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Abstract

The effects of high-pressure hydrogen and deuterium charging on the structure of AISI type 304 and AISI type 310 austenitic stainless
steels have been investigated by neutron and X-ray diffraction. Rietveld analyses of the neutron diffraction data revealed that hydrogen atoms
occupy exclusively the octahedral interstitial sites in both steels. No phase transformations have been observed in 310 stainless steel within
the whole range of hydrogen-to-metal atomic ratios H/Me up-td. In 304 stainless steel, the formationssfartensite was observed
not only after hydrogenation at 3.0 GPa (H/Me = 0.56), but also after applying a pressure of 4.0 GPa without hydrogen. The results differ
significantly from published studies on cathodically hydrogenated samples, where high ameum@rténsite were observed in both steels.
High-pressure hydrogenation and cathodic hydrogen charging result in different phase transformation behaviour. The discrepancies can be
explained by different hydrogen distributions resulting in quite different stress states.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction may form martensite phases as a result of severe plastic defor-
mation, whereas 310 stainless steel is a “stable” steel, which
The formation of brittle martensite or hydride phases, as does not undergo any stress- or strain-induced martensitic
a possible source for hydrogen embrittiement, has been dis-transformations.
cussed extensively. X-ray diffraction studies on cathodically  In numerous studies, the formation of hegnartensite
hydrogen-charged austenitic stainless steels have been peiin 304- and 310-type austenitic stainless steels was observed
formed to investigate possible phase transformations due toas a result of hydrogen chargifig-8]. It was also reported
hydrogen loading1-10]. The austenitic stainless steels of that bcca-martensite is formed during the outgassing of hy-
AlSI type 304 (composition close to Fe/Cr18/Nil0) and AISI drogen from 304 stainless steel, whereasoamartensite
type 310 (composition close to Fe/Cr25/Ni20) have been was detected in 310 stainless stggl. Some controversy
studied most extensively in this context. Both steels do not exists about a possible feg¢-hydride phase as precipitates
transform to martensites by quenching to liquid nitrogen tem- in the austenite lattice as proposed by Narita ef@dland
perature. 304 stainless steel is a “metastable” steel, whichUImer et al.[8]. Their proposed pseudo-binary phase di-
agram of the austenite—hydrogen system (referred to both
N . , , steel compositions) includes a miscibility gap—similar to
fax: i(g_rgzg?;;gjfggg_or' Tel.: +49-089-289-14314; the palladium—hydrogefi1] and nickel-hydrogef2] sys-
E-mail addressMarkus.Hoelzel@frm2.tum.de (M. Hoelzel). tems. However, Mathias et gB] and Gavriljuk et al[6]
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observed a continuous expansion of the austenite latticehydrogenations have been carried out in the Institute of
due to hydrogen charging of 304 and 310 stainless steels,Solid State Physics of the Russian Academy of Sciences in
without any miscibility gap in the austenite—hydrogen phase Chernogolovka (Moscow district). The samples consisted of
diagram. stacks of 3-6 discs, each of 8mm diameter and 0.25mm
In most studies, the hydrogenation has been carried outthickness. The hydrogen loadings were performed in a high-
by cathodic charging at room temperature. This procedure pressure cell at 35@C for 24 h. Hydrogenation at elevated
induces a very high hydrogen concentration at the surfacetemperatures for rather long charging times removes con-
followed by a steep gradient. The inhomogeneous hydrogencentration gradients due to diffusion. Various pressures, up
distribution results in high multiaxial compressive stresses atto 7 GPa, were applied in order to obtain different hydro-
the surfacg7]. The mutual influence of intrinsic effects of gen and deuterium concentrations up to H/M&. After the
hydrogen or of high stresses at the surface is therefore undercharging, the samples were cooled down to 100 K and stored

debate. at liquid nitrogen temperature to prevent the outgassing of
As an intrinsic effect the decrease of stacking fault energy hydrogen. More details about the hydrogenation technique
of austenitic stainless steels has been rep¢it@dThey— ¢ can be found if16]. Additional samples were subjected to

