms need
to obtain a lot of energy to be released from the trapping sites [13]. These trapping sites
partially prevent further hydrogen diffusion and their concentration of hydrogen atoms can

be estimated as
Cr = 0pNp, Np(E) = 107" (1.1)

with C'r being the concentration measured in trapped hydrogen atoms per unit of volume, Ny
expresses the trap density in traps per unit volume and is a function of the local equivalent
plastic strain P, which will be defined in the following and 67 is the occupancy of the
trapping sites in the lattice.

As suggested by Kumnick and Johnson (1980) [21] the trap density N and the equivalent
plastic strain &P relate to each other in such way, that when 2P reaches a specific value, the
magnitude of Ny remains practically constant, reaching a trapping saturation, as shown in
Fig. 1.1.

2102 Ny vs Equivalent Plastic Strain

3
NT [Traps/ m~]

0 0.2 0.4 0.6 0.8 1 1.2 1.4 16
Equivalent Plastic Strain &#

Figure 1.1: Trap density, Ny as a function of equivalent plastic strain z° [21].

Apart from the trapped atoms, hydrogen can be found in NILS, which are points in the
lattice that the hydrogen atoms can migrate through. These sites can be overcome from
the atoms with less energy than the trapping sites. The concentration of C, measured in
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1.1. Theory of hydrogen 5

hydrogen atoms per unit volume is expressed as
C L= 0 LN L (12)

where 0, is the occupancy of the interstitial sites and N denotes the number of solvent
atoms per unit volume. Also, since Ny = 6.02214076 x 10%* mol ™" is the Avogadro’s number
and V), is the molar volume of the host lattice estimated in units of volume per mole, N
can be estimated as Ny = % In conclusion, hydrogen can be found in the matrix in two
ways, either migrating through NILS or trapped in existing defects and the total hydrogen
concentration, as suggested from Sofronis and McMeeking (1989) [26], can be written in the

form

C=Cp+Cr (1.3)

It is important to state at this point, that according to McNabb and Foster (1963) [17],
the concentrations of hydrogen in these two states are related to each other through the
following rate-dependent equation

Cr = kNp(1 —67)Cp, — \Cp = F(Cyp, Cr, &P) (1.4)
3
The constant magnitudes though, do not have the same dimensions, since k [=] m and
sites
A [=] L. In order to resolve this issue, k is expressed as k = ~. in order to include the
variable  [=] £ and eventually,
Cp = ANp [K7p0.,(1 — 67) — 67 (1.5)

Later on, Oriani’s theory simplified McNabb’s equation by stating that under equilibrium
conditions, the population of hydrogen in these two states is such, that the occupancy of the
interstitial sites 6, and the trapping sites 67 must be consistent with [11]

Or 0L
- K
1—6p (1—9L) ’

W,
Kr =exp (37

K is the equilibrium constant, W, is the trap binding energy, R = 8.314

where Kr is defined as

J
mol-K

gas constant, and T is the absolute temperature. In this work the fully transient trapping/de-

is the universal

trapping kinetics theory is used, as dictate by equations (1.4) or (1.5)

1.1.2 Mass balance and diffusion equation

Transport of hydrogen between lattice and trapping sites takes place due to diffusion.
The corresponding governing equation is derived using the mass conservation principle. In
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6 Theory

particular, let 2 be an arbitrary part of the body under consideration bounded by a surface
0f€), at which external loads are applied. The concentration of hydrogen in the NILS C}, or
the trapping sites C, that are found within the chosen volume might change over time. This
alternation causes mass of hydrogen to flow through the boundary surface. The condition
of mass conservation must be met and the respective equation is used, because the change
of the total hydrogen concentration C, inside the chosen volume has to be equal with the
hydrogen flux through the boundary surface

/CLdV+/CTdV: /JndS (1.6)
Q Q o0

Where J, = —J - n, with J being the hydrogen flux, J [=] H atoms - —+~ and n is the unit

m2s
vector that is normal to any point of the boundary surface, facing outwards. After applying

the divergence theorem in relation (1.6), the final equation is:

[(C+Crav-a)av=0 Vo = C€=-V-3-Cr (1.7)
Q

The partial differential equation (1.7) is supplemented by the following boundary conditions:
Cp(z) = Cp(z) = known on 09, (1.8)

J,=-J-n=J,(z) =known on 0Q, (1.9)

where 0Q¢, U 9Q,;, = 00 and 0Q¢, N 9N, = 0. Hydrogen flux is assumed to be driven by
chemical concentration gradients:

DiCy
RT

J= Vi (1.10)

where the chemical potential p is expressed as

C
w(p,Cr) = po + RT In (CLLo> —(p—po)Vu (1.11)

with R = 8.314 m(fﬁ being the gas constant, T the absolute temperature in Kelvin, Vi the
partial molar volume of hydrogen (in m?/mol)and p = o4;/3 the hydrostatic stress. The
quantities C'rg, po denote a reference concentration of hydrogen in the lattice and a reference
pressure respectively, and pg is the chemical potential corresponding to Cp, = Cr and p = py.
Substitution of (1.11) in (1.10), yields

— VH

where Dy, is the lattice diffusion constant and Vp is the pressure gradient. The equation
(1.12) shows that apart from the lattice concentration, the hydrogen flux has a coupled
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2. Mechanical constitutive equations 7

influence from the mechanical loads, through the pressure gradient, Vp.

1.2 Mechanical constitutive equations

Before analysing the equations that characterise the elastopalstic behaviour of the mate-
rial, it must be stated that in this work, one way coupling is being considered and thus, the
mechanical behaviour is not influenced from the existence of hydrogen. The coupled equa-
tions of the initial-boundary problem of hydrogen diffusion and the elastoplastic boundary
value problem are examined. In order to interpret the way hydrogen affects the material’s
mechanical fields, an adaptation of the von Mises yield criterion is required and will be
presented.

