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Annealed and tensile prestrained 316L-type stainless steel is studied by in-
ternal friction (IF) method. Low-frequency forced-vibration measurements
of IF are carried out in the temperature range of 130—500 K before and after
gaseous-hydrogen charging at 543 K and under three different pressures:
0.5, 10, and 100 MPa. Two complex multicomponent IF peaks at about 250
and 365 K are detected after preliminary tensile deformation in hydrogen-
free material. As revealed, the low-temperature peak is of relaxation type,
and the high-temperature one is a resonant peak. The effect of hydrogen con-
tent and hydrogen distribution on IF peaks’ features, e.g., background, am-
plitude and thermal stability, is examined. An increase in stability of vacan-
cies caused by hydrogen is suggested that follows from IF measurements af-
ter ageing at 473 K. As experimentally shown, the temperature drop of hy-
drogenation to 358 K leads to a marked shift of the high-temperature peak
toward higher temperatures. A hypothesis about the cause underlying this
phenomenon is proposed.

3a IomoMOroo MeXaHiuHOI CHEeKTPOCKOIii, a came, MipAHHA BHYTPIIITHBOTO
TepTs, JOCTiIKeHo Heip:kaBiliHy ctaab Tuny 316L y BigmameHomy Ta medop-
MOBAHOMY pPO3TAroM cTaHax. Hu3bKouacTOTHI MipAHHA BHYTPiITHBOT'O TEePTA
Ha BUMYIIIEHUX KOJIMBAHHAX IIPOBOAUJINCA B TeMIIepaTypHOMY JianasoHi Bif
130 mo 500 K mepen i micas rasoBoro maBogHoBaunHsa npu 543 K Ta Tphox 3Ha-
yeHHAX TUCKY BogHIO: 0,5, 10 Ta 100 MIla. ITicaa nedopmaliii po3TAroM y Bu-
XigHOMY MaTepiaji BUABJIEHO JBa MYJbTUKOMIOHEHTHUX IIIKM IIPU TeMIepa-
Typax 6ina 250 Ta 365 K. ITokasaHo, 1110 HE3LKOTEMIIEPATYPHUH IIiK Mae pe-
JaKcaliiiHy Mpupoay, B TOM Yac AK BUCOKOTEMIEPATYPHUH ITiK BiJHOCUTHCA
o pesoHaHCHUX. Takok 0yJI0 IIepeBipeHo BILINB BMiCTy BOJHIO Ta OT'0 PO3IIO-
iy Ha BJIACTUBOCTI IIiKiB BHYTPiIIHBOTO TEPTS, a caMme, Ha Ix ¢oH, aMILIiTyay
Ta TepMiuny cTabinbHicTh. CHOPMYIHLOBAHO MPUNYINEHHA PO TE, IO BOAECHb
cupuse crabimisamii BakaHciil, 1110 BUILINBAE i3 eKCIePUMEHTAJIbHUX HOCJIIi-
I:KeHb HaBOAHEHOI Ta 3icTapenoi mpu 473 K crani. EkciiepuMeHTaIbHO TTOKA-
3aHO, IO 3HMKEHHSA TeMIlepaTypu HAaBOAHIOBaHHA mo 358 K mpusBoauTs g0
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IIOMiTHOT'0 3CyBY BHCOKOTEMIIePATYPHOTO MMiKy B HAIIPAMKY BUIIIMX TeMIlepa-
Typ. IIponnoHyeThCca rimoresa IOAO NPUUYUHM, SKa JIEKUTH B OCHOBI JaHOIO
SABUIIA.

