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Hydrogen elasticity phenomenon: Experimental
manifestations and theory

V.A. Goltsov, Zh.L. Glukhova∗, O.A. Minakova

Donetsk National Technical University, Artema Str., 58, Donetsk 83000, Ukraine

Received 8 June 2004; received in revised form 15 January 2005; accepted 20 January 2005
Available online 14 July 2005

Abstract

Deformation of a palladium plate upon its one-side saturation with hydrogen and subsequent degassing in a temperature range of 150–
100◦C has a regular manner. During the full cycle of hydrogen saturation–degassing it is almost completely reversible. At the saturation
it is possible to arbitrarily distinguish a reversible and residual component of the deformation. As the temperature of saturation in lowered
from 150 to 100◦C, the contribution from the reversible and residual components into the total deformation changed fundamentally. It was
theoretically shown that one cause of the residual deformation of plate is the stabilization of the saturation process (without final equalization
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f the hydrogen concentration), which is due to the retardation of hydrogen diffusion by hydrogen-induced elastic stresses that
eformation.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The hydrogen elasticity is a fundamental phenomenon,
hich experimental and theoretical study is of great impor-

ance both for developing the theoretical basis of hydrogen
reatment[1–4] and solving problems of hydrogen-induced
egradation and failure of materials[4]. The nature of the
ydrogen elasticity (HE) phenomenon is as follows. Internal
ydrogen atoms expand a solid crystal lattice. Hence, any

nhomogeneities in hydrogen arrangement and any concen-
ration gradients of hydrogen cause the appearance of a corre-
ponding nonhomogeneous and nonsimultaneous expansion
f a crystal lattice, and relative stresses that are called hy-
rogen concentrational (HC) stresses. Fields of HC-stresses

n their turn influence hydrogen diffusion and cause a rear-
agement of hydrogen concentration fields and so on. So, it
s evident that any changing of hydrogen concentration fields
nd HC-stresses fields are intercaused and interrelated by dy-
amic processes.
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The hydrogen elasticity phenomenon takes plac
metals, compounds and other materials in “pure state” w
hydrogen stresses do not overcome a material limit of
portionality. Hydrogen elasticity phenomenon is subdivi
into hydrogen elastic mechanical effects (a macrosc
reversible form-changing effect, Gorsky effect, a revers
coherent swelling of a surface), and hydrogen elast
diffusive effects [5], e.g., slowing down of a hydroge
diffusive flow, an uphill hydrogen diffusive slow, Lew
effect, thermo-baro-elastic-diffusive equilibrium effect[4,6].
The task of this study was to investigate macroscopical
ifestation of HE-phenomenon through the deformatio
palladium plate upon its one-side saturation with hydrog

2. Experiments and results

As the material for the investigation, we used pallad
that contained the following impurities (wt.%): 0.009%
0.002% Rh, 0.009% Fe, and 0.001% Si. Specimens i
form of plates with dimensions 68 mm× 5.5 mm× 0.28 mm
were annealed at a temperature of 600◦C for 1 h in a vacuum
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of 10−2 mmHg and cooled with a furnace to 20◦C. Then,
one side of the specimen was electroplated with cooper
(1.5�m). Since the hydrogen permeability of copper is by
several orders of magnitude less then that for palladium at the
experimental temperatures, the copper film of this thickness,
according to estimations, serves as an impermeable mem-
brane for hydrogen. The specimen was horizontally fixed
at one end in the working chamber of a vacuum-hydrogen
apparatus with the copper-coated side facing upward.
Correspondingly, the plate deflections observed through a
special window upon hydrogen absorbtion were upward
(positive). The displacement was measured by cathetometer
to an accuracy of±0.02 mm.

Diffusion-purified hydrogen was quickly (within 1–5 s) let
into the working chamber to a specified pressure. The pres-
sure has been varied from 3× 103 Pa to a pressure, which
corresponded to the critical value for the�→� transforma-
tion at experimental temperature (for 150◦C – 1.1 × 105 Pa,
for 140◦C – 0.8 × 105 Pa, etc.). The specimen was held
at this pressure from 0.5 to 1 h until it came into a steady
state. Then, the chamber was degassed and hydrogen was be-
ing evacuated from the specimen until it achieved a steady
state (0.5–1 h). A typical curve of the sample deflection as
a function of time of hydrogen saturation under the isobaric
exposure is given inFig. 1. A rapid increase of hydrogen
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palladium plate was studied depending on the hydrogen
pressure in the� solid-solution field in the range of 150–
100◦C.

