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Abstract

Hydrogen behaviour in martensitic F82H steel was studied by internal friction. A broad internal friction peak was
found in the temperature range of 100-450 K. It was shown that the peak consists of one relaxation component and two
components corresponding to the transient processes of the hydrogen redistribution and outgassing. The relaxation
component of the peak is caused by the Snoek-like process of the transition of hydrogen atoms between the tetrahedral
interstitial sites coordinated with one and/or two chromium atom nearest neighbours. The binding energy of hydrogen
to the lattice traps is 33 kJ/mol. Cold working was shown to increase the hydrogen absorption capability of the material

significantly by production of additional hydrogen traps.

PACS: 61.72.Hh; 61.72.Ss; 62.40.+1
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1. Introduction

Ferritic-martensitic steels with 9-12 wt% Cr have
been intensively studied during the last decade as can-
didates for the engineering materials of the first wall and
blanket of the fusion reactor. Favourable mechanical
properties as compared to austenitic stainless steels, ra-
diation and corrosion resistance, structural stability,
thermal conductivity, as well as absence of nickel al-
lowing to avoid neutron-induced radioactivity, make
these steels an excellent choice for applications in the
nuclear industry.

Hydrogen is one of the most strongly affecting factors
for the first-wall material. Hydrogen can penetrate into
the metal from plasma and coolant, or be produced as a
result of transmutation reactions [1]. There exists a
danger of hydrogen attack at elevated temperatures,
which may lead to methane formation in voids, since the
steels contain up to 0.1 wt% C. A synergistic effect of
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irradiation and hydrogen seems to be possible, as well.
Indeed, the binding energy of a hydrogen atom with a
vacancy in BCC iron is about 58 kJ/mol [2]. The value of
the binding energy should be approximately the same in
these steels. Then, the hydrogen-vacancy complexes are
rather stable, at least at moderate temperatures. This
should result in a significantly higher amount of va-
cancies, as compared to the thermodynamical equilib-
rium in the absence of hydrogen, which may, in turn,
enhance and accelerate vacancy-driven structural chan-
ges in the metal, e.g., low-temperature creep.

Cathodic charging of 9-12 wt% Cr steels in typical
charging conditions [3], results in 5-10 wt ppm of total
hydrogen content. The value of 6 wt ppm of total hy-
drogen content in HT-9 steel leads to a decrease of re-
duction of area (RA) from 60% to 15% [4]. The decrease
of RA is accompanied with a transition to intergranular
fracture. In martensitic 9Cr-2W steels, the value of
elongation to fracture decreases from 19% to 5% after
cathodic charging [5]. Hydrogen embrittlement is be-
lieved to be caused by the reduction of cohesion between
carbide particles and the matrix, as well as by the ac-
cumulation of hydrogen at interfaces in the martensitic
steels.
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Hydrogen, along with irradiation, high temperature
and coolant environment, affects the first wall materials.
Understanding of the degradation mechanisms in low-
activated steels (LAS) demands for the study of hydro-
gen interaction with Fe-Cr alloys, i.e., distribution of
hydrogen in BCT lattice of martensite and hydrogen
interaction with crystal lattice defects, such as disloca-
tions and carbide-matrix interfaces.

Deformation by tension and cold rolling affects the
hydrogen permeation in chromium-containing steels and
results in an increasing number of reversible traps [6].
Dislocations are believed to be such traps. There is no
detailed information on the interaction of hydrogen with
the crystal lattice defects in LAS, so far. It may only be
assumed that the values of the energy of hydrogen-defect
interactions are close to those in pure iron. In pure iron
and ferritic steels, the binding energy of a hydrogen at-
om with dislocations and grain boundaries was evalu-
ated to be 20-30 and 59 kJ/mol, respectively [7].

