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ONE-DIMENSIONAL GOVERNING EQUATIONS
FOR THE CREEP UNDER HYDROGEN DIFFUSION FLOW

Saturation with hydrogen of some metals, in particular a-iron, directly in the loading process can cause a
great increase of their deformation response. The study is aimed at the macroscopic description of the phe-
nomenon. The constructed governing equations are based on the concept of the equation of state with internal
parameters. The modeled experiment lies in the saturation of a cylindrical specimen with hydrogen from the
electrolyte, loaded torque. The analysis of both the literature and the experimental data justified the applica-
bility of the linear boundary conditions of the first and third kinds. This made it possible to use the analytical
solutions in the form of Fourier series of Bessel functions for the classical diffusion equation. It turned out that
the scatter of the diffusivity, reported by different authors, can result in a significantly different interpretation
of the experiments. For the most common value of D of the order 10m?s™', the calculated time for the com-
plete saturation of the specimen was approximately a few minutes, which diverged from the characteristic
times of the experiment. The explanation could have been either a lower value of the diffusivity, or the pres-
ence of the so-called “traps”. Including into the model the limited capacity traps with the irreversible capture
has also enabled us to explain the presence of a noticeable incubation period. From the time dependences of
the concentration and its derivatives, the authors concluded that the hydrogen concentration should be the first
to be considered as the parameter of the state. For this end, in the creep power law the stress exponent was
kept constant but the creep coefficient was assumed to be dependent on the hydrogen concentration as well as
on the accumulated plastic strain. The latter dependence was justified by the gradual strain rate deceleration
for the loading below the macroscopic yield stress. The numerical results have demonstrated the principal

possibility of the macroscopic modeling of the deformation synergistic effects under hydrogen absorption.
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INTRODUCTION

Simulation of the interaction of hydrogen with
metals is an important issue in view of the prospects
of hydrogen power engineering. There are many
studies related to the consequences of undesirable
but often unavoidable presence of hydrogen in met-
als. But it is also known that the high diffusivity of
hydrogen atoms in certain transition metals can lead
to devastating consequences directly in the process
of the hydrogen saturation of loaded metal. Hence it
is important to predict the mechanical behavior and
assess a lifetime of the constructions under combined
effect of stresses and hydrogen flux. For these cal-
culations, the governing equations of the mechanics
of solids are necessary to describe the stress-strain
state of metal under this type of loading. The study
is the first step towards a macroscopic modeling of
loaded metals deformational behavior under the ef-
fect of hydrogen diffusion flux.

The experiments carried out since the 60-s of
the last century have shown that the saturation of
metals and alloys with hydrogen directly in the de-
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formation process can cause some phenomena that
did not exist during the deformation of metals, pre-
viously saturated with hydrogen. A comprehensive
review of related publications is given in [13]. The
basic feature of these effects is the synergistic na-
ture of the phenomena: the deformations caused by
the joint action of inhomogeneous stress field and
hydrogen flux may be greater by orders of magni-
tude than those that occur under the influence of
each of these factors separately. The physical nature
of these phenomena is not the issue of our study.
We only note that such effects are, by assumption,
the result of a specific state of the material occur-
ring under the super equilibrium concentration of
hydrogen in microdomains of metal together with
inhomogeneous stress field. The relevant discussion
can be found in [13].

A triad of mechanical after-effects has been stud-
ied in the experiments: creep under a constant stress
applied; relaxation of the stress and the reverse
mechanical after-effect. To be specific, we focused
on the first of these effects. Iron was selected for
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investigation because the effect of pre-introduction
of hydrogen on deformation properties of this mate-
rial has been studied in detail.

The purposes of the modeling were to determine
some calculable macroscopic parameters affecting
the process and propose the equations usable to pre-
dict the appearance of synergistic deformation effect
in the metal under the above loading. To this end,
we, firstly, examined the experiments which were to
be modeled. Being based on this analysis, the con-
centration of hydrogen and related quantities were
calculated from the classical diffusion equation.
After that, a more complicated diffusion equation
together with a constitutive equation for creep was
used for simulating the process.