C IOMOIIBI0 MEXaHUYECKOH! CIIEKTPOCKOIINY, 8 MMEHHO, N3MEePEeHNs BHYTPEH-
HeTro TpeHusA, UCCIeOBaHA Hep:KaBelIada CTaab Tuia 316L B 0TOKIKEHHOM U
Ie(OopMUPOBAHHOM PACTSMKEHHEM COCTOSAHUAX. HM3KOUACTOTHELIE M3MEPEeHM I
BHYTPEHHEro TPEHUs Ha BBIHYKIEHHBIX KOJIEOAHUAX IIPOBENeHbI B TEeMIIEpa-
TypHoM auamasoue or 130 1o 500 K 1o u mociie rasoBoro HaBOJOPOIKMBAHUA
npu 543 K u Tpéx sHaueHuUaAxX gaBieHud Bogopoaa: 0,5, 10 u 100 MIla. ITocie
ne)opMaIuy PACTSIKEeHNEM B MCXOJHOM COCTOSHNN OOHAPYIKEHBI ABA MYJb-
TUKOMIIOHEHTHBIX HNHKa mpu Temmeparypax oxojo 250 u 365 K. Ilokasamo,
YTO HU3KOTEMIIEPATYPHBIN UK MMEeT PeJaKCAllIOHHYIO IIPUPOAY, B TO BpeMs
KAaK BBICOKOTEMIIEPATYPHBIN MK OTHOCHUTCA K pPe30HaHCHBIM. Takixe ImpoBe-
PeHO BIMSHUE COAEPIKaHUs BOLOPOIa M €ro pacipeeeHus Ha CBOMCTBA IIN-
KOB BHYTPEHHEI'0 TPEHUs, & UMEHHO, Ha UX (POH, aMILIUTYAy U TEPMUUECKYIO
cTabuabHOCTE. ChopMyIUPOBAHO MPEAIIOJI0MKEHIE O TOM, UTO BOJOPOJ CIIOCO0-
CTByeT CTAOMIM3aliy BAKAHCHI, YTO CJIeAYyeT U3 9KCIePUMEHTAIbHBIX HCCJIIe-
IOBAHUI HABOJIOPOXKEHHOUW 1 cocrapenuoil mpu 473 K crammn. 9xcrepumMeH-
TAJIbLHO IIOKAa3aHO, UYTO CHUKEHIE TeMIIepaTyphl HaBoAopo:KuBaHuA 10 358 K
MPUBOAUT K 3aMETHOMY CABUI'Y BLICOKOTEMIIEPATYPHOTO IINKA B HAIIPABJIEHUU
Goabiux Temiepartyp. IIpeamaraercsa rumoresa, KOTopas 00bACHIET IPUPOLY
JTaHHOTO SABJICHUA.
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1. INTRODUCTION

It is well known that many technological processes can provoke hydro-
gen embrittlement (HE) of engineering materials (see, e.g., Ref. [1]).
Intensive development of technologies that use hydrogen as an alterna-
tive energy carrier requires ever more materials, which could be used
under high-pressure hydrogen gas and in aggressive environments.
Over the last fifty years, materials scientists have spent many efforts
to find a unique mechanism of HE. As a result of these efforts, three
main competing models of HE were proposed: decohesion (e.g., [2]), hy-
dride formation (e.g., [3]) and hydrogen-enhanced local plasticity
(HELP) [4].

Having higher enthalpy of hydrogen diffusion, e.g., [5], as compared
to nickel or a-iron [6], austenitic stainless steels belong to one of the
most hydrogen-resistant material types, although they also lose their
ductility due to high-pressure gaseous hydrogenation or cathodic hy-
drogen charging (e.g., [7]). Along with degradation of basic mechanical
properties, hydrogen significantly reduces fatigue lifetime of stainless
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steels, and even insignificant content of residual hydrogen in materi-
als (about 2-3 weight ppm) can markedly increase fatigue crack
growth rate as it was shown by Murakami et al. [8]. The effect of hy-
drogen was markedly enhanced at low frequencies of loading [8], evi-
dently due to ability of hydrogen clouds accompany dislocations during
dislocation slip and due to a difference in densities of H clouds around
the dislocations at high and low frequencies. The influence of hydro-
gen on the fatigue properties of stainless steels attracts particular at-
tention, with a view to prolonging service lifetime of items working in
high-pressure hydrogen environments. Processes which occur in dif-
ferent areas of the plastic zone near the crack tip should be carefully
studied in terms of inhomogeneous distribution of stresses, hydrogen
concentrations and different substructures in these areas.