Interactions of hydrogen with dislocations was
studied in Fe-6.2 at.% Cr and Fe-27.9 at.% Cr alloys, as
well as SUS 410 and SUS 430 steels by internal friction
technique [8,9]. Relaxation peaks were detected in elec-
trolytically charged Fe—Cr alloys at the frequency of 500
Hz and the temperatures of 200-250 K. These peaks
were recognised as Snoek—Koster peaks. The enthalpies
of activation for these peaks were calculated by the
frequency shifts and equalled to 71 and 73 kJ/mol for
chromium content of 6.2 and 27.9 at.%, respectively.
The enthalpy of hydrogen interaction with dislocations
was calculated to be 32 and 45 kJ/mol [9], taking into
account the values of 39 and 28 kJ/mol of the enthalpy
of hydrogen diffusion in Fe-6.2 at.% Cr and Fe-27.9
at.% Cr alloys, respectively.

The results obtained by Asano et al. [8,9] demon-
strated that the internal friction technique is an effective
tool in studying hydrogen interaction with dislocations
in ferritic Fe-Cr alloys. The present study was aimed at
studying low-frequency internal friction in hydrogen-
charged low-activated martensitic F82H (9Cr-2W) steel.

2. Experimental methods

In the present study, samples obtained from NNK-
JAERI (Japan) were investigated. Chemical composi-
tion of the material is given in Table 1.

Samples were cut from an industrial ingot, which had
undergone the complete cycle of metallurgical and
thermal treatments. Slabs were hot rolled at 1250°C in
several steps of 25% of strain each with intermediate
annealing at 760°C in vacuum for 2 h. Final treatment
included normalisation at 1040°C for 37 min followed
by fast cooling and tempering at 750°C for 1 h followed
by furnace cooling.

Temperature dependencies of internal friction (IF)
Q7! and shear modulus of the steel were measured by
torsion pendulum in the temperature range from the
liquid nitrogen temperature to 500 K at the frequency of
natural oscillation around 1 Hz. The torsion strain did
not exceed 107, The constant heating rate varied from
0.5 to 3 K/min. Longitudinal tension load on the sample
in the pendulum was about 4 N.

Internal friction in F82H steel was studied in the as-
supplied condition and after cold rolling by 10%, 21%
and 27%. After treatments, samples were cut by a dia-
mond saw, polished by emery paper and, finally, elec-
tropolished in 860 ml H;PO, + 100 g CrO; solution.
The final shape of the samples was a bar with the di-
mensions of 0.3-1.0 x 2 x 45 mm?. The thickness of the
samples was varied to provide different torsion stiffness
and, thus, different frequency of oscillation.

Hydrogen charging was performed in 1IN H,SO4 + 5
mg/l NaAsQO, solution with a current density of 50 mA/
cm? in a thermostat cell with a platinum anode. The
values of hydrogen content after different charging times
and for different values of cold deformation are given in
Table 2. The measurements were performed with a
Leybold—Heraeus RH,-2000A analyzer.

After hydrogen charging had been completed, IF
samples were stored in liquid nitrogen before measure-
ment. The time of the installation of the sample into the

Table 1

Chemical composition of the studied material (wt%)

C Si Mn P S Cu Ni Cr Mo Nb B N Sol. Al Co Ti Ta W

0.09 0.11 0.16 0.002 0.002 0.01 0.02 7.64 0.003 0.16 0.0001 0.0002 0.006 0.003  0.0050.01 0.02 1.94-1.97
-7.71 -0.008

Table 2

Hydrogen contents of F82H steel after hydrogen charging in 1IN H,SO, + 5 mg/l NaAsO, solution with a current density of 50 mA/

cm? after different charging times and degrees of deformation

Condition As-supplied

Cold-rolled, 10% Cold-rolled, 21%

Charging time (h) 1 3 5
Hydrogen content (wt ppm) 4.61 5.5 4.94

24 10 10

5.05 5.13 9.7 11
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relaxometer and cooling it down to approximately 80 K
did not exceed 4 min.

3. Results

As shown in Fig. 1, F82H steel did not reveal any
clear IF peak in the temperature range of 80-500 K in
the as-supplied condition. Only a weak broad hump was
detected at the temperatures of 250-400 K. This hump
disappeared after the second measurement of the same
sample (second run). After hydrogen charging, F82H
steel revealed a wide IF peak in the temperature range of
100-400 K. Three components, located at the tempera-
tures of approximately 185, 260 and 340 K, can be dis-
tinguished. For convenience, the components will be
designated as P1, P2 and P3, respectively.