Taking into consideration that ®(s,&?) is the yield function, the yield condition is

P(s,e7) =0

The total rate of deformation tensor D is additively decomposed into an elastic part D¢
and a plastic part D? [14].

D = D+ D? (1.13)

The corresponding constitutive equations for the elastic and plastic parts are discussed in
the following chapters.

1.2.1 Elasticity

Linear, isotropic, hypo-elasticity is assumed so that following the equation (1.13), the

elastic rate of deformation tensor D€ is given as D¢ = M€ : &. The Jaumann derivative of
the stress tensor is

c=6+0- W-W.o
with W, spin tensor, being the antisymmetric part of £¢. Also,

1
M ﬁ’(:‘f‘ J

and since L£¢ = (M*)™!
L =2GK + 3rT

where M€ is the Elastic compliance tensor and L€ is the elastic stiffness tensor and G, k
are the elastic shear and bulk modulus of the material.
Considering Z being the symmetric fourth — order identity tensor, then

1

Liji = 5 (0ik0j1 + 06 k)
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8 Theory

1
Jijl = 3 (0ij0k1)
and
Kiji = Lijii — Jijri

1.2.2 Plasticity

The material is assumed to obey the von Mises yield criterion which is written as:
D (s,8P) =0.(s) —0y,(eP) =0 (1.14)

where the equivalent stress o., is a function of the deviatoric part of the stress tensor,

oe(s)=4/=5:s (1.15)

Also, the yield stress, 0, is a function of the equivalent plastic strain. When ®(s, £7) > 0 and
no plasticity has still occurred in general, the material acts elastically and o, = oy which
is the material’s initial yield strength. Even so, if the material enters its plastic region,

due to hardening, the yield strength will be increased and eventually o, (7)) > 0p, until the

do
de

the von Mises yield criterion is the flow stress and is estimated from the power law hardening

hardening rate is zero, ¢ = 0, when the point of failure is reached. Thus, the second term of

as

Uy&*)==oo<1%—iz>n (1.16)

o is the initial yield strain in the absence of hydrogen and n is the hardening exponent.
At the present work, the existence of hydrogen diffusion is neglected due to the one way
coupling hypothesis and thus the von Mises yield criterion is expressed as seen in equation
(1.14) - (1.16).

Now, if the problem was such, that the mechanical fields would be affected from the
hydrogen diffusion, the von Mises yield criterion would have to be modified accordingly, as
suggested for instance by Sofronis et al. (2001) [14]

5, (&,C) = F(C) o, (27) (1.17)

where F' is a suitably chosen degradation function and its accurate form is beyond the scope
of the present work.

The stress tensor, o, is symmetrical and can be expressed as the summary of a spherical
and a deviatoric part, o**" and o or s respectively.

o=s5+0"" (1.18)
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1.2. Mechanical constitutive equations 9

where 1
o = 0.6 (1.19)

3
In order to estimate the plastic part of the total deformation’s rate in equation (1.13),
due to the Maximum Plastic Work Principle, the normality rule occurs [15] and DP is normal

at any point belonging to the yield surface. The direction of D? can be expressed as

oo 3
= Nij = T‘_eSij (120)

3crij
and the second order tensor N has a constant magnitude

N:N:§
2

meaning that the tensor N expresses only the direction of D?. Having that in mind, a scalar
quantity is considered, A, to assist fully express D? by containing the information about its
magnitude in general. Eventually,

D? = A\N

Specifically, when working with the von Mises yield criterion,

2
and since D? = AN,
2=\

This way it can be proved that in this specific case,

D? = &N (1.21)

1.2.3 Numerical integration of the constitutive equations

Implementation of the model in a finite element setting (e.g., in ABAQUS) requires the
numerical integration of the constitutive equations that were previously presented. Knowing
the values of the variables at the beginning of the increment, at time ¢, the values of the
same variables must be estimated at the end of the increment, at time ¢,,;, which is the
beginning of the next time step. More specifically, given the values of the following variables

Fn7 Oy, 51717 CT|n7 Tn (: CL|TL)7 and Fn+17 Tn+1 (Z CL|n+1)

the values of

=P
Ontl;,  Entls CT’n—f—l
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10 Theory

must be estimated at the end of every increment. Note that 7, (= C|,) and T,y (=
CLr|,,) are applicable equalities due to the mass - heat transfer analogy that will be analysed
in Section 2.2.1.

The first step is to integrate the plastic flow rule (1.21), in order to estimate AeP, using
a backward Euler scheme,
Ae? = A2 N,y (1.22)

In order to find AeP,; AeP must firstly be determined. To achieve that, the following procedure
must be followed. Firstly, the equation that estimates s,,1, is

Sni1 = Sp + 2G Ae® =s, + 2G (Ae — AeP) = s, + 2G Ae —2G AP N, (1.23)
—_—

where s¢ is the known deviatoric elastic predictor.

In view of equation (1.23), it can be shown that s, ;1 is co-linear with s as the following
equation holds.

