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ABSTRACT

While the deleterious effects of hydrogen on metals and alloys are well known, the precise
role of hydrogen in the underlying microscopic mechanisms is still not well understood
and as of yet, the modeling attempts on hydrogen embrittlement and hydrogen induced
cracking have not led to a proper method for life-time prediction. This work aims at the
development of a robust numerical strategy in order to solve the non-linear coupled
problem presented in the work of Anand [1]. The numerical implementation is performed
for finite element method and the analysis are done to address the issue of hydrogen
transport and hydrogen-embrittlement-related failures in metals. Specifically, problems
related to the mechanism of hydrogen enhanced localized plasticity (HELP) is studied and
macroscale shear localization phenomenon resulting from hydrogen induced material

Plasticity softening is considered at the phenomenological level.
Localization Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.
- including hydride formation and cleavage [6—8], hydrogen-
Introduction

enhanced decohesion [9,10] and hydrogen-enhanced local-
ized plasticity (HELP) [11—13]. The first of the three is only

Hydrogen has a big potential to be an environmentally
attractive fuel for the future. However, the usage of hydrogen
in a wide range of engineering components has brought a
serious challenge for the distribution and storage of its mo-
lecular or atomic form. The role of hydrogen in reduction of
ductility, fracture strength and crack growth has been re-
ported in the literature for decades [2—5] and the embrittle-
ment of metals and alloys in the presence of hydrogen cannot
be neglected. Even tough the precise micro-mechanism
responsible for hydrogen embrittlement is still under discus-
sion, various possible mechanisms have been introduced,

* Tel.: +90 (312) 5868811.
E-mail address: ozgur.aslan@atilim.edu.tr.
http://dx.doi.org/10.1016/j.ijjhydene.2015.04.081

operative in a certain group of metals [11] and the latter two
are lately considered as co-operative mechanisms [14,15]. The
underlying principles in those mechanisms are not univer-
sally accepted and often controversial [16,17]. Nevertheless,
HELP mechanism can be supported primarily by direct
macroscopic experimental observations in a range of
hydrogen concentration and temperatures, such as localized
shear bands, reduction in yield stress and softening [5,18—21]
which is rather easy to quantify and makes HELP mechanism
appealing from the phenomenological modeling point of view.
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In the literature, there are various continuum-level
modeling attempts which associate hydrogen diffusion to
elasto-plastic deformation. The work of Sofronis and
McMeeking [22] is one of the earliest which proposed a finite
element model based on Oriani's assumption of local equi-
librium and predicts the effect of hydrostatic stress on
hydrogen distribution in plastically deformed areas. Later,
their model was extended by Krom et al. [23] where a strain
rate parameter is introduced in the hydrogen transport
equation. Taha and Sofronis [24] and Liang and Sofronis [4]
proposed models accounting for hydrogen induced softening
effects and HELP mechanism in order to predict the me-
chanical behavior at a crack tip. Miresmaeili et al. [25] and
Takayama et al. [26] followed similar Galerkin approaches and
further investigate shear localization due to HELP and crack
tip opening displacement of a crack in a hydrogen environ-
ment. Among those attempts, Anand's recent work [1] is the
first, where the coupling between hydrogen diffusion and
large elasto-plastic deformations are formulated in a consis-
tent thermodynamical framework and large elasticplastic
deformations are described in modern F = F°F? kinematics.

The main objective of this paper is to numerically imple-
ment the theory of Anand and introduce proper plastic flow
rates in order to successfully simulate the HELP related shear
localization and softening phenomena. For that purpose, pri-
marily Anand's theory is reformulated for isothermal condi-
tions and further developed for hydrogen related softening in
a finite strain framework in Section 2. In particular, numerical
implementation of hydrogen diffusion is presented in Section
3. Section 4 demonstrates the numerical analysis of a crack in
a pipe under high pressure hydrogen and a specimen with an
initial hydrogen perturbation under uniaxial tensile load.
Finally, Section 5 summarizes the results and concludes the
paper with some final remarks.

Diffusion model coupled with finite strain
plasticity

Balance equations

Balance law for hydrogen diffusion

Considering an arbitrary material point denoted by X in a body
with volume V and surface S, the total number of moles of
hydrogen atoms per unit volume in a fixed reference config-
uration is represented by C(X,t). The change in the hydrogen
concentration inside an arbitrary spatial region Q is charac-
terized by a flux j(X,t) denoting the number of moles of
diffusing species measured per unit area per unit time.
Therefore, mass conservation dictates

% /'Cdv+ /j~ndS:0 (2.1)
0 00

applying Gauss divergence theorem on the integral over aV
leads to the local balance law for hydrogen diffusion

C = —Divj (2.2)

Note that in this work, the hydrogen flux j is assumed to
obey Fick's law of diffusion

j=-mvu (2.3)

where mis the mobility and u is the chemical potential. Hence,
the local balance equation for the concentration of hydrogen
atoms finally reads

C = Div(mVgu) (2.4)

Balance of forces and moments

In view of Cauchy's theorem and neglecting the inertial ef-
fects, the force and moment balances for an arbitrary spatial
region become

/Tnda-i—/de:O (2.5)
Q

0Q

where T is the Cauchy stress tensor and b is the generalized
body force and n is the outward unit normal on the boundary.
Note that surface traction on an element of the surface 9Q is
given by t(n) = Tn. Equation (2.5) must hold for all spatial re-
gions and from which local balance is derived by using Gauss
divergence theorem as

DivT+b=0 (2.6)

Constitutive equations

Basic kinematics

Considering x as the spatial point occupied by X at time t
within a homogeneous body, the motion of the body can be
represented by the following smooth function.

x =x(X,t) (27)

Accordingly the deformation gradient, velocity and veloc-
ity gradient become

F=Vx, u=yx, L=gradu=FF" (2.8)

Considering the Kroner decomposition, the deformation
gradient is decomposed into elastic and plastic parts in the
form

F = F°F (2.9)

where F¢ is the elastic distortion representing the stretching
and rotation and F? is the plastic distortion which represents
the local deformations due to plastic mechanisms. Note that
F? is invariant with respect to rigid body motions that are
carried by F¢ and they are both invertible. From 2.8 to 2.9

L = L® 4 FeLPFe! (2.10)

with

L =FF!, P =Fp" (2.11)
The volume ratio is expressed as

J=detF>0 (2.12)

Assuming that plasticity is incompressible

J=J)=detF°>0 and trLP=0
(2.13)

J=JJP, JF=detFF =1,

Throughout this work, it is assumed that plastic flow is
irrotational; therefore,
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