Fig. 1(b) shows that the shear modulus in hydrogen
charged F82H steel revealed a drop in the temperature
range of 170-350 K, followed by a modulus recovery to
its normal behaviour in the hydrogen-free material. Such
behaviour is typical for hydrogenated F82H steel and
was observed in all the studied cases.

The conditions of hydrogen-charging used in the
present study result in a damaged surface layer of the
steel. In turn, this leads to a decrease of the torsion
stiffness of the sample, which can be considered as the
reason for the decrease of the apparent, or effective,
shear modulus. Such a decrease of the apparent modulus
would be irreversible and independent of temperature.
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Therefore, the observed drop of the frequency squared
in the vicinity of the peak must be caused by anelastic
behaviour of the F82H steel lattice containing hydrogen.

Fig. 2(a) presents the temperature dependence of in-
ternal friction Q7! for the as-supplied condition and
after different charging times at the same charging cur-
rent density. It can be seen that an increase of the
charging time resulted in the changes in P1, P2 and P3
components. After 1 h of charging, only components P1
and P3 can be detected. Charging for 5 h gave rise to the
component P2 along with existing P1 and P3 compo-
nents. Further increase of the charging duration did not
affect the heights of the components.

Fig. 3 shows the temperature dependencies of Q!
for the hydrogen-charged F82H steel in the as-supplied
condition for different oscillation frequencies. Compo-
nents P2 and P3 decreased markedly with increasing
frequency, while component P1 did not reveal noticeable
changes taking into account the frequency shift of 0.

Charging after cold rolling gave rise to a significantly
higher hydrogen content in martensitic F82H steel
(Table 2). It can be seen that the hydrogen content does
not depend on the duration of the charging in the as-
supplied condition. The obtained values are typical for
this steel grade, for the specified heat treatment and the
charging procedure [4]. However, the hydrogen content
is significantly higher in the cold-deformed condition as
compared to the as-supplied condition. Thus, the dis-
locations introduced during cold rolling are apparently
effective traps for hydrogen at room temperature. On the
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Fig. 1. Temperature dependencies of internal friction Q! (a) and the squared frequency of natural oscillations of the pendulum f?
(shear modulus) (b) in F82H steel in the as-supplied condition and after hydrogen charging with a current density of 50 mA/cm? for 10

h at room temperature.



50
FT T T T T T T T ]
14 [ —e— As-supplied EI__
- —o— Hydrogen-charged for 1 h after first run
[ —°—Repeated measurement after two runs ]
12 b —— New charging for 5 h after three runs  _|
o I ]
x 10 —=
S0F P1 P2 P3 ]
o [ ]
A T I ]
S 8 N
5 [ ]
=
w [ ]
© - 4
€ 6r ]
[0] - 4
=2
c oo g onmmgp
4
2 ]
F 4
- B
o L N 1 . 1 . I .
100 200 300 400

Temperature, K

500

0.

0.

o

Frequency , Hz ®
3

0.

0.

o
b3

Y. Jagodzinski et al. | Journal of Nuclear Materials 275 (1999) 47-55

=]

88 fipox = 0.92 Hz

300K

86

co b b by Ly

O'..
"

X

80

78

T
- B

200 300
Temperature, K

100 400 500

Fig. 2. Temperature dependencies of internal friction Q! (a) and the squared frequency of natural oscillations of the pendulum f?
(shear modulus) (b) of F82H steel in as-supplied condition after hydrogen charging with a current density of 50 mA/cm? at room

temperature for different times.

other hand, F82H steel being deformed seems to be
more sensitive to the surface damage during hydrogen
charging, and surface cracks can be traps of gaseous
hydrogen.

This gave rise to the study of the influence of cold
work on IF in hydrogenated F82H steel. The tempera-
ture dependencies of Q! after cold working by tension
and rolling followed by hydrogen charging at the iden-
tical conditions are given in Fig. 4. It can be seen that
components P1 and P3 grew with increasing cold work
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Fig. 3. Temperature dependencies of internal friction Q7! at
different oscillation frequencies in F82H steel in the as-supplied
condition after hydrogen charging with a current density of 50
mA/cm? for 10 h at room temperature.

and component P2 seemed to change insignificantly. The
IF spectrum for 10% cold-worked steel without hydro-
gen charging is also shown in Fig. 4. The absence of any
distinct peaks assures that observed peaks P1, P2 and P3
are really caused by hydrogen.