EXPERIMENTAL BACKGROUND

Some details about the experiments which were
modeled in this paper can be found in [7], [14] and
the references cited therein. The specimens of Arm-
co iron was annealed in vacuum at 600 ‘C for one
hour. The form of the specimens was wire 8 - 10* m
in diameter and 8 - 10> m in working length. Hydro-
gen was being introduced from the electrolyte into
the specimen being under the torsional loading. The
densities of the cathode current were varied within
the range of 50-1000 A/m?. The deformation was
measured by an installation based on the principle of
inverted torsional pendulum.

The creep of iron in torsion has been studied for
the following loading modes: (a) loading below the
macroscopic elastic limit, (b) the specimen unload-
ed after plastic deformation is subjected to repeated
loading below the yield point of the underformed
specimen, (c) on attainment of the prescribed level
of plastic strains, the specimen is partially unloaded
to stresses 7= 0,9 ..

Since in actual structures the design stresses are
usually well below the yield point, case (a) was cho-
sen for simulating. The typical dependence corre-
sponding to this loading model is as follows: the pe-
riod of deformation acceleration is followed by the
period with the strain rate gradually decreasing, and
eventually the deformation stops rising. The follow-
ing features in the behavior of the material which are
important for our further modeling were identified
[6], [7), [131, [14]: o

* The deformation process is active only when
hydrogen is fed and it stops immediately when
the current is switched off.

e A necessary condition for plastic deforma-
tion development is the presence of tangential
stresses. In this case the synergistic effect of
plastic deformation is observed in loading both
below and above the macroscopic yield point.

e The strain rate of the after-effect, all other
things being equal, is determined by the rate
of saturation. There is a critical value of the
cathode current, below which the effects are
not clearly visible. The composition of the
electrolyte as well as the shape of the anode

affect the kinetics of the process, but there is
a limiting deformation for the metal with a
specified thermomechanical prehistory.

* The observed mechanical instability is not
due to the discontinuity of the material upon
saturation with hydrogen.

* The active process of creep deformation is
preceded by some incubation period. This
period decreases with applied load or with
hydrogen introduction rate increase. For a
sufficiently high intensity of the introduction
the incubation period does not depend on the
stresses.

» Synergistic effects are observed only in the
metals with a sufficiently high (no less than
10"9m2s7") diffusivity (except for zirconi-
um). Alloying iron with the elements which
reduce the solubility and diffusivity of hy-
drogen leads to decreasing the deformational
effects.

From these regularities, it follows that the param-
eters of state for pure torsion at a fixed temperature
could be: the hydrogen concentration, the concentra-
tion gradient, the rate of the change in concentration
and the amount of the accumulated plastic strain. It
is to be investigated which of these variables have
the greatest impact on the deformation behavior and
should be included in the constitutive equation.

SIMULATION OF THE DIFFUSION PROCESS IN THE
ELECTROLYTIC HYDROGEN ABSORPTION

The problem of the diffusion coefficient choice

The main parameter of the material which deter-
mines the hydrogen saturation rate is the diffusion
coefficient, or diffusivity. There are many various
values of a low temperature hydrogen diffusivity in
a-iron reported by different research groups. The
lack of agreement among them, even if the same
electrochemical permeation technology was used, is
very well known [10]. There are a few reasons for this
disagreement. Firstly, the hydrogen permeability of
a specimen which is saturated with hydrogen elec-
trolytically is the characteristics which is difficult to
reproduce. The kinetics of the process is influenced
by the specificity of the electrolyte, the surface layer
of the specimen and the cathode processes. Besides,
some of these parameters are often difficult to con-
trol [2]. For example, it is shown in [11] that varia-
tions in the charging current density and the elec-
trolyte can very well explain the variations in the
reported values of diffusivity. Secondly, diffusivity
is a function of trap density and the magnitude of
the trap depth [12]. The third avowed reason is the
surface problems [10]. In addition, the structure of
the metal is changing under the process of satura-
tion [2]. From the mathematical point of view, such
a discrepancy in the diffusivity values indicates the
ill-posedness of the inverse problem. It means that
small deviations in the row data can lead to large
variations in the solutions. The study [17] on this is-
sue showed that estimation of hydrogen transfer pa-
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rameters and identification of the type of boundary
conditions should be performed simultaneously.