It is hard to overestimate the effect, which the interaction of hydro-
gen atoms with crystal lattice defects produces on the properties of sol-
ids. It is responsible for hydrogen diffusion rate in materials, hydrogen
distribution and its local concentration, and, consequently, for H-
induced local stresses. Measurement of internal friction can give
unique microscopic information which cannot be obtained using other
experimental techniques. It was successfully used for studies of crystal
defects interactions and hydrogen effects in different materials includ-
ing f.c.c. iron-based alloys subjected to cathodic hydrogen charging
(see, e.g., [9]). Taking into account the results obtained by Murakami et
al.[8] at low frequencies, there is a need of measuring internal friction
of stainless steels under forced sub-resonant vibrations. Usually, inter-
nal friction studies of hydrogen charged steels come to measurements
of temperature- or amplitude-dependent internal friction (IF) at fre-
quencies that are rarely less than 0.5 Hz due to specimen shapes.

The aim of the present paper is to study damping properties of type
316L steel in the annealed and prestrained states at lowered frequen-
cies and to show how the dissolution of hydrogen in austenitic stainless
steel affects interactions between crystal lattice defects. The effect of
hydrogen charging temperature will be studied as well.

2. MATERIALS AND EXPERIMENTAL METHODS

The material used in the present study was a type of 316L austenitic
stainless steel (JIS-SUS316L) containing 0.009 C, 17.22 Cr, 12.63 Ni,
2.26 Mo, 0.32 Si, 1.18 Mn, 0.027 P, 0.001 S (in mass.% ), and Fe in the
balance. The wire of 1 mm diameter was cut into pieces of 170 mm
length, annealed in Ar atmosphere at 1323 K for 30 minutes and there-
after quenched in water. One set of the wires was left non-deformed,
whereas others were tensile prestrained to 2, 5, 10, 15 and 45% of
elongation, but only two latter as well as the annealed one were chosen
for subsequent hydrogen charging as well as annealed one. The pre-
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straining was carried out at room temperature in the laboratory air at
the strain rate of 8.3-:1073s7".

The X-ray diffraction tests using CoK,-radiation with wavelength
A=0.178897 nm revealed only f.c.c. structure of the material studied
over all deformation range.

The gaseous hydrogen charging was performed in International Re-
search Centre for Hydrogen Energy at Kyushu University. The tem-
perature of charging was 543 K and three different hydrogen pres-
sures were applied: 0.5, 10 and 100 MPa for 50, 50 and 200 hours, cor-
respondingly. Some specimens were exposed at 358 K under 100 MPa
for 200 hours. After charging, all specimens were stored at 190 K be-
fore being installed in the IF facility. The time needed to install the
specimens in the relaxometer did not exceed 20 minutes (including
cooling down to 130 K).

The hydrogen content was estimated using the method described by
Murakami et al. in [10], which had shown satisfactory consistency
with experimental data. The calculated values are presented in Table 1.

Values of hydrogen content obtained by means of the thermal de-
sorption analysis (TDA) were very close to calculated ones for the case
of hydrogenation at 543 K and lower 3.5 fold for the case of hydro-
genation at 358 K. The calculation of the hydrogen profile for the 316L
stainless steel square specimen of 1 mm in thick and the activation en-
thalpy of hydrogen diffusion Hy;=67.7kJ/mol and D,=4.66-10"°
m?/s was performed using the following equations:

Cy(x) =C, (erfc (ZxﬁJ +erfc (2l_—\/D_xtD ,

(1)
if [erfc [ﬁj + erfc [ZZ_—\/D_xtn <1,

and
Cy(x) = C,, if (erfc (ﬁj + erfe (%D >1, 2)

TABLE 1. Estimated hydrogen content in studied steel after hydrogen charg-
ing.

Hydrogen gas pressure, MPa 0.5 10 100 100
(temperature of charging) (5643 K) | (5643 K) | (543 K) | (358K)
Fugacity, MPa 0.5 10.4 142 170.3
Hydrogen content, weight ppm 6.1 28.0 103.5 83.5

(TDA data) (5.8) (25.6) (99.1) (23.9)
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where x is the coordinate, [—the specimen thickness, t—time of charg-
ing, D—diffusion coefficient and C, is equilibrium concentration on
the surface which is proportional to the hydrogen fugacity. Figure 1
shows the cross-section distribution of the normalized (i.e. C,=1) hy-
drogen concentration in the case of hydrogenation at 358 K for 200
hours (Fig. 1, a) and 543 K for 50 and 200 hours (Fig. 1, b).