Oe|n+1

Due to the relation s, 1 and s® have in (1.24), by replacing them in (1.20), it eventually
leads to

3 3
Nn = - n fr—
+1 B €|n+1 Sn+1 20¢

s® = N° = known (1.25)

Now, AP can be estimated by taking the dot product of (1.24) with N,,,; = N¢ and

solving for o/, ;,

(Sn+1 . Nn+1) = (Se . Ne) —2G AP (Nn+1 . Nn+1) = = 0‘: — 3GAEP. (126)
_(_/ f — ————
Telpt1 Te

Oe n+1

(NI

where o¢ is the von Mises elastic stress, associated with the elastic predictor s®. Knowing
the o¢ from (1.26), the von Mises yield criterion is

B(Sp11, AZ?) = 0° — BGAE — 0, (87 + AE?) = 0 (1.27)

Equation (1.27) is a non-linear equation which can be solved numerically for A&? using
the numerical Newton’s method. In this case, a reasonable first estimate for AP can be
found by approximating (1.27) as

day

.
PE; A

n :O

gp=P

ot — 3G AeP — {ay(ép) +
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1.3. Linear elastic fracture mechanics 11

N - 3G°f %{Zéfm - (1.28)
After AP has been determined, s,,4; can be calculated :sing (1.24)
Spt1 = 8° — 2G AP N,, .1 = known (1.29)
Using (1.29), 0,41 can be now calculated as
Opil = Spitl + P10 (1.30)

In order to estimate 0,11, the value of p,; must also be found. To achieve that, notice

e
Pn+1 = ngkk|n+1 = ’iekk|n+1

or
Pnt1 = Pn + K Ay = po + K Aeg = p°
—_——
pe
using (1.28) and o,,41 from (1.30), the last
variable that must be estimated, is C’T’ o By integrating (1.5), using a backward Euler

After finding &), from A&? = &0, — &P

n’

scheme like at the beginning of the procedure,

(JT\

n+1 B CT‘n A\ K+6 N . C _ C
At - [ T L‘n-i—l( T‘n—}—l T‘n-{—l) T‘n+1

C’T‘n + Kr 9L’n+1 NT‘nH)‘At _ Crlni (1.31)

= , 0 "
nt1 L+ (1+ Kr 0y L AAE thn N

= CT‘

and the integration process is completed.

1.3 Linear elastic fracture mechanics

The goal of this work, is to eventually estimate the hydrogen concentration and mechan-
ical fields at the tip of an axial crack. It is considered that uniform pressure is applied at
the surfaces of the crack and the problem is analysed under Mode-I and plane strain con-
ditions. Thus, the theory of Fracture Mechanics is used, in order to estimate the analytical
solutions of the stress fields [18], 017 and o099, along with the asymptotic displacements of
William’s (2007) singular linear elastic field [19] that are imposed on the outer boundary of
the domain. Also, both the K; and T-stress terms should be employed to characterize how
the stress and deformation fields influence each other, since the near-tip solutions cannot be
accurately predicted using a standard boundary layer approach that neglects the T-stress,
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12 Theory

as suggested by Dadfarnia et al. (2008) [8].

Figure 1.2: Modes of loading in fracture mechanics [22]. (a) Mode-I (b) Mode-1T (¢) Mode-11T

Mode-I loading describes the scenario where due to stresses acting normal to the crack
surfaces, the crack propagates perpendicularly to its plane of symmetry, along X; axis and
is depicted in Fig.1.2. Failure occurs when the stress intensity factor, K, which quantifies
the intensity of the stress field near the tip of the crack, reaches the value of the material’s
fracture toughness, K. In what follows, a brief outline of the Mode-I asymptotic solution
is given.

In order to fully describe the plane-strain problem, a stress function must be formulated,
in order satisfy the corresponding biharmonic equation, (1.32). This function is called Airy
stress function, f

Vif=0 (1.32)

The asymptotic solution of this function, in order to examine the mechanical fields near
the crack tip, where theoretically the stresses tend to be infinite due to r — 0 being a
singular point, is

e}
fr,0) = >R, )) (1.33)
i=1
Where 6 is the angular coordinate of the point at which the Airy function is being evaluated,
as it is shown in Fig.1.3, r is the distance from the crack tip, \; are the eigenvalues of the
problem, and Fj(6, \;) are the corresponding angular eigenfunctions.
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1.3. Linear elastic fracture mechanics 13

Figure 1.3: The coordinates needed for the Airy function [23].

If the crack face is traction free, the boundary conditions for the first and second terms
in the asymptotic solution are

opg(r,0 =xm) =0, op(r,0 ==xm)=0

and solving for the first two eigenvalues, A\; and Ay, which respectively have the values of 1/2
and 1, the first two terms are estimated and the stress field along with the displacements
can be estimated.

+T

(%) r cos 6 ]

— (%) 7 sin 0

o(r,0) = on(rd)| K 1 300s(%)+c05(%9> e
rU) = o92(r,0) _\/%4 5COS<%>—COS(%) 0

If there is a homogeneous pressure applied at the crack face, as it is considered in the
present work, the boundary conditions for the second term are modified as

oge(r,0 = xm) = —p, op(r,0 =+7m) =0

and the first two terms of the asymptotic solution take the form

uz(r,0) = K (1 zy) \/Zcos (Z) [3 — 4v — cos(0)]

1—12 p(1 —2v)
+T ( Z > rcos(f) — e T cos(f)

(1.34)

Institutional Repository - Library & Information Centre - University of Thessaly
07/09/2026 20:40:53 EEST - 216.73.216.250



14

Theory

uy(r,Q):K1<1+y> !

E

E

The corresponding solution for the stress fields is

Ky 1] 0
o11(r,0) = Nory _3 cos <2> + cos (

50

2

p(1—2v)
2G

)

First term

K; 1]
0ao(r,0) = ———= |5 cos o) _ cos
V2rrd | 2

50

2

)

First term

T sin (g) 3 v — cos(6))
7 (”(H”)> rsin(6) —

rsin(6)

T'—p

Second term

p

Second term

(1.35)

(1.36)

(1.37)

In the numerical simulations that follow, the asymptotic displacement fields, being char-

acterised by both the stress intensity factor K; and the T-stress, will be used as boundary

conditions for the modified layer formulation. The asymptotic stress fields (1.36) - (1.37)

will be used to assess the accuracy of the corresponding numerical results.
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Chapter 2

FEA Model, Results and Comparisson

Having described the fundamental theoretical background, this chapter deals with the
details of the simulation set-up and the description of the numerical results. In particular,
in this chapter, the boundary and initial conditions are shown , the analogy between heat
and mass transfer is explained, and the material properties are given.

