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a b s t r a c t

A diffusion behavior of hydrogen in a hydrogen storage alloy is affected by not only hydrogen concen-
tration but also the stress induced by hydrogen atom expanding the lattice of the alloy. The uphill
diffusion in which hydrogen diffused against the concentration gradient due to the stress has been
observed. Moreover, the fugacity of hydrogen in the alloy deviates from unity significantly even at low
hydrogen concentration, which decreases the flux.

In this paper, the effect of the stress and the diffusion coefficient variation with the concentration on
hydrogen diffusion at low concentration was investigated using the finite element analysis. As a result,
the variable diffusion coefficient model combined with the stress effect showed better agreement with
the experimental result than Fick's diffusion models and the constant coefficient SID model. It was
concluded that the effect should be considered even if the concentration is low.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Hydrogen-storage-alloy actuators have been developed by
many researchers, which operate by the volume increase of the
alloy in hydrogen absorption [1e3]. Its static performance can be
determined from the hydrogen solubility of the alloy and the me-
chanical properties of the materials constituting the actuator. Its
kinetic behavior depends on the diffusion of hydrogen in the alloy,
therefore, the knowledge of hydrogen diffusion is important to
investigate the kinetic behavior of the hydrogen-storage-alloy
actuators.

The diffusion flux is induced by the chemical potential gradient.
The stress effect on the flux should be considered in hydrogen
storage alloys because they are subjected to the large internal stress
induced by the lattice expansion when hydrogen atom intrudes in
the alloys. Considering stress in solids, Fick's law under which the
flux is proportional to the concentration gradient, is revised as Eq.
(1) on the basis of the thermodynamics (Appendix A).

J ¼ �DVC þ DCVH

RT
Vsh (1)

where J is the hydrogen flux, D is the diffusion coefficient of
hydrogen in the alloy, C is the hydrogen concentration, VH is the
partial molar volume of hydrogen in the alloy, R is the gas constant,
T is temperature and sh is the hydrostatic stress represented as
sh ¼ 1/3(sr þ sq þ sz).

The stress induced diffusion (SID) of hydrogen in metals has
been investigated experimentally and numerically in many papers
[4e17]. Wriedt and Oriani [4] and Bockris et al. [5] showed the
decrease in hydrogen solubility and permeability by the stress
when loads were applied to Pd75Ag25 alloy and a steel, respectively.
Lewis et al. [6e8], Baranowski [9] and Kandasamy et al. [10,11]
showed the flux arising contrary to the hydrogen concentration
gradient in tubular membranes of Pd81Pt19, which was caused by
the stress gradient induced by the lattice expansion of the alloy. The
effect of the stress induced by the lattice expansion on diffusion
was investigated with numerical analyses [12e17].

In hydrogen storage alloys, the diffusion coefficient of hydrogen
cannot be regarded as a constant even at low hydrogen concen-
tration, though it was assumed to be constant in the previous paper* Corresponding author.
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[12e17]. This is because its fugacity deviates from unity signifi-
cantly. Dudek [18] investigated the variation of the diffusion coef-
ficient in Pd89Pt19 alloy with hydrogen pressure using a tubular
membrane, which revealed the diffusion coefficient of
8.0 � 10�12 m2/s at hydrogen pressure of 30.19 kPa (corresponding
to the atomic ratio of hydrogen to metal of 1.13 mol%) decreased to
6.3 � 10�12 m2/s at 70.45 kPa (2.05 mol%). Thus, using the constant
diffusion coefficient might cause a large error in the kinetic per-
formance obtained from the diffusion analyses at the condition that
the alloy absorbs a large amount of hydrogen, e.g. for the hydrogen-
storage-alloy actuator.

The aim of this paper is to demonstrate the necessity of the
variable diffusion coefficient for the hydrogen diffusion analyses of
hydrogen storage alloys. For this purpose, the effect of the SID and
the diffusion coefficient variation with the concentration on
hydrogen diffusion at low concentration was evaluated using the
finite element analysis. Coupling analysis of diffusion and stress
was attempted to consider the lattice expansion induced by
hydrogen (Fig. 1).

2. Analysis method

In this paper, the diffusion coefficient of hydrogen in the
hydrogen storage alloy was changed depending on the hydrogen
concentration based on the analytical condition used in Ref. [18].
The dependence of the diffusion coefficient on the hydrogen con-
centration, nH, was obtained by approximating the experimental
values in Refs. [9,18] by a quadratic polynomial (Eq. (2)).

D ¼ D0$fx ¼ D0

�
1� 23:1nH þ 186n2H

�
(2)

Eq. (2) showed good agreement with [19].
An analytical model was an axisymmetric 2D model of the

Pd81Pt19 tube with the inner diameter of 4.00 mm, the thickness of
0.50 mm and the length of 0.075 mm as shown in Fig. 2. The ma-
terial parameters were shown in Table 1 [9,14,20]. The symmetric
condition was applied on the both ends of the model so as to as-
sume an infinite length tube. The model was discretized with a
four-node quadrilateral element 0.0125 mm on a side. The evalu-
ation was performed at each integration point using the commer-
cial FEM software package ANSYS 15.0.

The hydrogen diffusion was simulated by one-way coupling of
the diffusion and structural analyses based on the technique used
in the hydrogen embrittlement evaluation [21e25]. Eq. (1) was
transformed into the finite element equation according to [21]
(Appendix A) and implemented in ANSYS 15.0. The flow chart of
the analyses is shown in Fig. 1. In the diffusion analysis, the
boundary conditions of the concentration were applied on the in-
ner and outer surfaces. It was assumed that the dissolved hydrogen
at the both surfaces was held in equilibrium with the surrounding
hydrogen gas. The concentration was calculated from Eq. (3).

nH ¼ nH;0 exp
�
� VHsh

RT

�
(3)

where nH,0 represents the concentration under free stress, which
was calculated from the inner and outer pressures, Pin and Pout, with
a quadratic approximation curve based on [18] (Eq. (4)).

Nomenclature

C hydrogen concentration in metal (¼C0nH)
C0 hydrogen concentration in metal corresponding to

nH ¼ 1
D apparent diffusion coefficient of hydrogen
D0 diffusion coefficient of hydrogen at nH ¼ 0
E Young's modulus
e 1/3(εr þ εq þ εz)
F factor showing ratio of hydrogen flux to Fick's diffusion

flux at same concentration gradient
f fugacity
fx concentration correction term of diffusion coefficient
J hydrogen flux
k constant
n normal vector
nH molar ratio of hydrogen in metal
nH,0 molar ratio of hydrogen in metal corresponding to

sh ¼ 0
P pressure
P0 pressure at initial condition
R universal gas constant
r radius
S surface area
T temperature
t time
u displacement
us self-stress factor [13]
V volume

VH partial molar volume of hydrogen in metal
w weighting function
[N] shape function
[B] differential form of shape function (¼ V$½N�)
[M] mass matrix
[K1] stiffness matrix
[K2] stiffness matrix of stress effect term
{F} force vector

Greek symbols
a constant
b linear expansion ratio induced by hydrogen insertion
ε normal strain
n Poisson's ratio
m chemical potential
m0H chemical potential in standard state
g shear strain
s stress
sh hydrostatic stress (¼1/3(sr þ sq þ sz))

Subscripts and superscripts
Fick Fick's diffusion
H hydrogen atom
H2 hydrogen gas
in at inner surface
out at outer surface
r, q, z cylindrical coordinate axes
s surface
t tube
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