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ABSTRACT
The paper deals with the study of strain distribution in hydrogenated FeB ribbons prepared by rapid quenching from the melt.
Hydrogen atoms introduced during the process of hydrogenation induce internal stresses in the sample. This causes bending of a one
side hydrogenated non-fixed ribbon. The ribbon bending reflects hydrogen concentration. When the ribbon is dehydrogenated the
ribbon shape is fully restored for the studied FegsBis sample. A simple theoretical model is proposed to describe dependence of
ribbon bending on the hydrogen concentration during process of hydrogenation as well as in the process of spontaneous
dehydrogenation. A proposed theoretical model is in a good agreement with experimental results. Its fitting to experimental data

provides important information on the local enlargement of the space around introduced hydrogen atoms.
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1. INTRODUCTION

Amorphous ferromagnetic materials prepared by rapid
quenching from the melt [1] are very promising materials
for technical applications and for this reason they are quite
often the subject of basic research. The results reported in
this paper follow on the study of hydrogenation of
amorphous ferromagnetic ribbons as the method for non-
destructive investigation of their mechanical-magnetic
properties and their possible modification [2,3,4,5] which
has been published recently [6]. In the latter paper a
theoretical model for hydrogenation and spontaneous
dehydrogenation of ferromagnetic ribbons was proposed.
Hydrogen atoms introduced into studied amorphous FeB
materials increase internal stress in their structure. The
rate of hydrogen diffusion in these materials is not fast
enough to produce homogeneous hydrogen distribution in
the ribbon cross section [6] and consequently also the
stress distribution in the ribbon cross section is not
homogeneous. The ribbon bending reflecting this non-
homogeneity in the case of one side hydrogenation
process (see Fig. 1) can provide information on the
induced stress which depends on the hydrogen
concentration. This information is of great importance for
the studied Fe-based materials which possess large
magnetostriction. In the present paper a simple theoretical
model is proposed to describe dependence of ribbon
bending on the hydrogen concentration during the process
of hydrogenation as well as in the process of spontaneous
dehydrogenation. Proposed theoretical model is in good
agreement with experimental results. Fitting model
equation to experimental data makes it possible to obtain
important information of local enlargement of the space
close to the introduced hydrogen atom, which can change
local magnetic characteristics. The theoretical results
obtained are the base for further study of such important
magnetic characteristics of studied materials as e.g.
magnetoelastic anisotropy constant.
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Fig. 1 Bending of hydrogenated sample: (a) - before
hydrogenation, (b) - strong hydrogenated, (c) - after
dehydrogenation

2. MODEL

We consider a model situation in which the length and
width of the ribbon are much larger than its thickness L,
and the material of a ribbon has no affinity to hydrogen.
The aim of the following considerations is to study the
influence of one side hydrogenation on the bending of a
thin amorphous ferromagnetic ribbon and also on strain
distribution.

In the ribbon hydrogenated from one side (from the
left side in Fig. 2) the hydrogen located in the matrix
causes local volume increase which results in an
observable isotropic elongation (perpendicular to the x-
axis, see Fig. 2) of each elementary layer from which the
ribbon can be considered to consist of. An elongation in
the direction perpendicular to the plane of the sample (in
the x-axis direction) is negligible small for thin ribbon and
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its influence on the bending of hydrogenated sample in the
simple model presented here is neglected. In the case of
one-side hydrogenation (in the x-axis direction) sample
bending is observed as can be seen in Fig. 1.

Fig. 2 Sample with a thickness L

Due to the isotropic enlargement of the surface of one
side of hydrogenated sample the ribbon bends and its
surface becomes spherical which reflects successively
decreasing hydrogen concentration inside the sample with
the distance from the hydrogenated surface [6]. Curvature
radius as a function of hydrogen concentration can be
obtained from the experiment and can give important
information on material constants of a deformed ribbon.
Side view of the bent ribbon hydrogenated from the left
side (surface x = 0) is schematically depicted in Fig. 3.
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Fig. 3 Side view of the ribbon hydrogenated from the surface
x = 0, where r; and r, are minimum and maximum radii,
respectively and rg is a mean curvature radius

Theoretical dependence of a mean curvature radius rs on
hydrogen concentration can be obtained in the following
way.

The length of middle circular arc Is with radius rs of a
deformed (hydrogenated) sample is
I, =1, +Al, Q)
where |, is the length of the ribbon before hydrogenation
and Al is an elongation of its middle part in hydrogenated
sample. The length of an arbitrary arc I, with radius r is

Ir =re, (2)
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where ¢ is its central angle. Difference in arc lengths I
and I, is (see Fig. 3)

Ir_Is:(r_rs)(/):Arwz[%_xJ(p' (3)
Using Egs. (3,1) the length of I, is

L
Ir:|s+Ar¢:|0+Al+(E_Xj(/)' 4)

The strain ¢ (relative elongation) for the arc with radius r
can be obtained from Eq. 4)

1, -1,

e=-" =&, + &, (5)
lo
where
L/2-x
R (L ©

The ribbon bending is caused by the presence of hydrogen
inside its structure, therefore the strain has to depend on
hydrogen concentration'. In the presented model we
assume that hydrogen concentration ¢ is not very high, so
Young's modulus E can be considered as constant. Under
this assumption strain ¢ can be expressed in the form

(")

(e
e=Kgp+—,
¢ E

where o is internal stress, coefficient K characterizes a
volume which is occupied by hydrogen inside the
material- volume expansion due to the presence of
hydrogen atoms in the matrix per one hydrogen atom. In
the presented model, for not very high concentration, it
can also be considered to be constant.