As one can see, the distribution of hydrogen after hydrogenation at
543 K is uniform for charging time longer than 3 hours, whereas the
penetration depth is much smaller in the case of exposure at 358 K
(Fig. 1, a). So, the hydrogen profile is formed in the latter case but hy-
drogen concentration is higher in the surface layer due to higher hy-
drogen fugacity.

Internal friction measurements were carried out using an installa-
tion made by Nihon TechnoPlus [11]. With this equipment, IF can be
measured by the sub-resonant forced vibrations method employing an
inverted torsion pendulum within the frequency range from 0.001 to
0.5 Hz and temperature range from 120 to 720 K, with the strain am-
plitudes from 107® to 2:107* and the heating rate of 0.033 K/s. The fre-
quency of characteristic vibrations of the system was about 50 Hz for
standard specimen of 20 mm long and 1 mm in diameter. All tempera-
ture dependences were obtained at the strain 5-107°, i.e. in the ampli-
tude-independent area. Simultaneously with the internal friction, the
values of the reciprocal in-phase component of dynamic modulus can be
measured. Some specimens were exposed at 473 K for 12 hours in vac-
uum without taking them out of pendulum holders with the aim to test
the thermal stability of IF peaks after hydrogen left the specimen.
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Fig. 1. Normalized hydrogen concentration profile in type 316L steel charged
under 100 MPa and 358 K for 200 hours (a) and 543 K for 50 and 200 hours

(b).
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3. RESULTS AND DISCUSSION
3.1. Hydrogen Effect on Interaction between the Lattice Defects

Internal friction measurements of every set of specimens were con-
ducted at three frequencies of 0.3, 0.1 and 0.05 Hz. The upper fre-
quency limit was chosen because the minimal natural frequency was
about 35 Hz and the choice of the lowest one was due to the necessity of
obtaining an optimal number of experimental points in the chosen
temperature range. The spectra obtained were grouped into three cate-
gories: those with the identical measurement frequency, prestrain de-
gree, and charging conditions.

Figure 2, a shows the temperature-dependent IF spectra in the an-
nealed hydrogen-free specimen. One can distinguish a trace of the peak
at about 250 K (P1) at 0.3 Hz. A well-defined complex peak arises at
about 365 K (P2) at 0.05 Hz. Its amplitude decreases rapidly with in-
creasing frequency of measurement.

Figure 2, b shows the effect of deformation on the IF spectra in hy-
drogen-free specimens. The tensile deformation to 15% of elongation
of the annealed specimen results in an increase of the IF background,
very likely due to multiplication of dislocations, and a significant in-
crease in P1 and P2 amplitudes. The deformation to 45% led to a de-
crease in the absolute peak amplitudes, as compared with that of 15%,
to broadening of both peaks and their shift towards low temperatures
for P1 and towards high temperatures for P2. The peaks are much
broader than Debye peak, which suggests a variety of relaxation time
values. The deformation dependences of P1 and P2 temperatures for
uncharged steel are presented in Fig. 3.
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Fig. 2. Internal friction spectra of annealed type 316L steel measured at 0.3,
0.1 and 0.05Hz (a), and before and after tensile deformation measured at
0.3 Hz (b).
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Fig. 3. Dependences of P1 and P2 maxima temperatures on prestrain degree
for uncharged type 316L steel.

The P1 peak temperature gradually decreases with a narrow local
maximum at about 5% of deformation, whereas the shape of P2 re-
mains vague up to 10% of deformation. Its temperature rises and then
abruptly drops at the ultimate deformation.

Figure 4 shows temperature-dependent IF spectra with different
hydrogen charging pressures. Hydrogen gaseous charging of the an-
nealed specimens leads to an increase in P1 amplitude, depending on
the hydrogen content, and its abrupt shift towards lower temperatures
(Fig. 4, a). The peak P2 rises with an increase in hydrogen content and
with decreasing measurement frequency (Fig. 4, a, b).