Eventually, since the models for the SENT specimen, [24], and the Small Scale Yielding
(SSY) approach were complete, in order to check if their results they numerically agree and
visualize the results, a comparison was made. The distributions of both mechanical and
hydrogen fields ahead of the crack tip and in the whole domain of the solution are shown
and discussed.

All the numerical results were extracted from the ABAQUS FEA software, and then
imported to a MATLARB file in order to generate the necessary plots.

2.1 The problem in question

Initially, the real problem taken into consideration refers to gaseous hydrogen flowing at
pressure of 15 MPa through a pipe made of medium or low strength steel and a yield strength
less than 750 MPa. The loading conditions are considered to be Mode-I in plane strain, since
the specimen used for the analysis has an axial crack formed on its inner diameter.

It has been proven, that the mechanical fields developing near the tip of a pipeline’s axial
crack can be estimated by using a Single Edge Notch Tension (SENT) specimen [7]. Then, in
order to view the problem closer to the region of interest, the crack tip, a modified boundary
layer formulation is used under the small scale yielding (SSY) hypothesis. The present work
approaches the SSY formulation and in order to evaluate the reliability of the simulation,
the results are compared with the SENT specimen analysis, [24], and a research that was
conducted in the past from Dadfarnia et al. (2011) [7], referring to a SENT specimen as
well.

The initial and boundary conditions used, are shown in Fig. 2.1. In order to fully describe
the mechanical fields, both K; and T-stress parameters are used.In the simulation models,
the initial condition that is used, is that the NILS hydrogen concentration, is C(t = 0) = 0,
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16 Results and Comparisson

thus considering the domain initially hydrogen free, since as initially 22 = 0, Cr = 0 as
well, as shown in Fig.1.1. Two boundary conditions are used as well. Firstly, C(p) at the
surfaces of the examined area that come in contact with the flowing hydrogen, meaning
that it is always in equilibrium with the hydrogen in the pipe, as explained by Sieverts law
[20]. Secondly, due to symmetry, half the pipeline is examined and the plane of symmetry
is assigned with no flux and so, no hydrogen atoms pass through that surface.

\

P

)

~J_at=0=0

Asyvmptotic Elastic Solution

-,

vl -
Crack Face % % @ éé}, @ @/ @ @
(b)

Figure 2.1: The initial and boundary conditions of the SENT specimen and boundary layer
formulation respectively.

The mechanical load, p = 15MPa, is applied on the crack surface and the asymptotic
displacement field was applied on the outer surface. Its magnitude rises linearly from 0 MPa
to 15 MPa in 1second and remains constant for the remaining duration of the simulation,
until steady state. The hydrogen diffusion is imposed on the crack surface and linearly as
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2.2. The finite element model 17

well. At Osecond, due to the initial condition, C;, = 0, but after 1second, C}, = 2.659 -
1022 H atoms/m® because of the Sieverts law for p = 15 MPa.

P Pressure

T

15 MPa A

1 sec t time

Figure 2.2: The applied pressure at the crack face as a function of time [8].

2.2 The finite element model

2.2.1 Heat transfer - Mass diffusion analogy

Due to lack of flexibility ABAQUS has in simulating a coupled stress - mass transfer analy-
sis without developing user-defined finite elements, an analogy between the diffusion and heat
transfer problem is utilised, which is an approach broadly used [25]. This approach allows to
take advantage of the built in capabilities of ABAQUS in solving coupled mechanical-heat
transfer problems under appropriate variable identifications. Hence, a coupled stress-heat
transfer problem is formed, where the temperature represents the NILS concentration, C7,,
in order to numerically approach the real problem as sufficient as possible.

In order to apply the analogy in the simulations, a couple of custom user-subroutines
had to be utilized, such as UMAT and UMATH. Also, the *COUPLED TEMPERATURE-
DISPLACEMENT option was used in ABAQUS/Standard, instead of the *STATIC that
would be utilized if the problem was solely mechanical.

As hypothesized in subsection 1.1.2, when the mass balance of the diffusing hydrogen
atoms was analysed, an arbitrary part of the material is considered, with volume 2 and 0f2
being the boundary surface. Also, n is a unit vector, normal to any point of the boundary
surface, 0L, facing outwards.

Now, the energy balance equation can be described as

/pﬁdvz/qnds+/rdv VO (2.1)
Q o) Q

Where p [=] kgm™ is the mass density and U is the internal energy per unit mass (Jkg™).
Also, the thermal energy provided by a heat source in the selected volume, is r [=] Wm™
and q is the heat flux per unit area, with ¢ [=] Wm™2. In order to use the Gauss divergence
theorem in equation (2.1), ¢, = —q - n will be used,so as to eventually have only volumetric
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18 Results and Comparisson

integrations. The magnitude of g,, expresses the thermal energy that enters the chosen,
arbitrary volume €2 through its boundary surface 0€2. Eventually,

/(pf]%—v'q—r)d‘/:() VQ = p(j':—V~q+r (2.2)
Q

but knowing that p = —pDyi, where D is the rate of deformation gradient, the equation
(2.2) can be written as

pU = pU+V-q=r=pU ==V -q+ (r— DypU) (2.3)

For small elastic strains (D§, ~ 0) and plastically incompressible materials (D}, = 0),
the relation Dy, = D, + DY, = 0 holds and equation (2.3) can be simplified as:

pU=—-V-q+r (2.4)

By comparing the relations that express the heat and mass transfer phenomena, equations
(2.2) and (1.7) respectively, it can be concluded that the NILS hydrogen concentration Cf,
can be estimated through the temperature field T', after solving the coupled temperature -
displacement problem.