Fig. 4 shows that peak P1 shifts to the lower tem-
peratures with decreasing frequency as expected for a
relaxation peak. It can be supposed that the origin of
peak P1 and the hydrogen peak observed by Asano et al.
in SUS 410 martensitic steel with the close chromium
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Fig. 4. Temperature dependencies of IF Q! in F82H steel after
cold working by tension and rolling followed by hydrogen
charging in the identical conditions with a current density of 50
mA/cm? for 10 h at room temperature.
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Fig. 5. Arrhenius plot for the calculation of activation param-
eters. Frequency at the temperature of the peak f,=w/2m,
where o is circular frequency of oscillation. The data of the
present study are complemented with the data for the frequency
of 500 Hz in SUS 410 steel by Asano et al. [8§].

content (12 wt%) is the same [8]. Fig. 5 shows an Ar-
rhenius plot built to evaluate the activation parameters,
activation enthalpy H and pre-exponential factor 7o
according to condition (1) (see below). Our data for the
frequency of 1 Hz were complemented with the data of
Asano et al. [8] for 500 Hz. The values of 46.9 kJ/mol
and 2.4 x 107" s were obtained for the activation
enthalpy H and the pre-exponential factor 7y, respec-
tively.
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Fig. 6 shows the temperature dependencies of inter-
nal friction Q7! and frequency squared f? for different
heating rates. It can be seen that heating rate affects
component P2, but not components P1 and P3. Com-
ponent P2 increases with increasing heating rate. High-
temperature IF background was higher for higher
heating rate, as well. It should be noted that due to the
thermal inertia of the equipment there exists a systematic
error of the temperature measurement. The exact value
of the error cannot be defined precisely. It can only be
stated that the error is larger at higher temperatures and
at higher heating rates. Thus, the apparent temperature
positions of the peaks are higher than the true ones.

It should be pointed out that the temperature de-
pendencies shown in Figs. 2-4 were obtained in the
absence of external saturating magnetic field. To find
out the contribution of magneto-elastic effects to the
detected hydrogen peaks, a set of measurements was
conducted in external magnetic field of 1500 Oe. The
results are shown in Fig. 7. It can be seen that the
magnetic field does not affect markedly the IF behav-
iour. The magnetic field suppresses slightly component
P2 only. In other words, magneto-elastic effects in hy-
drogen-charged F82H steel give a small contribution to
IF.

4. Discussion

Internal friction of hydrogen-charged ferritic and
martensitic steels with chromium was studied previously
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Fig. 6. Temperature dependencies of internal friction Q' (a) and frequency squared f? (b) in F82H steel hydrogen-charged with a
current density of 50 mA/cm? for 10 h at room temperature for two different heating rates.



52 Y. Jagodzinski et al. | Journal of Nuclear Materials 275 (1999) 47-55

20 ; S ; — .

Deformed by rolling 10 %
Hydrogen-charged 50 mA/cm” - 10 h - RT

—o— Without magnetic field
—=— In magnetic field of 1500 Oe =

-
o
T

Internal friction Q”, x10*
S

o

1 1 1 1 1 L PRI
100 150 200 250 300 350 400 450 500

Temperature, K

Fig. 7. Temperature dependencies of internal friction Q7! in
hydrogen-charged F82H steel with a current density of 50 mA/
cm? for 10 h at room temperature with external magnetic field
(approximately 1500 Oe) and without it.