transformation might be related to the formation of stacking 3.0 and 4.0 GPa without hydrogen. These pressure treatments
faults onthg/1 1 1} planes of the austenite lattif#. Further- were performed in a high-pressure cell for 24 h at 350n
more, hydrogen could raise the martensitic start temperaturethe Institute for Mineralogy at the University of Frankfurt,
(Ms) and the highest temperature for deformation-induced Germany.
martensite transformatioiy) [7]. The neutron diffraction experiments were carried out at the
The important impact of high-stresses on the observed multidetector powder diffractometer E9 at the Hahn-Meitner-
phase transformations in austenitic stainless steel has aldnstitut in Berlin and BT1 at the National Institute of Stan-
ready been discussed by Taehtinen ef®], Rozenak et  dards and Technology in Gaithersburg. The measurements
al. [9,10] and Yang et al[15]. Based on the broadening of at E9 were performed at 80K using a germanium (711)
X-ray reflections of cathodically charged 316-type stainless monochromator, yielding. = 1.3078A. At BT1, the data
steel, stresses of about 5 GPa have been estirj@jtddhe for- were collected at 80 K using a copper (3 1 1) monochromator
mation ofe-martensite, due to cathodic hydrogen charging, and neutrons of = 1.5398A.
appears to be a result of the combined influence of intrinsic ~ Additional X-ray diffraction studies were undertaken prior
effects of hydrogen together with local stresigés. Both ef- to the hydrogen chargings in the hydrogenated state at 100 K
fects supposedly contribute to the driving force required for and after hydrogen outgassing at room temperature. A STOE
they— ¢ phase transformation. The outgassing of hydrogen STADI P powder diffractometer in transmission geometry
from 304 stainless steel during aging at room temperaturewith Mo-Kaj and Co-kx; radiations was used.
is accompanied by the formation efmartensite as well as
the formation of surface crackg,15]. Both effects are de-
scribed as due to high tensile stresses after hydrogen losse8. Results and discussion
[15].
In order to achieve quite homogeneous hydrogen distribu-  The diffraction patterns were analysed by Rietveld refine-
tionsinthe bulk of the samples, we performed hydrogenations ment with the FullProf softward=igs. 1 and Zhow the mea-
of 304 and 310 stainless steels in a high-pressure cell. Ho-sured and calculated diffraction patterns. The main results of
mogeneous samples allow a better identification of possiblethe Rietveld refinement are summarizedables 1 and 2
hydride phases and the study of hydrogen effects in a rather The isotropic thermal displacement parameters of the hy-
low-stress state. Results from different charging techniquesdrogen atoms presentediable landTable 2were derived
enable a comparison of the conditions of phase transforma-from inelastic neutron scattering data, collected at spectrom-
tions by hydrogen loadings with respect to hydrogen contents eter FANS at NIST, Gaithersburg. The energies of the funda-
and stresses. Moreover, the hydrogenation of the bulk allowsmental vibrations of the optical modes were used to calculate
neutron diffraction investigation of the hydrogen locations the mean square displacemetu$) of the hydrogen atoms.
and occupancies. Simultaneously, inelastic neutron scatter-The contribution of hydrogen band modes to the mean square
ing was performed to characterize the interatomic bonding displacements of the hydrogen atoms was neglected at 80 K.
and to get complementary information about the phase com-The isotropic thermal displacement parameters of hydrogen
position. In this work, results of the structural analysis by are related to the mean square displacenygitof the hy-

neutron and X-ray diffraction are reported. drogen atoms by:
87?2
. Biso = —— <M2> . (1)
2. Experimental 3

The isotropic thermal displacement parameters were kept
The investigations were performed on commercial AISI constant in the Rietveld refinement to obtain the hydrogen
type 304 and AISI type 310 austenitic stainless steels. Theoccupancies presentediables 1 and 2A refinement of the
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Fig. 1. Measured (circles) and calculated (lines) neutron diffraction patterns as well as difference plots (measured minus calculatedpgiffexngdifor
310 stainless steel (Fe/Cr25/Ni20): (a) initial state, (b) hydrogenated at 2.3 GPa, (c) hydrogenated at 3.0 GPa, (d) hydrogenated at 7.0 &Rtedgmkut
() subjected to 4.0 GPa without hydrogen.

thermal displacement parameters, as a check of the procethe positive neutron scattering length for deuterilsp €

dure, did not diverge. +6.67101°m) in contrast to the negative one for hydrogen
(by = —3.7410°m). Finally, Rietveld refinement proved
3.1. Hydrogen sites hydrogen (deuterium) occupation of the octahedral intersti-

tial sites in the fcc matrices only. No occupation of the tetra-
An increasing hydrogenation pressure (i.e., increasing hy- hedral sites for all investigated hydrogen concentrations in
drogen content) increases the intensity of the odd-indexedboth steels was detected.
reflections of the austenite phase relative to the even ones The occupancy in the octahedral sites in austenitic stain-
(seeFigs. 1 and 2and Tables 1 and R This corresponds less steels corresponds to the hydrides of iron, nickel
to hydrogen occupation of the octahedral interstitial sites in and chromium: neutron diffraction investigations ef:
the fcc lattice based on structure factor calculations and sim-FeHy o(P6s/mm¢ dhcp lattice)[17], &'-FeD1.o(P63/mmg
ulations of diffraction patterns. The opposite effect on the dhcp lattice)17], e-FeDy 42(P63/mmg dhcp lattice)17], e-
reflection intensities occured for deuterium charging, due to CrHx~1(P6s/mmg hcp lattice)[18] and NiHy g(Frm3m) [12]