Table 2.1: Analogy between heat transfer and mass diffusion for a plastically incompressible

material.
Heat Transfer Mass Diffusion
Temperature: T' Lattice hydrogen concentration: Cp,
Internal energy: U(Ae, T) C/f(_AC;)LO

Heat flux: q Hydrogen flux: J

pU=-V.-q+ (T—pDkkU)

Cp=-V-J-Cr

T(x) = T(x) = given on 9Qr Cp(x) = Cp(x) = given on 90,

A

J, = —Jn = J,(x) = given on 09,

r ¢ ¢ T T 2

¢n = —q-n = §(x) = given on 09,

What can be seen from Table 2.1, is that the lattice hydrogen concentration C'7, and the
hydrogen flux J, are respectively identified as temperature T and heat flux q. Also, there is
an obvious analogy between the mass and energy balance equations and their corresponding
boundary conditions as they are presented in Sections 1.1.2 and 2.2.1.
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2.2. The finite element model 19

2.2.2 Model Parameters

The boundary layer formulation is a sufficient way to simplify the SENT specimen formu-
lation, since the area under examination is near the crack tip instead of the whole specimen
domain. The findings are compared to the results of a 2-D analysis, conducted by Dadfarnia
et al.(2011) [7].

Table 2.2: SENT specimen dimensions

Magnitude Measurement Unit
Width: W 10 mm

Height: H 50 mm

Crack length: a 2.08 mm

Initial radius of crack opening: b 1 pm

The dimensions of the SENT specimen that were used initially, in order to eventually
reach the SSY hypothesis, are given in Table 2.2 and due to symmetry, using H/2, they
correspond to Fig.2.1a.

Table 2.3: Material properties for steel pipe.

Magnitude Measurement Unit
Young’s Modulus: E 201.88 GPa

Poisson’s ratio: v 0.3

Crack length: a 2.08 mm

Yield stress: oy 595 MPa

Work hardening exponent : n 0.059

The properties of the material that is used, are given in Table 2.3.

The dimensions of the specimen are such, so that under specific loading which is beyond
this work’s subject, but analysed thoroughly from Dadfarnia et al. (2011) [7], the stress
intensity factor and the T-stress that are applied on the boundary layer are respectively
K; = 34.12MPa,/m and T-stress = —188.02MPa.

After an initial simulation of the SENT specimen was completed, the plastic zone was
checked in order to see what dimension would be safe to use for the SSY formulation. Since
the maximum radius of the plastic zone at the SENT specimen simulation was found to
be 1.732mm as seen in Fig.2.3a, a semi-circle domain was considered and its boundary
surface was loaded by remote displacements, as they are expressed at eqgs. (1.34) and (1.35).
The radius of the semi - circle, was chosen to be 2mm, since it would include the formed
plastic zone while not exceeding the SENT specimen’s dimensions, as the crack length is
a = 2.08mm. The plastic zone at the boundary layer formulation, was later estimated to be
1.249 mm.
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20 Results and Comparisson

d=2mm
(a) (b)
Figure 2.3: The plastic zone of (a) the SENT specimen [24] and (b) the boundary layer
formulation.

Eventually, after properly meshing the domain in order to avoid divergence at the final
results due to lack of sufficient integration nodal points, the number of nodes used for this
analysis was 1971 and 1856 type CPE4HT elements were composing the final meshed domain.

Figure 2.4: Finite element discretization of the boundary layer.

The rate at which the hydrogen diffusion and the pressure are applied linearly at the crack
face has been discussed. Apart from that, at the lower surface where no flux is imposed, a
boundary condition is also applied, preventing the nodes of the surface to move vertically,
due to the existing symmetry.
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2.2. The finite element model 21

Figure 2.5: Zoomed meshing at a domain where each visible side has a distance of 10 um
from the crack tip.

In order to avoid possible numerical instabilities due to the discrepancy among the mag-
nitudes of the coupled mechanical and diffusion equations, all the magnitudes that were used
through the set-up of the analysis were dimensionless.

Table 2.4: Normalizing parameters.

Symbol Unit Value
loy m 1x1076
to S 1
Co H atoms/m? 2.659 x 10*
R J/(mol-K) 8.314
T K 300
Yo Pa 595 x 108

Table 2.5: Normalization of relevant quantities.

Normalized Quantity Expression

E E/%,

0o 00/20

Ny N/Co

D D/(€3/to)
Vi Vi /(RT /<o)
Ny Np/Cy

How each quantity is being normalized can be seen in Table 2.5, based on the normalizing

parameters in Table 2.4.
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22 Results and Comparisson

2.3 Numerical results

2.3.1 Initial evaluation

At this point, it must be stated that the models were initially evaluated under two
circumstances. A comparison among the numerical results of the modified boundary layer
hypothesis with the SENT specimen simulations and some existing data occurred using only
the first term of the displacement boundary layer and using both terms, as seen in Section 1.3.
It was observed, that the absence of the second term caused a significant deviation to the
results of the boundary layer formulation analysis and thus in all the results presented, both
the K; and T-stress terms were considered.

At first, in order to see if the model was properly set, the mechanical fields were exam-
ined. An important observation, was that the hypothesized one way coupling can indeed be
observed, since the simulations were examined both with the existence of hydrogen diffusion
and with its absence. In the final results, the mechanical fields were identical near the crack
tip. Finally, the fields do not alternate after 1second, from when afterwards the applied
pressure remains constant.