by Asano et al. [8,9]. Relaxation internal friction peaks
were detected on the temperature dependencies of the
steels with different chromium content after cold work-
ing and hydrogen charging. In the kHz frequency range,
the temperature position of the peak moves to the higher
temperatures monotonously from 230 to 250 K with
increasing chromium content from 6.3 to 27.9 wt%, re-
spectively. In SUS 410 martensitic stainless steel (12.5
wt% Cr and 0.12 wt% C), the chemical composition of
which is very close to the studied F82H steel, a peak was
detected at 241 K for the frequency of 500 Hz [8].
Asano et al. [8] assumed the relaxation to be caused
by the dislocation-hydrogen interaction and the detected
peaks to be Snoek—Koster ones. Enthalpy of activation
H and pre-exponential factor 7, of the relaxation time
for the peaks were determined by the peak shift with the
frequency w using the well-known expression [10]

0T = W1 epriTp:I7 (1)
where R is the universal gas constant, 7, the peak
temperature. The obtained values of the activation
enthalpy H were higher than 70 kJ/mol, and those of the
pre-exponential factor 7o of the relaxation time were in
the range of 107%-107" s. The binding energy of hy-
drogen atom to dislocations was calculated to be 32 to
45 kJ/mol depending on the chromium content [9]. The
calculations were based on the Schoeck model of the
Snoek—Koster relaxation [10], according to which the
activation enthalpy is a simple sum of the activation
enthalpy of a diffusion jump of a hydrogen atom, Hp,
and the binding energy of the atom to dislocations, Hp,
H=Hp + Hpg. The values of the activation enthalpy of
diffusion Hp for the studied solid solution of chromium
were taken from the literature.

Apparently, the IF peak detected in the present study
in cold-worked and hydrogen-charged martensitic F§2H
steel containing 8 wt% Cr has the same origin as the
above described relaxation peaks. At the same time, due
to the significant difference of the frequency ranges (1 Hz
in the present study and 500 Hz in the study of Asano
et al.), there are some differences in the detailed structure
of the observed peaks. In the low-frequency measure-
ments of F82H steel, along with the relaxation
low-temperature component P1, two non-relaxation
components, P2 and P3, were detected. The temperature
positions of these components do not change with
varying frequency. Redistribution of hydrogen among
different types of traps and its desorption from the
sample are believed to be the reasons for the non-re-
laxation components P2 and P3. Transient IF peaks
related to the hydrogen desorption were observed earlier
in hydrogen-charged austenitic stainless steels [11] and
Inconel-type nickel-base alloys [12]. It was shown that
the amplitude of the transient peaks decreases with in-
creasing frequency. Presumably, that is why Asano et al.
did not observe these peaks in kHz frequency range.

In the present discussion, the main attention will be
paid to the analysis of the relaxation component PI.
The procedure of the deconvolution of the measured
broad IF peak to P1, P2 and P3 components is prob-
lematic, since the apparent dependencies of internal
friction on frequency, heating rate and temperature are
needed for the transient components P2 and P3. Such
dependencies are not available, yet, in the literature.
Thus, only the temperature positions of the peaks can
be determined.

Assuming that peak P1 in hydrogen-charged F82H
steel has the same origin as the hydrogen peak in SUS
410 martensitic steel with similar chromium content, and
using Arrhenius plot for the temperature positions of the
peak (185 K at 1 Hz for F82H and 241 K at 500 Hz for
SUS 410, respectively), the value of 46.9 kJ/mol can be
obtained for the activation enthalpy of the peak. This
value is noticeably lower than that mentioned in the
studies of Asano et al. [9]. Pre-exponential value in this
case is 7o ~ 2.4 x 10714 s vs. 10718-1071° s for SUS 410
steel [9].

There are two possible reasons for the relaxation
peak P1. The first one assumes, like in the studies of
Asano et al. [9], that the discovered peak is due to the
interaction of dislocations with hydrogen atoms, i.e., it is
the case of the Snoek—Koster relaxation. The alternative
explanation takes into account the fact that, in an ex-
ternal field of elastic stresses, tetrahedral interstitial
positions in the martensite lattice, initially equivalent
with respect to their binding energy to a hydrogen atom,
loose their energy degeneracy. This results in a diffu-
sional redistribution of hydrogen atoms, which, in turn,
leads to the relaxation IF process known as the Snoek
relaxation [10].
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The fact that P1 peak grows with increasing amount
of cold work supports the Snoek—Koster mechanism of
the relaxation. Such a behaviour is typical for the cold-
work peaks in interstitial alloys [10]. Another typical
feature known from numerous studies on carbon and
nitrogen steels [10] is the dependence of the temperature
position of the Snoek—Koster peak on the amount of
cold work and on the interstitial content. The peak
should move to the lower temperatures with increasing
cold work and/or decreasing interstitial content. This
behaviour is due to the decrease of the relaxation time
with decreasing amount of interstitials trapped by dis-
locations.