In all deformed specimens, the IF background and P1 peak decrease
after low-pressure (0.5 MPa) hydrogen charging (Fig. 4, ¢, d). At the
same time, with increasing hydrogen pressure, P1 peak grows and
slightly moves towards lower temperatures, whereas the IF back-
ground remains unchanged. Hydrogen charging at 543 K independent-
ly of its pressure almost entirely suppresses P2 at 0.3 Hz in the de-
formed material (Fig. 4, a), whereas it grows with decreasing meas-
urement frequency and increased hydrogen content (Fig. 4, d).

Figure 5 shows a comparison of IF spectra of hydrogen-charged
samples before and after the annealing at 473K in vacuum for
12 hours. Both peaks are completely suppressed in all uncharged sam-
ples (Fig. 5, a). In contrast, the low-temperature P1 peak remains more
stable in hydrogen-charged prestrained specimens (Fig. 5, b, ¢). Such a
treatment also reduces IF background of the deformed uncharged spec-
imens but it remains stable in the deformed hydrogen-charged steel
(Fig. 5, a, ¢). The annealing is accompanied by the recovery of the shear
modulus and this recovery is more pronounced in the uncharged spec-
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Fig. 4. Internal friction spectra of type 316L steel after hydrogenation under
three different pressures: annealed steel, measurement frequency 0.3 Hz (a);
annealed steel, measurement frequency 0.1 Hz (b); 45% -deformed steel,
measurement frequency 0.3 Hz (c¢); 45% -deformed steel, measurement fre-
quency 0.1 Hz (d).

imens than in the hydrogenated ones. In contrast to deformed hydro-
gen-charged steel, the hydrogen-caused peaks completely disappeared
after annealing of non-deformed steel even in the specimens having the
highest hydrogen content (Fig. 5, d).

Before discussing the results obtained in the present study, one
should determine and interpret the effect of the following factors on
steel microstructure: a) prestrain, b) temperatures of hydrogen charg-
ing and annealing, and c¢) hydrogen dissolution and hydrogen content.

It is well known that the density of crystal lattice defects increases
essentially during plastic deformation of metals due to activation of
dislocation sources and interaction of moving dislocations with the dis-
location forest, resulting in generation of dislocation jogs, which are
the sources of point defects (vacancies and self-interstitial atoms). In
this case, the point defects are thermodynamically non-equilibrium
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Fig. 5. Temperature dependences of internal friction and dynamic modulus of
type 316L steel: after 45% deformation (1% run) and after annealing in vacu-
um at 473 K for 12 h (2" run), measurement frequency 0.3 Hz (a); the same as
(a) obtained at 0.1 Hz (b); after 45% deformation and gaseous hydrogen
charging under 100 MPa (1* run) and after annealing in vacuum at 473 K for
12h (2™ run) (¢); for annealed steel and 100 MPa hydrogen charged steel (1°*
run) and after annealing in vacuum at 473 K for 12 h (2™ run) (d).

ones. But vacancies tend to clustering, in contrast to self-interstitial
atoms whose concentration is very low due to their large formation en-
thalpy. They can also quickly sink to dislocations and grain boundaries
owing to their high mobility [12].

The dissolution of hydrogen in steels increases the thermodynamic
equilibrium concentration of vacancies as it was predicted theoretical-
ly by Smirnov et al. [13], and later confirmed by Fukai et al. [14] for
Ni—H and Pd—H alloys and Gavriljuk et al. [15] for austenitic steel.
According to [16], the increase in their concentration could lead to the
increased stability of hydrides in the hydride-forming elements, to the
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enhancement of metal atom diffusion and, in some cases, to the en-
hancement of creep. The suggestion about the primary role of hydro-
gen-induced vacancies in hydrogen-related failure was made by Nagu-
mo et al. [17] in the framework of the hydrogen-enhanced strain-
induced vacancy model [18].

As concerns the effect of temperature, the hydrogen charging was
carried out at temperatures when the first or even second stage
(polygonization) of recovery can occur. The first stage of recovery is
characterized with a decrease in the point defects density, their annihi-
lation and their sinking to the dislocations and grain boundaries, and
the redistribution of dislocations without the formation of new bound-
aries. Although the polygonization of deformed materials occurs with-
in the temperature range of (0.3—-0.4)T,.;;, with T,.,=1713 K for the
steel studied, the dissolved hydrogen atoms can facilitate this process
through the enhancement of metal atom diffusion and the increase in
dislocation mobility. The comparison of the IF results obtained after
hydrogen charging at lower temperature can clarify the situation.
Such a study was done and will be described in subsection 3.2 of the
present paper. The ageing at 473 K in vacuum for 12 hours of annealed
and hydrogen-charged specimens was performed, to test the influence
of the effect of the temperature per se in comparison with that of hy-
drogen charging.