Table 1

Results of the Rietveld analyses of 310 stainless steel (Fe/Cr25/Ni20)

Hydrogenation Sample Weight fractions Lattice constant H-occupancy in Thermal displacement
pressure (GPa) mass (g) of phases (at 80K) octahedral sites (%) parameteBiso (H) (A2)
Uncharged 0.6 100%m3m 3.5826(1) - -

2.3 0.6 100%Fm3m 3.6586(1) 35(2) 1.35

3.0 0.6 100%Fm3m 3.7261(2) 66(3) 1.44

7.0 0.3 100%Fm3m 3.7798(2) 94(5) 1.48

Deuteriun? 0.3 100%Fm3m 3.6236(1) 13(1) 0.96

4.0 Without H 0.8 100%Fm3m 3.5824(2) - -

@ For deuterium charging, the true charging pressure is unclear.
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Table 2
Results of the Rietveld analyses of 304 stainless steel (Fe/Cr18/Nil10)
Hydrogenation Sample Weight fractions Lattice constant (at 80 K) H-occupancy in Thermal displacement
pressure (GPa) mass (g) of phases octahedral sites (%) parameteBiso (H) (A2)
Uncharged 0.6 100%m3m 3.5800(1)
2.3 0.6 100%Fm3m a=23.6537(1) 30(2) 1.39
3.0 0.6 84%Fm3m fec:
a=3.6988(2) 56(2)
16% P63/mmc hcp: 1.41
a=2.617(2);c = 4.254(3)cla=1.626 71(9)
7.0 0.3 Not analysed fcc:
a=3.7757(3) 103(9) 1.48
4.0 Without H 1.2 86%Fm3m fec:
a=3.5785(2)
11%P63/mmc hcp:
_ a=2.526(1);c=4.098(4)cla=1.622
3% Im3m bcc:
a=2.8571(3)

revealed in all cases an occupancy of the octahedral inter-out hydrogen with a weight fraction of 11wt.%. In addi-
stitial positions. This has been proposed for the hydrides of tion, a small amount{3 wt.%) of bcca-martensite was also
transition metals of the groups VIb—VIII[17,19] Because observed.

of the small size of the interstices in the lattices of these ele-  In the studies on cathodically charged 304 and 310 stain-
ments, hydrogen occupies the bigger octahedral sites only inless steels, generally very intense X-ray reflectiong-of

fcc and hep hydrides. martensite have been reportg-7]. Based on an empiri-
cal relation between the lattice expansion and the hydrogen
3.2. Phase analysis contents of fcc alloyf21], hydrogen contents of H/Me 0.6

have been estimated for cathodically charged austenitic stain-
The hydrogenation of 310 stainless steel leads to a con-less steelf0,22] Farrell et al[23] evaluated depth concen-
tinuous expansion of the austenite lattice. No significant re- tration profiles from nuclear microanalysis of 310 stainless
flections other than fcc appeared in the diffraction patterns. steel cathodically charged with deuterium: D/Me atomic ra-
This was further confirmed by X-ray diffraction at 100K. tios between 0.5 and 0.8 have been found in the near-surface
The small reflection in the vicinity of thg-(220) reflection layers. Based on the hydrogen contents, one can compare
(Fig. 1c—e) was also observed in a pattern of the empty vana-the results obtained after high-pressure hydrogenation and
dium sample holder and thus does not correspond to scatterelectrolytic charging: the cathodic charging technique leads
ing from the samples. Our results differ significantly from re- to higher amounts of-martensite at comparable hydrogen
sults obtained by cathodic hydrogenation, where quite strongcontents. In 310 stainless steeinartensite was not observed

reflections ofe-martensite were observg-7]. within the detection limit even after high-pressure charging.
Vakhney et al[20] calculated the total energy and electron Remarkable differences in the phase transformation be-
density-of-states at the Fermi energy of tiphase and- haviour, as a result of electrolytic or high-pressure hydro-