The steels mentioned above had some initial average
amount of carbon or nitrogen before deformation,
which does not change with time. On contrast, electro-
lytic hydrogen-charging provides the same hydrogen
content on dislocations independent of the amount of
preliminary cold work, since the chemical potentitial of
hydrogen rather than its average concentration is kept
constant. Thus, the temperature position of the peak
should not depend on the amount of cold work. Nev-
ertheless, accurate analysis of the data given in Fig. 4
shows that for the identical conditions of hydrogen
charging and with increasing amount of cold work the
peak moves to lower temperatures. Asano et al. [8] did
not observe any shifts in the peak positions in chromi-
um-containing steels due to lower hydrogen content in
the samples after preliminary desorption just before the
measurements. Such shifts, however, take place in cold-
worked chromium-free mild steel [8].

Thus, the interpretation of the peak P1 as the Snoek—
Koster one meets the above mentioned contradictions.
Additionally, the fresh dislocations produced by cold
working have to be pinned with carbon atoms, since the
solid solution content of carbon in F82H steel is, ap-
parently, much higher than 0.004 wt% of the mild steel
[8]. The pinning process by carbon atoms took inevita-
bly place after the deformation during hydrogen-
charging, which continued usually as long as 10 h.

The role of cold work in the P1 peak formation can
have an alternative explanation based on Snoek mech-
anism of anelastic relaxation. One should take into
consideration the fact that the distribution of alloying
elements is inhomogeneous in the atomic scale in in-
dustrial martensitic steels of F82H type in the as-sup-
plied condition. After the austenisation, the distribution
of chromium and carbon atoms is not random and ho-
mogeneous, like in an ideal solid solution, but rather
there are zones of enrichment and depletion with these
elements [13]. Further redistribution takes place at
tempering, although the inhomogeneous structure of the
solid solution remains. Cold work, on contrary, leads to
stirring of the solid solution due to the mass transfer by
dislocations, and the distribution becomes more homo-
geneous [14].

In the BCT lattice of F82H steel, hydrogen atoms
occupy tetrahedral interstitial sites (IS), like in the BCC
lattice of iron. Volume density Np of such sites is
5.2 x 10* m™? [7]. The binding energy of a hydrogen
atom is determined by its interaction with the nearest
substitutional atoms, located in the vertices of the tet-
rahedron. The distribution of the latter depends, in turn,
on the average chemical composition of the alloy and
the type of atomic ordering in it. At temperature 7 the
probability O; of the site with a binding energy ¢; to be
filled is described with the Fermi statistics [15]:

1
O = T exp (e — W)/RT)’

where chemical potential u should be determined from
the conservation condition of the total amount of hy-
drogen atoms:

Zoc,-O,- = Cy/NL, (3)

(2)

where C, is the average volume concentration of hy-
drogen in alloy, o; the fraction of IS with the binding
energy &. The sum is taken over all IS including those on
dislocations, grain boundaries and other interfaces.

The distribution function «@; = a(e;) describes the in-
teraction of hydrogen with an alloy. The values of the
binding energy ¢; were estimated for different types of IS
in iron and ferritic steels [7]. The activation energy of the
lattice diffusion of hydrogen Ej4, binding energy to deep
traps e, and the volume fraction of such traps, N,=
a(e)NyL, were determined for a set of martensitic chro-
mium-containing steels, as well, by the method of ther-
modesorption analysis [7]. For F82H steel, the values of
the parameters were determined to be 13.95, 55.94 and
1.6 x 102 m~3, respectively. The values of the parame-
ters for steels MANET and Grade 91 were obtained in
an electrochemical study of the hydrogen permeability
[16]. The values of N;=3.6 x 102 m™3 for deep and ir-
reversible traps, N; =1.2 x 10%® m™3 for reversible traps
and ¢, =21.41 kJ/mol were obtained for Grade 91 steel,
close to F82H steel by its chemical composition and
microstructure.