Therefore, there are three competing factors which counteract each
other: plastic deformation and hydrogen entry increase the density of
crystal lattice defects, whereas the hydrogen charging temperature
has the opposite effect.

The IF peaks caused by plastic deformation in the austenitic stain-
less steel was studied earlier by Ivanchenko et al. [19]. They suggested
that the P1 peak was associated with the stress-assisted unpinning of
dislocations from point defects (Hasiguti-like peak), and P2 peak is re-
lated to the annihilation of point defects at dislocation cores. Indeed,
taking into account a linear rise of the low-temperature internal fric-
tion background measured at 150 K and shown in Fig. 6, a, the depend-
ence of the peak height on the deformation degree is typical for
Hasiguti relaxation resulting from dislocation-vacancy interaction
[20]. Fouquet et al. [21] obtained similar results on polycrystalline
copper deformed at room temperature. In the annealed material, con-
centration of point defects and the dislocation density are low and
their distribution is rather random, so that their effect on the temper-
ature dependence of IF is minimal (Fig. 2, a). Plastic deformation in-
creases essentially both parameters, and their effect on internal fric-
tion becomes more pronounced and then gradually decreases
(Fig. 6, a).

Such behaviour can be related to the change in the c,,./dg ratio dur-
ing plastic deformation, where c,,, and d, are concentration of vacan-
cies and density of dislocations, respectively. After hydrogen charging
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Fig. 6. Dependences of low-temperature IF background and P1 amplitude on
prestrain degree (at f=0.3 Hz): for hydrogen-free steel (a), for steel charged
with hydrogen under different pressures (b).

under different pressures, the growth of internal friction background
with the degree of prestrain is much smaller than in the hydrogen-free
material and is not dependent on the hydrogen content. The P1 peak
after hydrogen charging demonstrates a different behaviour
(Fig. 6, b). In contrast to hydrogen-free material, its amplitude rises
with increasing in hydrogen content in all cases. Given that hydrogen
dissolution does not affect the concentration of dislocations in the ab-
sence of external stresses but can increase essentially the thermody-
namic equilibrium concentration of vacancies that do not form clus-
ters, so ratio c,,./dg4g increases.

The position of the P1 peak always shifts towards lower tempera-
tures with decreased frequency of measurement, which confirms its
relaxation nature (Fig. 4, ¢, d). The behaviour of P2 peak is more com-
plex. Its position can shift in both directions with frequency decrease.
One can state with confidence that P2 peak height strongly depends on
the measurement frequency and always grows with frequency decrease
(Fig. 4, a, b). This fact can indicate its resonance nature [22]. The sug-
gestion expressed in [19] that P2 peak is linked with the annihilation of
point defects (vacancies), i.e. with dislocation climbing, seems to be
very likely. The P2 peak position and intensity may be affected by the
length of vacancy diffusion path before annihilation, i.e., dislocation
density and the number of vacancies in vacancy complexes. The ther-
mally activated dilution of Cottrell atmospheres or dissociation of the
‘hydrogen atom—vacancy (vacancies)’ complexes could be other fac-
tors, which influence P2 peak behaviour.

As concerns the position of the relaxation P1 peak, it is affected by
two main parameters—the activation enthalpy AH and preexponential
factor 1, of the relaxation time. The relaxation time expressed as
T=T.exp{AH/(kT)} represents the reciprocal frequency of the jumps of
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defects to overcome an energy barrier AH at temperature T. Thus,
preexponential factor 1, is relaxation time at T — . The activation en-
thalpy is only determined by the peak behaviour at changes in the
measurement frequency. For this reason, the shift of the peak towards
lower temperatures with an increase in deformation degree does not
always mean weakening of the interaction between the pinning points
and dislocations. For any relaxation processes, with a drop in frequen-
cy, the peak always moves towards lower temperatures, and activation
enthalpy can be determined in the Arrhenius co-ordinates (i.e. Inw vs.
1/T), using the following equation:

IH&ZE[L_L} 3)
(Dl k Tml Tm2

k is Boltzmann constant; T',,; and T, are the temperatures of the peaks
at measurement frequencies w; and w,, correspondingly.