The first comparison that was made, was the magnitude of hydrostatic stress, p = oy /3.
All the results given refer to steady state t = 2.75hours, unless said otherwise.

Hydrostatic Stress vs r

26
2471
221
2l
P 1.8
G0 16} ——SENT
K —SSY
L Pt Dadfarnia 2011
12
1|

0 1 2 3 4 6 7 8 9 10

5
r/b
Figure 2.6: The path plot of the hydrostatic stress p/og ahead of the crack tip.

In Fig.2.6, the red curve represents the numerical results of the normalized hydrostatic
stress in the SENT specimen. The blue curve refers to the SSY approach and the dashed
black curve corresponds to the results given in [7]. The boundary layer hypothesis agrees
with the corresponding numerical results of Dadfarnia et al. (2011) and the peak value is
reached at a distance 7 = 3 in all cases.

In order to normalize the distance, r, from the crack tip, the final radius of the crack

opening b is used, where b = by + us = 3.2886 um. It can be found in Table 2.2, that b, is
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2.3. Numerical results 23

the initial radius of the crack opening and us, being the displacement in X, axis due to the
resulting stress that is analysed in Section 1.3, estimated at the node vertically above point
0(0,0) is ug = 2.2886 pm.

After observing the plot in Fig. 2.6, there is minimal deviation among the results of
interest. The contour plots for U% can be seen in Fig. 2.7.

+|i.2192-02
+3.073e-01

(a) (b)

Figure 2.7: Distribution of the hydrostatic stress p/og (a) in the whole domain and (b) near
the crack tip.

Next, the equivalent plastic strain, &P, was the objective of the comparison, in order
to fully view the model’s reliability, regarding the mechanical fields. The curves respec-
tively refer to the SENT specimen, the boundary layer formulation and the work research of
Dadfarnia et al. (2011).

Equivalent Plastic Strain vs r

— SENT
—S5Y
Dadfarnia 2011

1.8

15
r/b
Figure 2.8: The equivalent plastic strain, €7, near the crack tip.
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SDV_EBARP
(Avg: 75%)
+1.9250400

+1.600e-01
-3.688e-04

d=10um

Figure 2.9: The contour plot of the equivalent plastic strain at the crack tip.

It can be seen in Fig. 2.8, that the results agree reasonably well in all cases and only
differ slightly as »r — 0. Even so, the boundary layer formulation sufficiently describes the
strain field which is visualised in Fig. 2.9

2.3.2 Stress fields

In this section, the numerical results of fully elastic and elastoplastic simulations are being
compared with the asymptotic solutions. Firstly, the o7 will be depicted. It can be seen
from equation (1.36), that the analytical solution for oy consists out of two terms. In order
to find the K; dominance area and evaluate the convergence of the numerical solutions, the
analytical solution,(1.36), was estimated both for one and two terms and they were placed
in the same path plot with the numerical solutions.

In Fig 2.10 - 2.13, the 01; and 099 are being depicted along the symmetry plane in front
of the crack tip. The green and red curves represent the analytical solutions with one and
two terms respectively and the black and dashed blue curves are the numerical results for
the elastoplastic and elastic solutions.

g11 VS r

Analytical - One Term
—— Analytical - Two Terms
4 ——SSY - Elastoplastic
- — —SSY - Elastic

5 i i i i i i
0 0.1 0.2 0.3 0.4 0.5 0.6
. -
Point A L
(Kr/op)*

Figure 2.10: Comparisson between the analytical and numerical prediction for o1 /0y.
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Jg11 Vs T
5
a5k Analytical - One Term
’ Analytical - Two Terms
4r ———S88Y - Elastoplastic
Y = = =S8Y - Elastic
3l
11
—— 25

an
2

0 . . . I I . . . . .
005 01 0415 02 025 03 035 04 045 05 0.55

.
(Kr/00)*

Figure 2.11: Analytical and numerical solutions of o1;/0¢ in the elastic region.

From Fig. 2.10 and 2.11, a couple of conclusions can be drawn. Firstly, in Fig. 2.10,
the K; dominance area is the length where the analytical solutions do not deviate from one
another. Also, the vertical curve represents the point at which the elastic region begins, for
6 = 0 and any point of the path after point A has not been plastically deformed. It can be
observed in 2.11 that the numerical, elastoplastic solution tends to the analytical solution
with both terms included. The reason why the numerical solution is diverged from the
analytical ones near the tip, before point A, is the existence of singularity and theoretically
the magnitude of the stresses is infinite, but in reality plasticity occurs.

The same procedure was followed with o9, but it can be seen in equation (1.37) that
the T-stress does not enter the analytical solution. Even so, the applied pressure affects
the analytical solution and it had to be taken into consideration. It can be seen though in
Fig.2.13, that the effect of pressure to the analytical solution is negligible, since the analytical
solutions for one and two terms are almost identical.

T99 VST
5 - : -
= Analytical - One Term
49 — Analytical - Two Terms
4 FH = 55Y - Elastoplastic
= = =S8Y - Elastic

0 i L L L L
0 0.1 0.2 0.3 0.4 0.5 0.6

Point A r
(K1/00)?

Figure 2.12: Comparisson between the analytical and numerical prediction for gg/0y.
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099 VS T

Analyvtical - One Term

— Analytical - Two Terms
— SS8Y - Elastoplastic
= = =55Y - Elastic

15T

T99

ayp

0.5 . L L L L L L L I -
005 01 015 02 025 03 035 04 045 05 055

(K1/o0)*

Figure 2.13: Analytical and numerical solutions of g9/0¢ in the elastic region.