In the experiments under consideration the dif-
fusivity of the material had not been determined pre-
viously as this is a problem which should be solved
separately. That is why in the simulation the values of
diffusivity which were determined by an electrochem-
ical hydrogen permeation method under the same tem-
perature ([8], [11]) were used. One can also find the
values collected from different researchers in [10].

The Process with the Cathode Current Switched on

Taking into account the dimensions of the speci-
men given above we ignored the changes of any pa-
rameters along its length. In the polar coordinates
with the independence of all the values on the angle
the classical equation for Flick’s diffusion is:

Set,r) |16 ( rD(r )ac(t r))’ 0<r<R, t>0.(1)
ot r or or

Here c (¢, r) is concentration of hydrogen atoms it
the points with radius r at time ¢, D — diffusivity, R —
radius of the specimen. Generally the value of the D
does not remain permanent during the process. For
example, the results of [11] suggest a positive con-
centration dependence of hydrogen diffusivity in
Armco iron. The research [16] indicates the depen-
dence of diffusivity on the gradient of shear stress.
But in this first study the value was assumed to be
constant, so (1) is simplified:

1 6c(t,r)J o)

oc(t,r) _D. o%c(t, r)
or’ r or

ot

Since before the experiment the specimen was
dehydrogenated, the initial condition is

c(0,/)=0,0<r<R. 3)

The important problem was to formulate the
boundary condition properly. Hydrogen penetration
in metals is the sequence of the successive processes
occurring both on the surface of the metal and inside
it. It includes adsorption, absorption, dissolution,
desorption and diffusion. The most general form of
the boundary conditions takes into account all these
processes [9]. But adding any term describing the
corresponding process into the equation requires the
knowledge of the relevant constant (parameter). To
get these parameters one needs to have data from
some other experiments with the same material.
On the other hand, not all of these processes can be
equally important in each specific case. Since any
direct measurements of the surface concentration
or flux of hydrogen are impossible, it is only indi-
rect information that enables us to draw conclusions
about the influence of the surface processes on the
diffusion. According to the results of the experi-
ments [7], [13], [14] there exists some characteristic
delay time ¢ for the creep to start. For sufficiently
high intensities of hydrogenation, in particular, for
i, = 1000 A/m? this time does not depend on the
stress level. According to [2], such intensity corre-

sponds to a pressure higher than 10 MPa. This sug-
gests that at this level of the cathode current den-
sity, the high pressure suppresses desorption, and in
the volume of the metal adjacent to the surface the
maximum concentration of hydrogen atoms ¢, sets
almost immediately. Therefore, in this case we can
reasonably write the boundary condition as follows:

¢(t,R)=cy 1> 0. @

By using the technique of separation of variables
[15] one obtains the solution of the problem (2)—(4)
in the form of a Fourier series:
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Here J, (x), J, (x) — Bessel function of the first

kind of zero and first orders, and 4" — the positive
successive roots of J, (x).

Values of d1ffusw1ty at room temperature given
in [9] vary from 5 - 108 m2s! to 8 - 10° m?s !, and
this is the most comprehensive range of the Value we
could find in the literature. (But the greater part of the
experimental results is in the region D = 10~° m?s!).
One can verify numerically that for these orders of
magnitude all the troubles connected with summation
() lie in the region ¢ < 10s. By “troubles” we mean a
saw tooth curve for ¢ (¢) = c (¢, r) for the values of r in
the vicinity of R. Consequently, for the numerical val-
ues of the parameters we deal with, the use of analyti-
cal solutions for larger values of ¢ is quite acceptable.

Fig. 1, reproduced from [13], presents the growth
of creep shear deformations at i = 1000 A/m? with
the stress level © = 180 MPa. (pl"he author also re-
ports that without hydrogenation at the given stress
level the value of deformation, observed during 60
minutes, was invisible in the scale of the graph.) The
curves substantiate that an active deformation pro-
cess starts a few minutes after the beginning of satu-
ration. So it was reasonable to follow the changing
of the concentration during this time interval.