It should be noted that the relaxation peak associated with jumps of
hydrogen atoms dissolved in the crystal lattice of annealed austenitic
stainless steels, the so-called Snoek-like peak, is usually observed in
the temperature range 215-220 K at about 1 Hz of measurement fre-
quency [23]. Its activation enthalpy is equal to 46.15-52.9
kJ-(mol-K)™, depending on chemical composition. In the present study,
such a peak was expected at temperatures 8-15 K lower, i.e. at 200—
210 K, depending on measurement frequency. However, we can only

T T T T g T T T T T v
— o —Experimental curve —7 2| « AH=0.57+0.05eV|
., -12
16 ——TFitting curve _16 ‘ T,~ 107 4
32,0
S 24 .
124 -
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Fig.7. An example of internal friction peak fitting of 45% -deformed type
316L steel after gaseous hydrogen charging under 100 MPa at 543 K. The
treatment of the experimental data in the Arrhenius co-ordinates is shown as
inset.
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speak about traces of such a peak as a part of the low-temperature P1
peak resulting from dislocation—point defect interaction in the de-
formed and charged steels. It could mean that almost all hydrogen at-
oms are trapped by crystal lattice defects, such as dislocations and va-
cancies. A stronger dependence of the P1 peak position on hydrogen
content in annealed steel (Fig. 4, a) as compared to that in the de-
formed material, could be the result of saturation of trapping sites
with hydrogen atoms.

The activation enthalpies of the P1 peak were obtained from the ex-
perimental spectra. Figure 7 presents an example of peak fitting for
the hydrogen-charged steel and the treatment of data in the Arrhenius
co-ordinates.

The fitting of experimental spectra was performed twice, using
Gaussian peaks and broadened Debye peaks with the width parameter
[=2.66—-2.94. Both methods gave identical results. Three components
were used for fitting P1 peak and from 1 to 3 for P2 peak, depending on
the state of steel. Due to complex nature of the P1 peak, the estimation
could be performed only for the strongest component and was quite
coarse. Table 2 contains the data obtained.

The activation enthalpy AH for the P1 peak in the annealed steel
does not practically change with increasing hydrogen content and is
close to values obtained earlier for Snoek-like relaxation [23]. One can
see that deformation per se increases essentially the activation enthal-
py and reduces the preexponential factor t, (Table 2), most likely due to
formation of strong pinning points at the intersections of dislocations,
i.e. shortening of dislocation segments. Hydrogen charging at 543 K
led to reduction of AH, probably due to recovery processes, but AH
slightly increased with rising hydrogen content, i.e. vacancy concen-
tration. The 1, parameter dropped with an increase in hydrogen con-
centration for all specimens. It should be mentioned that the values of
T, are large compared to the ones for solute diffusion and, in fact, more
dislocation-like, as required for Hasiguti-types of dislocation-point
defect processes.

TABLE 2. Activation enthalpy of the low-temperature P1 peak.

AH (+0.5), kJ-(mol-K)™ (order of t,, s)

Hydrogen pressure Elongation, %
0 | 15 | 45
Uncharged - 51.0 (10719 67.3(107'%)
0.5 MPa 49.0 (107 51.9 (10719 49.0 (1079
10 MPa 46.2 (107 45.2 (1071 56.7 (10719

100 MPa 51.0 (107 53.8(107'%) 54.8 (107'%)
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3.2. The effect of Hydrogen Charging Conditions on IF Spectra
of Deformed Steel

Figure 8 presents temperature dependences of IF for the 45% de-
formed type 316L steel and those obtained after hydrogen charging
under 100 MPa at two different temperatures (358 and 543 K). Satura-
tion with hydrogen at 543 K led to reduction of IF background that
could be attributed to pinning of dislocations by hydrogen atoms or
else to recovery processes occurring at this temperature, because IF
background is only controlled by vibration-induced motion of disloca-
tions in this temperature range of measurements.