The mean value’ of hydrogen concentration () in the

sample as well as curvature of the ribbon can be obtained
experimentally. Therefore, to confront experimental
results with theoretical model, the dependence of the
middle radius of curvature of the ribbon on the hydrogen

concentration (¢) should be found.

The bent sample is in equilibrium state therefore mean
value of internal stress is equal to zero

<O'>=O.

Also the mean value of ¢, , as follows from Eqg. (6), equals
to zero,

(8)

An influence of gravitational field is negligibly small and will not be taken into
account.

2All quantities depend only on variable x (see Figs. 1 and 3) or r for the bent sample
(see Fig. 3), therefore the mean value of quantity f over the sample volume is

(f)—iif(x)dx.
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(,)=0. (9)
Using Egs. (5,7,8,9) we obtain
&0 =K(g). (10)

Finally, using Egs. (5,7,10), the internal stress ¢ can be
expressed as

o

E: K(<¢>—¢)+ & (11)
In the equilibrium the energy associated with the
deformation (~%o~2/E) is minimal as well as its mean
value

)& (- o)),

2E 2 (12)

Using Egs. (9,12) the last equation can be rewritten in the
form

S-S -]

The expression for mean values® in the last two terms in
Eq. (13) can be found using Egs. (1,2,6)

2
<5r2> :% |0!Sr52 L2,

(13)

(14)

IS

(o)== (0= 5(0)). as)

lors

Finally, using Egs. (14,15), Eqg. (13) can be rewritten in
the form

(16)

112
+_
12 1212

L? + 2K E ((qﬁx)—%(qﬁ)}

IOrs

As was mentioned above, in the equilibrium the value of
deformation energy is minimal and mean radius of
curvature r, can be found as a solution of equation

iu:O,
dr,

17)
For our model, the hydrogen concentration ¢ will be
assumed to be independent on the degree of ribbon
bending. Solution of Eq. (17) gives the following
expression for the mean radius of curvature r,
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Using Egs. (1,6,10), the fraction I/l can be expressed via

(9)

L1y K(g).

ly

(19)

Finally, the middle radius of curvature for hydrogenated
bent ribbon is

L 1+K(g) 12 1

S ) 2K ) - ()

, (20)

since K(g)<<1.

A more appropriate parameter for analytic description
of the curvature of a hydrogenated sample is the mean
curvature C, of a sample

(546)-(90).

o 1 1

21
S O =

In the following section expression for the curvature as a
function of time will be obtained for the processes of
hydrogenation and dehydrogenation, respectively.

2.1. Sample curvature during hydrogenation

Hydrogen diffusion, i.e. concentration of hydrogen
inside the sample as function of time was recently studied
in [6]. For the process of one side hydrogenation the
concentration can be expressed as [6]

n?z?D

N (22)

X _ 24y & sin(Ex)

Xt)=¢, —
Ht) =gy~ T2 —
Using Eqg. (22) average values in Eg. (21) can be
calculated and the curvature of sample during the process
of hydrogenation is expressed by the function

(23)

2.2. Sample curvature during hydrogenation

For the process of subsequent dehydrogenation from
both sides of the ribbon the concentration can be

expressed as [6]
2 2D
% Je L Tt
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where t, is the time of hydrogenation. And again, using
Eq. (24) average values in Eg. (21) can be obtained and

the curvature of sample during the process of
dehydrogenation is expressed by function
(217 7*D
(217 n*D - 7t
Kg, 6 & - |e L
C.=—2—>|1-e U _— 25

3. RESULTS AND DISCUSSION

The studied FegsB15 amorphous ribbon was prepared
by rapid quenching from the melt in KFKI MTA in
Budapest. This alloy does not exhibit any affinity to
hydrogen. The length of sample used in experiments was
104 mm, the width w = 11.8 mm, thickness L = 0.029 mm.
Atomic hydrogen was introduced into the sample
electrolytically from air side of the ribbon [6]. The
duration of hydrogenation was t, = 2 hours.

The ribbon bending during the process of spontaneous
dehydrogenation was recorded every 15 minutes (see Figs.
1,4).

2 4 0 1 2 3 4

Fig. 4 Records of ribbon shape processed graphically which
were used for the calculation of mean curvature as a function of
time [7]. The curves from the left to the right were recorded
every 15 minutes. The scale on both axes is centimetre.

Using these records experimental dependence of the
sample curvature as function of the time (concentration)
was obtained [7]. Experimentally obtained values and
corresponding fitted curve (Eq. (26)) are shown in Fig. 5
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Fig. 5 Mean curvature C; of FegsB;5 amorphous ribbon during
process of dehydrogenation.

The known values [6] of concentration ¢, = 2160 ppm and
diffusion coefficient D = 2.3-10™ m?s™ were used in the
fitting procedure. As a result of this procedure the
parameter K introduced in Eq. 7 was obtained:
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K¢y = 0.0033 — K =~ 0.016 (nm)®. This parameter gives
information about an increase of the volume caused by the
presence of hydrogen atom. The value obtained
approximately corresponds in all three dimensions to the
so called Van der Waals radius for hydrogen (120 pm).

4. CONCLUSION

The proposed simple theoretical model for curvature

of the one side hydrogenated thin ribbon from material
without an affinity to hydrogen is in a good agreement
with experimental results. Its fitting to experimental data
provides important information on the local space
enlargement around introduced hydrogen atom, which can
change local magnetic characteristics.
Proposed method also provides information on the
distribution of internal stresses depending on the
distribution of hydrogen concentration in the sample.
Since the studied materials exhibit high magnetostriction,
the obtained theoretical results can be the base for further
study of such important magnetic characteristics of the
studied materials as e.g. magnetoelastic anisotropy
constant [8].
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