Fig. 2 demonstrates the distribution of a relative
concentration c (¢, r) /c, along the radius for differ-
ent values of diffusivities after 60s of saturation,
computed according (5). For D= (1,8-7) - 10° m2s~
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Fig. 1. Creep deformation (10*) in Armco iron: 1) continuous
hydrogenation; 2) alternating switch on and switch off the
cathode current. Reproduced from [13]
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(the value was taken from [11] for Armco iron an-
nealed in vacuum at 800 °C for § hours) hydrogen
concentration in the cross section of the specimen
reaches its limit values approximately in one min-
ute. There are no gradients of concentration after
this moment. It suggests that the actual value of
diffusivity is less than this value. However, it is
emphasized in [13] that the higher is the diffusiv-
ity, the more is the effect, and there is no effect for
metals with low diffusivity. But in our opinion, it is
unlikely that any processes take place in the mate-
rial after saturation. Otherwise, we would have had
the effect in the material, previously saturated with
hydrogen. It is also unlikely that there exists some
surface process the durability of which does not de-
pend on the current density. So the logical conclu-
sion is that if equation (2) is valid, the macroscopic
diffusivity for this material is lower than the value
mentioned above.
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Fig. 2. Distribution of relative concentrations at t = 60s:
---)D=2-10"m*s", (~--—-) D=5.8"-10" m?s!
(—)D=10" m’s!

For D=15,8 - 107" m2s! (the value is from [8] for
pure iron, there is no information about heat treat-
ment) the specimen is saturated in approximately
five minutes. So we expect that this value of diffu-
sivity is also too large for the investigated material.
It is only the values near D ~ 1 - 107" m?s~! that en-
able us to explain the curves in Fig. 1. In this case the
c (¢, r) for the values of r in the vicinity of R reaches
the saturation in a few minutes, and the whole speci-
men is saturated in nearly thirty minutes, when de-
formation no longer increases (Fig. 2). But as it was
mentioned earlier, due to the surface processes the
real values of concentrations are somewhat less, so
the diffusivity from [8] could be true.

n [18], [19] a model for electrolytic permeability
method, considering absorption and desorption pro-
cesses, is proposed. Assuming the surface concen-
tration to be constant, the authors have modified the
general form of boundary condition to a linear one.
The values of diffusivity, obtained from this model,
are practically independent of sample thickness and
surface treatment, confirming the correctness of the
boundary conditions. The desorption rate constant
and the absorption parameter have also been calculat-
ed there. Hence, for the smaller values of the current

density, the use of the boundary conditions, proposed
in [19] instead of the condition (4), would be appropri-
ate. Fig. 3a shows the changes in gradient at successive
times. The values were obtained by differentiation of
formula (5) with respect to 7, constant factor was not
taken into account. As expected, the major changes
take place in the subsurface layer where the gradient
decreases more than five times within the first five
minutes. Such a drastic change in the gradient could,
in principle, be the driving force of the process. Fig. 3b
demonstrates the distribution of derivatives of (5) with
respect to ¢, constant factor is also not taken into ac-
count. The hump of curve is characteristic of all simi-
lar processes ([17]) and can be derived from (5). The
moving of this “hump” along the radius would also
describe the phenomenon. The results, given above,

lead to conclusion that the concentration of the hydro-
gen, as well as its derivatives in the subsurface layer,
could be accepted as the parameters of the state in the
governing equations. Finally, we note that the series
(5) converges so fast that for £ > 100s it is sufficient to
use only the first term of the series.
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Fig. 3. Distribution of concentration gradients (a) and time
derivatives of ¢(z,x) (b) for D=1+ 10" m*s":
(---)t=060s, (—-) t=300s, (— - - -) t =540, (—) 780s

The Process with the Cathode Current Switched Off

The experiments show that after the cathode cur-
rent is switched off, the creep deformation stops al-
most immediately. So we should follow the changes
in the distribution of concentration along the radius
of the specimen after this moment. Let 7, be the time
when the cathode current was switched off. To avoid
confusion, we denote f, () = c (¢, ¥) where ¢ (¢, 7) is
calculated by (5) with = t,. So the initial condition
for the diffusion equation in this case is
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c(0,n=f ). 6)