The hydrogen charging performed at 358 K did not change the IF
background, but the absolute amplitude of the P1 peak became higher.
We suggest that the reason for the drop in the background is the very
recovery processes that occurred during hydrogen charging at 543 K
leading to a reduction in dislocation density. Moreover, the penetra-
tion depth of hydrogen during hydrogen charging carried out at lower
temperature is much smaller (see Fig. 1), but hydrogen fugacity, and
thus its equilibrium concentration, is higher than in the case of high
temperature charging (see Table 1). So, the concentration of hydrogen
in the surface layer (Fig. 1), strongly affecting IF, was much higher
after charging at 358 K. At the same time, the high-temperature com-
ponent of IF spectra, P2 peak, shifted towards higher temperatures by
about 60 K. A search in available scientific literature related to inter-
nal friction studies of hydrogen-doped materials suggests that this un-

40 T T L] T T T T T T T T T
| Hydi‘mgenI char[ging:] : Specimen SUS316L |
35 1-no Heat treatment: |
“?12—-100 MPa, 358 K,200h 30min at 1323 K+WQ
13-100 MPa, 543K, 200 h Deformation: 45%]
30+ ] Meas. frequency: 0.1 HzA
254
& -
204
[«
154
104
5
~ =
0

100 150 200 250 300 350 400 450 500 550 600
Temperature, K
Fig. 8. Internal friction spectra of 45%-deformed type 316L steel before

(curve 1) and after gaseous hydrogen charging under 100 MPa at 358 K (curve
2) and 543 K (curve 3).
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expected result has been obtained for the first time.

Let us discuss a possible reason underlying this phenomenon. It was
mentioned above that the P2 peak in the deformed stainless steel is re-
lated to annihilation of point defects (vacancies). Two reasons could
account for the shift of this component towards higher temperatures:
formation of vacancy clusters or ‘vacancy—N hydrogen atoms’ com-
plexes. Ab initio calculations made for Al1[24] and a-Fe[25] have shown
that a single vacancy can trap up to 12 hydrogen atoms in Al and up to
6 atoms in o-Fe. Binding energy of hydrogen atoms with vacancies de-
creases with an increase in the number of hydrogen atoms in the com-
plex. On the other hand, positron annihilation studies of cathodically
charged (i.e. saturated under high hydrogen fugacity and at low tem-
perature) iron [26], stainless steels [27] and nickel [28], have given ev-
idence that hydrogen contributes to the formation of vacancy clusters
and increases the recovery temperature. These results are more suita-
ble for the interpretation of IF spectra as the dissociation of ‘hydrogen
atoms—vacancy clusters’ complexes is expected at higher temperatures
than the dissociations of ‘single vacancy—hydrogen atom (atoms)’
complexes.

4. SUMMARY

Two complex internal friction peaks (P1 and P2) were observed in the
annealed and prestrained type 316L austenitic steel before and after
gaseous hydrogen charging. In our opinion, the amplitude of the peak
P1 is associated with a change in the c¢,,./d4g4 ratio during preliminary
plastic deformation and hydrogen saturation. Hydrogen dissolution
increases the amplitude of the P1 peak and stabilizes it due to the hy-
drogen-caused rise in the concentration of thermodynamic equilibrium
vacancies. The estimation of the P1 peak activation enthalpy revealed
a tendency to increasing after plastic deformation and to decreasing
after hydrogen charging. The activation enthalpy slightly grows with
hydrogen concentration. The preexponential factor decreases with in-
creasing preliminary deformation and hydrogen concentration.

The behaviour of the peak P2 is rather complicated and does not
demonstrate noticeable patterns. One can observe an abrupt rise of its
amplitude with decreasing measurement frequency, which indicates
its resonant nature. The hydrogen charging suppresses P2 peak in the
prestrained steel in contrast to the annealed material. The temperature
of gaseous hydrogen charging has a remarkable effect on the behaviour
of this peak in the deformed steel, which could be accounted for the
formation of ‘hydrogen atoms—vacancy clusters’ complexes during
hydrogen charging at temperatures below their dissociation.

The author thanks Prof. V. G. Gavriljuk (G.V. Kurdyumov Insti-
tute for Metal Physics, National Academy of Sciences of Ukraine) for
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