The main results are as follows. Upon one-side hydrogen
saturation at different pressures and temperatures, the palla-
dium plate changes its shape in a regular manner. During the
complete saturation–degassing cycle, the deformation can be
considered reversible. In the stage of the hydrogen satura-
tion the deformation can arbitrarily be divided into two com-
ponents: reversible and irreversible. As the temperature of
saturation in lowered from 150 to 100◦C, the maximum de-
formation of the plate also decreases. The contributions of the
reversible and residual components into the total deformation
changes. At 150◦C with increase of hydrogen pressure the
total form changing and its reversible component grow. Irre-
versible one practically does not change. On the contrary, at
100◦C, reversible component behaves conservatively. With
increase of hydrogen pressure total form changing and irre-
versible component grow.

3. Discussion

Since we work in a single-phase region, there are no
phase transformations. Arising elastic stresses do not exceed
the yield stress. Therefore our work deals only with elas-
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ressure in the chamber always causes an intense in
n the specimen deflection from zero to its maximum (
). As hydrogenising continues, the specimen is gradu
aturated with hydrogen and hydrogen concentration l
ff, which leads to a decrease in the concentration g
nts and related internal stresses. The specimen straig

.e., deflection gradually decreases (site ABC). It is sur
ng that in all cases of a one-sided saturation of pallad
late considerable large change in the form of a plate
lace.

When hydrogen is evacuated from the chamber
he specimen is degassed, a similar curve (but rever
bserved (site DEF). However, the deformations for

ull saturation–degassing cycle were almost completel
ersible. The hydrogen-induced elastic deformation of

ig. 1. Time dependence of the specimen deflection upon hydrogena
n enhanced hydrogen pressure, isobaric holding, and subsequent de
T = 150◦C, P = 7 × 104 Pa).
e

,

g

ic stresses. The following hypothesis has been made
f the reasons of the�yirr existence is that hydrogen ela

ic stresses slow down hydrogen diffusion so much tha
rogen concentration has not managed to level off alon
late width during an instrumental time. As a result, the re
al HC-stresses and a plate residual deformation (�yirr ) take
lace. When analyzing the above regularities of the d
ation of the palladium plate during its one-side satura
ith hydrogen, we used equations of the hydrogen ela

ty phenomenon[6]. For the one-dimensional case, the s
em of equations of hydrogen elasticity takes the follow
orm:

∂2c

∂x2 − 1

D

∂c

∂t
− (3λ + 2µ)

D
wBcc

∂2ux

∂x∂t
= 0, (1)

λ + 2µ)
∂2ux

∂x2 − (3λ + 2µ)

D
w

∂c

∂x
= 0, (2)

herec is the atomic fraction of hydrogen,ux thex compo-
ent of the displacement vector,λandµare Lame’s constant
the coefficient of linear expansion of the metal due to

hange of hydrogen concentration,D the hydrogen diffusio
oefficient,Bc = dc/dP the hydrogen capacity determin
rom the experimentalP–T–c diagram for the Pd–H syste
ndP is the hydrogen pressure in the gas phase. The diffu
oefficients were calculated for each temperature acco
o [7].

The system of Eqs.(1) and (2)was computed nume
cally by replacing the partial differential equations w
orresponding finite-difference equations. The initial
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boundary conditions for the system were as follows:

c(x, 0) = 0 for − h

2
≤ x ≤ h

2
,

c(x, 0) = c0 for − ∞ < x < −h

2
and

h

2
< x < +∞,

(3)

c

(
−h

2
, t

)
= c0(1 − e−at), D

dc

dx

∣∣∣∣
x=h/2

= 0, (4)