If desorption is neglected, no hydrogen leaves the
specimen and the boundary condition for (2) is

oc
= =o. 7
= (7

The solution of the problem (2), (6), (7) obtained
with the same separation of variables technique is:

@ . Dy
B 2 Y
n=1
where ¢ and ¢ are given by the expressions:

R

2 % 2k wr
¢0:F}[r'fi(r)dr, ¢nzw.([rfl(r);]0[ R Jdr

and p,” are the positive successive roots of J, (x).
Fig. 4a demonstrates the changes in concentra-
tions at successive times calculated from (8) for
t, = 780s. The presence of the intersection point
follows from the properties of the series (8): in the
points with the radius »=Ru” / 11" the first term
of the series vanishes, and "’ provides a rapid
decrease of the exponent in the remaining terms
of the series. Although the concentration in the
near-boundary region decreases after the current
is switched off, the small value of the change did
not enable us to simulate further the effects when
cathode current was alternatively switched on and
off. That is why the linear boundary condition of
the third kind, accordingly [19], was accepted in

our study:
(D% + kcj =0,
ar r=R

The solution of the problem (2), (6), (9) is:
- @) Du®?
e(t.r)=39, 'Jo[“;e r}exp[— o t], (10)

n=1
where ¢, are given by the expressions:
@2 R UOr
Ir-fl(r)-Jo —— |dr
)9 R
6)

p 2p,
R KR (7

and g, are the successive positive roots of the

equation u-J, (1) +kRJ (1)=0.

Although the desorption rate constant & should
depend on charging current density, as well as on
electrolyte and material properties, it is unlikely
equal to zero, even if the current is switched off, it
is much more likely that for this case it is larger than
when some current is applied. That is why the order
of the value in (10) was taken from [19]. The results
of these calculations have provided a more rapid de-
crease of the concentration (Fig. 4b), so they were
used in simulating hereinafter.

The Process with the Cathode Current Switched
On and Off Alternatively

We also applied the formulas (5) and (10) one by
one successively for successive times. The corre-

t>0. ©)]

0,95

Relative concentration

0,85

Relative concenfration

08
0 2 4
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Fig. 4. Distribution of relative concentrations for
D=1"-10"m%s! after current is switched off, for boundary
condition of first (a) and third (b) kinds:
(—)t=0s,(—--—)t=20s, (——) t=40s, (- - -) 60s

sponding changes in the initial condition (3) are ob-
vious. As a result, we got a picture of the changes in
the concentrations in the near-boundary region (not
presented). The concentration in the surface layer
was changing in a stepwise manner; the step height
was gradually reduced. In our opinion, it is the con-
centration in the near-boundary region that is likely
to be the critical value for the process.

The Trapping Effect

Having supposed the validity of the diffusion
model (2)—(4), we were unable to simulate clearly
the existence of an incubation period. It is widely
acknowledged that the trapping effect is one of the
main causes for the delay of penetration, so the gov-
erning equation to describe the trapping should be
added to Flick’s second low. On the local equilibri-
um assumption the two equations are reduced to one
with effective diffusivity [12]. But having no prelim-
inary knowledge about the traps we suppose using
this approach is incorrect. The different forms of the
equations for various types of traps are presented in
[1], [5]. Since the object of the paper was only the
qualitative simulation, we tried to keep the number
of the unknown parameters as small as possible. That
is why we used the following diffusion model with
irreversible capture and limited capacity of the traps:

oc(t,r) _ D. azc(t,r)+ 1 c(t,r) 7ﬁ(W7w(t’r)j'c(t "
o or? r or w ’

ow(t,r) =ﬁ(W7w(l’r))'c(t P
— % s

ot

, 0<r<R, t>0,. (11)
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where w (¢, 7) is the concentration of hydrogen in the

traps, w — the capacity of the traps, f — the unknown
coefficient. The initial condition

w(0,7r)=0
is to be added to (3).

We supposed the linear dependence of traps ca-
pacity on the radius, because the number of the traps
can depend on the plastic deformation which has the
greatest value near the edge. Since the objective of
the study was to obtain the governing equations of
mechanics of solids, it is noteworthy that the con-
cept of microstructure is alien in principle to the me-
chanics of the solids. Thus, by “traps” one can mean
any internal state variable which is governed by the
equations above.