The results for the elastoplastic solutions were compared with the SENT specimen in
steady state. So, near the crack tip, the stress fields o1; and o9y are:

o Ve T 099 VS T

181
16
141

121
gi1

an
0.8

0.6

0.4F

0zh ——SENT 8t ——SENT
——ssy ——ssy

/b /b

(a) (b)
Figure 2.14: SENT specimen and boundary layer formulation comparison for o11/0¢ and
0'22/0'0.

At Fig. 2.14a and 2.14b, the red line depicts the numerical results of the SENT analysis,[24],
and the blue curve represents the results of the SSY approach. It is observed that the two
curves are quite similar to one another. Also, at Fig. 2.15 the distributed oy, and o9y are
respectively depicted in the whole SSY domain.
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=3.1 =01 3 =
-5.273e-01 +1,292e-01
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(a) (b)

Figure 2.15: Stress fields’ contour plots in the boundary layer formulation for (a) oy; and
(b) 093.

2.3.3 Hydrogen concentration fields

In Section 1.1.1, the theory of hydrogen transport is being showcased. In order to fully
define the hydrogen concentration fields, the magnitudes of C, C'r and C must be estimated
at the same path near the crack tip where the mechanical fields were found in Section 2.3.2.

As before, the red curve represents the SENT specimen results, the blue line refers to
the SSY and the dashed black one refers to [7].

Firstly, the hydrogen concentration in NILS and trapping sites, C';, and C7 respectively,
were numerically calculated in steady state, by utilizing the ability ABAQUS has in simu-
lating a mass transfer problem as a heat transfer one, as explained in Section 2.2.1. The
results of the simulations can be seen in Fig. 2.16. The difference of the scale at both the
vertical and horizontal axis should be noticed.

Hydrogen Concentration in NILS vs r Hydrogen Concentration in Traps vs r
' -

28
——SENT
——S88Y

—SENT
——S8Y
----- Dadfarnia 2011 2k

0 1 2 3 4 7 8 9 10 [ 0.5 1 2 25 3

r/b T / b
() (b)
Figure 2.16: (a) g—g and (b) g—”‘g hydrogen concentration path plots ahead of the crack tip.

From Fig. 2.16, a couple of observations can be made. Firstly, C'; reaches its peak

value when ; = 3, which is the same dimensionless distance where the hydrostatic stress
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reaches its maximum magnitude as well, as seen in Fig. 2.6. Also, the trapped hydrogen
concentration takes its maximum value near the crack tip, since from that point afterwards,
due to plastic deformation the trapping sites are saturated and hence less hydrogen atoms
are being trapped. With that in mind, due to plasticity and a high equivalent plastic strain,
near the crack tip the trapping sites are the dominant cause of hydrogen concentration and
while moving along the symmetry plane due to traps’ saturation and elasticity, migrating
through the NILS is the dominant reason of hydrogen concentration.

The discrepancies in the numerical results for Cr shown in Fig. 2.16b can be explained by
the relationship between Nr and the equivalent plastic strain discussed in Section 1.1.1, as
well as the differing behaviours of the SSY and SENT formulations concerning the equivalent
plastic strain illustrated in Fig. 2.8. Since the equivalent plastic strain magnitude at the crack
tip surpasses the saturation point of N7, at both formulations, the value of C'r at the crack
tip is the same.

The total hydrogen concentration was also calculated. The three magnitudes of interest
were placed in the same graph, in order to visually observe that C' = Cf, + Cp when steady
state has been reached. The moment when Cp reaches its constant value, which is almost

zero due to trapping saturation, the dominant term of the total hydrogen concentration is
Cr.

Hydrogen Concentration vs r

———SENT
e, 38

4.5 5

%ﬁ, % and C% are compared in steady state for the SENT

specimen and the boundary layer formulation.

Figure 2.17: The magnitudes of

In order to better understand how the hydrogen concentration in NILS progresses through
time, estimations were made in different time moments, near the crack tip both for the SENT
specimen and SSY formulation. It was observed that steady state was reached almost after
30 minutes. The comparison of the NILS concentration in the SENT specimen and the
boundary layer formulation for different time moments can be seen in Fig. 2.18a and 2.18b.

Figure 2.18 shows that by considering hydrogen diffusion through the crack face, more
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hydrogen is diffused through the metal’s lattice as time passes until steady state. The
numerical results from both for the SENT specimen and SSY formulation simulations are
nearly identical.

Cr Over Time (r/b < 40)

m—2.75 hr SENT
----- 2.75 hr SSY
=30 min SENT
---- 30 min §8Y
=30 sec SENT
---- 30 sec SSY
w5 sec SENT

25

0.25 sec SENT|™
- 0.25 sec S8Y

Cr

15
Cy

0.5

0 5 10 15 25 30 35 40

r/b

(a)
C; Over Time

=275 hr SENT
----- 275 hr SSY
=230 min SENT
----- 30 min S8Y
=30 sec SENT
----- 30 sec SSY
5sec SENT
----- 5sec 8SY
=1 sec SENT
----- 1 sec SSY
0.25 sec SENT
0.25 sec S8Y

500 600

Figure 2.18: Hydrogen concentration in NILS during different moments in time along the

symmetry plane (a) near the crack tip for /b < 40 and (b) along the whole symmetry plane
of the SSY formulation.

It can be observed that in all cases, C'; reaches the maximum magnitude at the same
distance from the crack tip, at ; = 3 and as the simulation progresses over time, its values
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are progressively greater.

Next, the contour plots of the hydrogen concentration fields were extracted, in order
to visualize them and obtain a better understanding. At the present work, the subject of

interest is the boundary layer formulation.