1

ν

∫ h/2

−h/2

(
−∂ux

∂x

)
dx − w

1 − 2ν

∫ h/2

−h/2
(c(x) − ch) dx = 0,

1

ν

∫ h/2

−h/2

(
−∂ux

∂x

)
x dx − w

1 − 2ν

∫ h/2

−h/2
(c(x) − ch)x dx = 0,

(5)

where c0 is the equilibrium concentration equal to the
hydrogen solubility in the metal at the hydrogen pressureP,
h the thickness of the plate. Given the initial and boundary
conditions, Eqs.(1) and (2)describe the time dependence of
the hydrogen distribution and displacement of the medium
points. With the known hydrogen distribution in the spec-
imen, we calculated the time dependence of displacement
�
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Fig. 2. Time dependence of the hydrogen concentrationch in the near-
surface regions of the impenetrable side of plate:(1) Fick’s diffusion law;
(2) hydrogen-elasticity model (T = 100◦C, P = 6 × 103 Pa).

Fig. 3. Time dependence of the specimen deflection atT = 150◦C andP =
9 × 103 Pa: (1) experimental curve;(2) curve calculated according to the
hydrogen-elasticity model.

fuse through the plate thickness. In fact, the metal is charac-
terized by atomic, dislocation, mosaic, grain and other types
of its real structure.

Therefore, it is clear that, in principle, for the hydrogen-
induced elastic stresses that arise in a real metal plate, not
only a macroscopic relaxation mechanism is possible (due
to the diffusion of hydrogen atoms through the whole spec-
imen) but also mechanisms of mesoscopic and microscopic
scales can exists, e.g., due to the different elastic deformation
and microshears of individual grains, by the microplastic de-
formation (generation of dislocations) under stresses that are
lower than the microscopic yield stress, etc.

4. Conclusion

The experiments performed showed that upon one-side
hydrogen saturation at different pressures and temperatures,
the palladium plate changes its shape in a regular manner.
y for free end of the specimen.
Calculations showed that above mentioned reason o

yirr existence works actually. It is graphically well shown
ig. 2, in which one can see dependences of hydrogen co

ration in a membrane subsurface layer on a copper co
ide. It is possible to see (curve 1) that hydrogen con
ration along the membrane width levels off quickly if F
iffusion would work. However, an appearance of hydro
lastic stresses slows down diffusion, and the growth o
rogen concentration on a “far” side of the membrane
reatly slowed down that it goes into some steady-stable
curve 2). In other words, some thermo-baroelastic-diffu
quilibrium may take place being fixed as a residual sh
hanging of the membrane (�yirr ).

Experimental and theoretical time dependences of th
ection (T = 150◦C, PH2 = 9 × 103 Pa), observed upon
ne-side saturation of the palladium plate with hydro
ere compared. The results are shown inFig. 3. On the one
and, it is seen that the shapes of the theoretical and e
ental curves are absolutely identical. However, it is cle

een that the continuum model predicts a considerably h
ffect in comparison with the experimentally observed
he causes of this phenomenon must be additionally

ed theoretically and experimentally. At present, it can o
e supposed[8] that the stronger theoretical effects refl

he nature of the assumed model, where the metal is
idered as a uniform and isotropic continuum with no p
iarities in its structure; i.e., the model takes into accoun
nly way of relaxation of hydrogen-induced elastic stres
amely, by bending the plate when the hydrogen atoms
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During the complete saturation–degassing cycle, the defor-
mation can be considered reversible to a large extent. In the
first stage of the hydrogen saturation–degassing cycle, the
deformation can arbitrarily be divided into two components:
reversible and irreversible. Thus, the contributions of the re-
versible and residual components to the total deformation
change fundamentally. At 150◦C with increase of hydrogen
pressure the total form changing and its reversible compo-
nent grow. Irreversible one practically does not change. On
the contrary, at 100◦C, reversible component behaves con-
servatively. With the increase of hydrogen pressure a total
form changing and irreversible component grow.

The deformation of a palladium plate upon its one-side
saturation with hydrogen (dependences on the time, temper-
ature, and “hydrogen impact” pressure for the� solid solu-
tions of hydrogen in metals) is sufficiently well described by
hydrogen-elasticity model based on a set of nonlinear differ-
ential equations that describe the hydrogen elasticity on the
whole as a general metallophysical phenomenon. One of the
causes of the observed residual deformation of a palladium

plate upon its single-side saturation with hydrogen is a re-
tardation of hydrogen diffusion by hydrogen-induced classic
stresses, which hinders concentration equalization over the
plate thickness for reasonable experimental times.
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