(12)

THE COUPLED SYSTEM OF THE GOVERNING
EQUATIONS

When a material is subjected to a stress that is
below its yield stress, it deforms commonly only
elastically. However, provided the temperature is
relatively high, plastic deformation can occur even
when the stress is lower than the yield stress. This
deformation is time-dependent and known as creep.
In our case, the similar phenomenon is observed
having been caused not by temperature but by diffu-
sion flux of hydrogen.

A creep elongation curve for the time dependence
of the deformation has typically the three stages:
1) the stage of primary or reduced creep, 2) the stage
of stationary creep, 3) the stage of accelerated creep.
At the end of the third stage, creep rupture of the
specimen occurs. In practice, steady-state creep of-
ten dominates in the creep behavior because the du-
ration of this stage is usually much greater than of
the first and third ones; therefore, most studies focus
primarily on the second stage of the creep curve (al-
though some unified nonlinear models for all stages
of creep have also been suggested).

The applied stress provides a driving force for
any creep mechanisms. When the stress is increased,
the rate of deformation also increases. In the case of
uni-axial stretching, the power creep law is often ac-
cepted:

é=ao0", (13)
([3], [4]) where ¢ is the creep strain rate, o — applied
stress, a, and n are the constants. The stress expo-
nent n depends on the creep mechanism, for disloca-
tion creep it is usually in the range 3—8. The constant
a, depends on the temperature, and it is determined
from the experiments, too. Some other dependencies
are also used instead of (13), but all of them have an
empirical nature, the specific choice depends on the
convenience of use.

Let us consider the steady-state creep of the cyl-
inder of radius R under the torque with the magni-
tude M. Assume the cross sections remain plane, as
in the case of elastic loading. In this case the angular

creep strain y is connected with the relative angle of
torsion 6 = @ (¢) as follows [4]:

y@r)=r-0. (14)
It is shown in [4] that for a steady torsion creep
one can as well use the power law like (13):

y=ar". (15)
Here y is the angular creep strain rate, 7 — the re-
sulting tangential stress, a = 3"V ¢ . The tangential

stresses are connected with the torque:

R
M= 2ﬂj o(r)-ridr. (16)
From (14)—(16) one goets:
t(ry=M-1-r", (17)

where I =2zn (3n — 1) 'RV is the resulted polar
moment of inertia. But since the experiments show
that in our case the dependence y (?) is far from a linear
one (Fig. 1), we cannot use the steady-state law (15)
directly.

Suppose, for simplicity that o is the only constant
in (15) that is changeable under the diffusion and
probably under the deformations, so the creep law is:

7(t,r)=a(t,r)~r”(t,r) (18)

(the dependence of a = a (¢, r) is not a direct one).
Still assume the cross sections remain plane and €
does not depend on 7, so (14) is valid for the total
angle strain y . The increment of this value Ay
during the time interval (¢, ¢ + Af) is the sum of the
increments of the creep and elastic strains:

Ay, .= DN+ GlA, (19)

Ay, At — the increments of creep strain and tangen-
tial stress, respectively, G — shear modulus. Dividing
by At and letting Af tend to zero, one gets the simi-
lar equation for the rates. Substituting the rates from
(14) and (18), gives:
%z G(é-r—a(l,r)~r"(r,t)), 0<r<R, t>0.(20)
To close the equation we use the equilibrium con-
dition (16). By differentiating (16), the torque is con-
stant, and using the result together with (19), after
transformations one obtains:
R
% =G 4R4J.a(t,r)r”(r,t)r2dr —a(t,r)T'(t, r)} . (21
0
The initial condition for (21) is the elastic stress
distribution:

t(0,n=G0o,r, (22)

where 6 is the initial elastic torsion angle.

As the creep strain grows considerably under
the hydrogen flux, we choose the power dependence
upon concentration for a creep coefficient. Since
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there exists the maximum creep strain 6 that can
be attained for the specimen with a spemﬁed ther-
momechanical prehistory, the creep coefficient was
taken in the form:

a(t,r):ao[(c(t =¢) j ( y H(t)j (). (23)

Here c_ is the critical concentration at which the
effect starts, a, — the value for the metal without
hydrogen saturation, the sign plus means that if the
difference is less than zero, the value in brackets is
taken for zero.