(a) (b)

Figure 2.19: Cp concentration in 0.1 seconds (a) in the full boundary layer formulation
domain and (b) closer to the crack tip.

+1.3952400
+1.2210+00

(a) (b)

Figure 2.20: C, concentration in 5seconds(a) in the full boundary layer formulation domain
and (b) closer to the crack tip.
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(a) (b)

Figure 2.21: C, concentration in 5 minutes(a) in the full boundary layer formulation domain
and (b) closer to the crack tip.

SDV_CL
(Avg: 75%)

+1.2472400
+1.1082400
+9.893-01

+1.108e+00
+9.693e-01

d=0.Tmm

(a) (b)

Figure 2.22: Cf, concentration in 1hour(a) in the full boundary layer formulation domain
and (b) closer to the crack tip.

+1.108a+00

+9.6836-01

(a) (b)

Figure 2.23: C, concentration in Steady State(a) in the full boundary layer formulation
domain and (b) closer to the crack tip.
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In the last part of this work, the influence of loading rate to the hydrogen concentration
solutions was investigated, since due to one way coupling and the fact that hydrogen diffusion
is a rate-dependant phenomena, it was expected that the hydrogen concentration fields will
be influenced from the rate the mechanical loads are being applied. The fields of Cp, Cr
and C were evaluated for the occasions where the mechanical load is being applied linearly
in 1 minute, 10 minutes and 1 hour respectively and the numerical results are respectively
depicted with red, green and a blue curve.

(', in different loading durations ', in different loading durations

70\_ - 1 minute

—CL - 10 minutes

_CL -1 hour

—_— CL - 1 minute

_— CL - 10 minutes

—CL -1 hour

0.8

0 0005 001 0015 002 0025 0.03 0.035 004 0.045 0.05 07

(K1/o0)

(a)

Figure 2.24: NILS hydrogen concentration C/Cy (a) near the crack tip and (b) in full
domain.

Cr in different loading durations C'r in different loading durations

7 , - , - 7 . . .
701_- 1 minute 701_- 1 minute
6 G - 10 minutes 61 G, - 10 minutes
o CT- 1 hour . CT- 1 hour
Cr’ op ¢
Cy AL Cy 5
2r 2
1 \ 1
0 0
D 0005 001 0015 002 0025 003 0.035 004 0.045 0.05 0 0.1 0.2 03 0.4 05 06 0.7
r T
T3 syl
(Ki/e0)* (Ky/og)?
(a) (b)

Figure 2.25: Hydrogen concentration in trapping sites Cr/Cjy (a) near the crack tip and (b)
in full domain.
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C in different loading durations

——C - 1 minute

7 ~—=C- 10 minutes
——C-1hour
& H
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(1‘[]
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0 0005 001 0015 002 0025 003 0.035 004 0045 0.05
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C in different loading durations
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(#1/00)*
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Figure 2.26: Total hydrogen concentration C'/Cy (a) near the crack tip and (b) in full domain.

It can be seen from the Fig 2.24 - 2.26, that the

duration at which the mechanical load

is being applied, indeed influences the hydrogen concentration fields. At the crack tip, the

C1/Cy is the same due to boundary conditions and since the stress fields are the same no

matter the loading duration, the final equivalent plastic strain is the same. Noticing Fig. 1.1

and 2.8, the equivalent plastic strain in the simulations at the crack tip corresponds to a

constant value of Ny, leading to a common magnitude for Cp at the crack tip. Also, since

saturation of the trapping sites occurs due to plasticity, there are no free trapping sites

and the hydrogen atoms migrate in the lattice through the NILS. This can be observed in
Fig. 2.24b and 2.25b, since at the same length when Cr = C'onstant, the magnitude of C,

reaches its maximum value.
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Conclusions

In this work a modified boundary layer formulation, [8], was used in order to investigate
the mechanical fields and hydrogen distribution developing near the crack tip of a SENT
specimen. Firstly, by applying Kumnick and Johnson’s suggestion, a function between the
trap density N and equivalent plastic strain ? a trap saturation point is used. Next, in order
to relate C', and C'r with a rate dependent equation, the relation suggested by McNabb and
Foster is being utilized. Then, before analysing the mechanical constitutive equations that
characterise the elastoplastic behaviour of the material, the hydrogen diffusion is expressed
through the mass conservation equation. Some aspects of Fracture Mechanics were used and
modified accordingly, since the pressure applied at the crack surface had to be taken into
consideration. Next, the model was set and used. The boundary and initial conditions were
chosen and applied based on hydrogen concentration equilibrium as suggested by Sieverts
law. Before finalising and meshing the boundary formulation domain, the heat-mass transfer
analogy was expressed by using the energy balance equation.

When the SSY hypothesis with a modified boundary formulation was compared to the
SENT specimen analysis, some important observation could be done. Firstly, the hypothesis
of this work is fully defined when both the K; and T-stress terms are used to express the
boundary layer formulation. Also, the stress fields when estimated numerically, had the ten-
dency of approaching the asymptotic solution defined by both the first and second term. The
numerical results in steady state, regarding either the mechanical fields (071, 099, p/og, E°)
or the hydrogen concentration fields (Cp,C7,C) are in a quite sufficient agreement, meaning
that the initial hypothesis of approaching the SENT specimen as a modified boundary for-
mulation near the crack tip was reasonable. Also, based on the time span the mechanical was
applied, the hydrogen fields were indeed influenced, as expected due to hydrogen diffusion
being a rate-dependant phenomena.

The present work can be extended in several directions. For instance, the effect of hydro-
gen on the mechanical response could be considered by carrying out fully coupled numerical
simulations. Finally, the effect of hydrogen on damage and the comparison with available
experimental results could be explored by using an explicit solver such as ABAQUS/Explicit.
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