Grain boundaries and matrix-carbide particle inter-
faces are good examples of these deep traps in the
studied F82H steel. They do not contribute to the hy-
drogen Snoek relaxation. The detected peak P1 seems
then to be a hydrogen Snoek-like peak as a result of the
trasitions of hydrogen atoms between shallow reversible
traps — tetrahedral IS in the lattice of F82H steel. The
host tetrahedra are assumed to contain one or more
chromium atoms, since the interaction energy of an
isolated hydrogen-chromium pair in the BCC lattice of
ferrite is estimated as 26.1 kJ/mol [17].

The binding energy of the reversible traps ¢ can be
calculated using the fact that for the Snoek-like relax-
ation the enthalpy of activation H =~ Ejq4 + ¢ and the



54 Y. Jagodzinski et al. | Journal of Nuclear Materials 275 (1999) 47-55

above given values of H and Ey for F82H steel. This
value is between the binding energy of a tetrahedra with
one and two chromium atoms. On the other hand, peak
P1 is markedly broadened as compared to an elementary
Debye peak, describing an ideal Snoek relaxation. Thus,
there are reasons to assume that the peaks consist of
several components, and the obtained value of ¢, should
be considered as an apparent one. Finally, it should be
noted that there is no information about the interactions
of hydrogen with tungsten or carbon-tungsten com-
pounds in F82H steel. Perhaps, the value ¢, ~ 32.95 kJ/
mol obtained in the present study corresponds to such
kind of interactions.

Obviously, the values of a(e,;) depend significantly on
the thermal treatment and on the amount of cold work.
Thermal treatment enhances decomposition of the solid
solution to chromium-enriched and chromium-depleted
regions resulting in a decrease of the fraction of IS tet-
rahedra with one or two chromium atoms. The subse-
quent deformation should increase parameter a(e;) up to
the values typical for the ideal random solid solution.
Thus, cold work increasing the value of a(e,) has to in-
crease the height of peak P1.

From Egs. (2) and (3) it follows that for a constant
concentration hydrogen redistributes between different
types of traps with temperature decreasing down to that
of liquid nitrogen. Namely, filling of deeper traps grows
at the expense of shallower ones. Hydrogen atoms leave
dislocations with the binding energy of 20 to 30 kJ/mol
[7] and become trapped by deeper lattice traps with
& =~ 3295 kJ/mol or grain boundary traps with
& ~ 55.94 kJ/mol. At heating up during the IF mea-
surement the redistribution process goes in the opposite
direction, i.e., starting from some temperature hydrogen
atoms escape from the reversible traps and occupy dis-
locations. Probably, it is this pinning of dislocations
which is responsible for peak P2. At further heating,
hydrogen leaves the sample by desorption. This tran-
sient process is accompanied with the changes in the
elastic shear modulus, which results in non-relaxation
peak P3. The detailed mechanism of the transient hy-
drogen peaks will be presented elsewhere.

5. Conclusions

1. A broad multicomponent internal friction peak was
detected in F82H steel. The components are located
at approximately 185 K (component P1), 260 K
(component P2) and 340 K (component P3) at the
frequency of oscillation of 1 Hz. Component P1 is a
relaxation IF peak, while the other two components,
P2 and P3, are related to the transient processes of
hydrogen trapping by dislocations and hydrogen es-
cape out of the sample, respectively.

2. Relaxation peak Pl is a Snoek-like peak and it is
caused by the transition of hydrogen atoms between
the energetically equivalent tetrahedral interstitial
sites containing one or two chromium atoms in the
vertices.

3. Cold work produces additional traps for hydrogen in
F82H steel, which increases the absorption capability
of the solid solution in electrolytic hydrogen charg-
ing.

4. The binding enthalpy of a hydrogen atom to the lat-
tice trap equals to 32.95 kJ/mol, according to the in-
ternal friction results. The fraction of such traps
depends on the heat treatment and the amount of
cold work of martensitic F§82H steel.
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