The model for the mechanics of the solids in-
cludes equilibrium equations, and equations of state.
In our one-dimension case the two are combined in
(21). The parameter in this equation depends on the
concentration of hydrogen, hence diffusion equations
(11) are to be included in the model. The initial and
boundary conditions are (3), (12), (22) and (4) or (9).

The systems of coupled equations (2), (21) and
(11), (21) were solved numerically by the explicit
scheme. Although the diffusion equation has an ana-
lytical solution, it was also integrated numerically.
After that, the values of the concentration were sub-
stituted into the equation (21). The derivatives were
approximated with the second order of accuracy; the
integral was calculated by a trapezoidal rule. The
accuracy of the solution was controlled only by de-
creasing the time step. The parameter values are giv-
en in the Table. The results of the calculations, when
the current was alternatively switched on and off,
are presented in Fig. 5, where the dash line is for the
model with trapping, the solid line is without trap-
ping. The comparison of the Fig. 1 and Fig. 5 enables
us to conclude that the proposed model provides a
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3000
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4000

Fig. 5. Computed creep deformation at alternating switch on
and switch off the cathode current: (—) without trapping,
(= -) with trapping

qualitative description of the synergistic effect of the
creep under hydrogen absorption.

CONCLUSION

The macroscopic modeling of the interaction of
hydrogen with metals requires a careful analysis of
all the experimental conditions. The critical issue is
the values of the penetration parameters, and espe-
cially, the value of diffusivity. A small discrepancy
between the diffusivity used in calculations and the
real one can result in qualitatively incorrect conclu-
sions. The value of relative concentration of hydro-
gen in the near-boundary region is to be included,
first of all, into the set of the state parameters. This
conclusion is also consistent with the physical ba-
sis [13]. Some other related values can’t not be ex-
cluded from consideration, either. The numerical
results illustrate that the proposed equations can
provide a qualitative description of the process.

The numerical data for simulating

Diffusion Creep
D k/ID G M a, n k m 0 e c,
10710 m?s~! 2100 m! 8-10°Pa | 1,8-102 Nm 4-10% 3 2/3 3 1,56 0,8¢,
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ONE-DIMENSIONAL GOVERNING EQUATIONS FOR THE CREEP
UNDER HYDROGEN DIFFUSION FLOW

Saturation of some metals with hydrogen, in particular a-iron, immediately in the process of loading can cause a great increase
of their deformation response. The study is aimed at the macroscopic description of this phenomenon. The constructed governing
equations are based on the concept of the equation of state with internal parameters. The modeled experiment involves saturation
of a cylindrical specimen with hydrogen from the electrolyte, loaded torque. The analysis of both research literature and experi-
mental data justified the applicability of the linear boundary conditions of the first and third kinds. This made it possible to use
the analytical solutions in the form of Fourier series of Bessel functions for the classical diffusion equation. It turned out that the
scatter of diffusivity, reported by different authors, can result in a significantly different interpretation of the experiments. For the
most common value of D of the order 10°m?2s7!, the calculated time for the complete saturation of the specimen was approximately
a few minutes, which diverged from the characteristic times of the experiment. The explanation could have been either a lower
value of diffusivity, or the presence of the so-called “traps”. Inclusion of the limited capacity traps with the irreversible capture
into the model has also enabled us to explain the presence of a noticeable incubation period. The study did not take into account
the dependencies of D on the accumulated plastic strain, the stress gradient, and concentration. From the time dependences of the
concentration and its derivatives the authors concluded that the hydrogen concentration should be the first to be considered as a
parameter of the state. Furthermore, the creep power index was kept constant but the creep coefficient was assumed to be depend-
ent on hydrogen concentration as well as on the accumulated plastic strain. The latter dependence was justified by the gradual
strain rate deceleration for the loading below the macroscopic yield stress. The numerical results have demonstrated the principal
possibility of macroscopic modeling of deformation synergistic effects under hydrogen absorption.

Key words: creep, diffusion of hydrogen, diffusivity, governing equations, synergy effects, a-iron
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