phase in 310 stainless steel for H/Me atomic ratios of 0, 0.5 genation of austenitic steels, were also observed by Bugaev
and 1. They proposed thephase as stable at around H/Me et al.[22]. High-pressure charging at 7 GPa and 200vas
= 0.5. They— ¢ transformation was supposed to result from performed on fcc Fe—18Cr—16Ni—10Mn, for which a very
the influence of hydrogen on the electronic structure of 310 high stability of the austenite phase is claimed due to the high
stainless steel. Since we do not observe reflections of thecontents of manganese and nickel. X-ray diffraction disclosed
e-phase for H/Me up toxr 1 in the bulk of 310 stainless that no phase transformations took place during hydrogena-
steel within the detection limit, our results do not support tion. A hydrogen content of H/Me = 0.6 has been estimated
this hypothesis. from the lattice expansion applying the relationship of Bara-
In 304 stainless steel, a different phase transformation nowski et al.[21]. The lattice expansion matched quite well
behaviour was observedFif). 2 and Table 9. The sample  with the results obtained earlier by cathodic hydrogenation
hydrogenated at 2.3 GPa, consists of a pure expanded fcof the same alloy6], but in case of cathodic charging, strong
lattice, whereas for the sample hydrogen-charged at 3.0 GPaeflections ofe-martensite were observed.
(H/Me = 0.56) reflections af-martensite appear. The weight Our data underline the considerable influence of stresses
fraction of e-martensite was refined to 16 wt.%. The forma- on the phase transformation behaviour of steels subjected
tion of e-martensite was also detected in the sample of 304 to hydrogen chargings. High stresses, arising from inho-
stainless steel, which had been squeezed at 4.0 GPa withmogeneous hydrogen distributions in cathodically charged
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Fig. 2. Measured (circles) and calculated (lines) neutron diffraction patterns
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provides the relative volume changas/s2 due to hydrogen.
be described by the following linear relationsii4]:

AV
Vo

Av
:CH—

- @

whereAV/V is the relative volume change of the unit cell,
cH is the H/Me atomic ratioAv is the volume change of
the lattice if one hydrogen atom is added ands the mean
atomic volume of a metal atom. Plottigv/Vo overcy pro-
vides the ratioAv/$2. Fig. 3shows this plot for hydrogen in
the austenite phase in both steels derived from the Rietveld
analyses. Relative volume changes/ $2 due to hydrogen of
0.184+ 0.03 for 304 stainless steel and 0200.03 for 310
stainless steel have been derived. Ulmer ef8lpresented

the analogous study for 304 and 310 stainless steels cathod-
ically hydrogenated at elevated temperatures. In their work,
similar values forAv/§2 of 0.189 for 304 stainless steel and
0.20+ 0.005 for 310 stainless steel were found. The volume
increase per hydrogen atom can be derived directly from the

as well as difference plots (measured minus calculated diffraction patterns) = . )
for 304 stainless steel (Fe/Cr18/Nil0): (a) initial state, (b) hydrogenated at ratio Av/$2. The obtained Vallﬂes of 2.15 0.01A* for 304

2.3 GPa, (c) hydrogenated at 3.0 GPa and (d) subjected to 4.0 GPa withoutStainless steel and g.ZELO.OlA3 for 310 stainless steel are
hydrogen. close to the value of &3 estimated for hydrogen in hexagonal

samples, are supposedly responsible for a higher tendency oFObaIt hydrides and deuteridEb].
the e-martensite formation.

High-pressure hydrogenations result in quite uniform hy- 3.4. Hydrogen-induced magnetism
drogen distributions and therefore lower stress states com-
pared to cathodic chargings. In 304 stainless steel, similar Samples of both compositions became ferromagnetic af-
weight fractions ofe-martensite have been detected after ter hydrogenation at 3.0 and 7.0 GPa whereas the samples of
hydrogenation at 3.0 GPa and after a pressure treatment ofower content still remained paramagnetic at liquid nitrogen
4.0 GPa in the absence of hydrogen. The results demonstratéemperature. SQUID measurements were carried out on 310
that the impact of stresses has to be considered in the discusstainless steel hydrogenated at 3.0 GPa. A superconducting

sion of phase transformations due to hydrogenation. guantum interference device from Quantum Design was used
to obtain the temperature dependence of the magnetisation at

0.1T. Fig. 4 illustrates the temperature dependence of the

spontaneous magnetisation per iron atom. An unusual linear
The correlation between the lattice expansion in a single behaviour is observed in the whole range of the experiment,

phase due to hydrogen charging and its hydrogen content carfrom 10 to 200 K; the slope correspondst6.001us/K. The

3.3. Volume increase due to hydrogen
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025 - T - . - . g T - 150-200 K) have been achieved. Hydrogenation leads to lat-
tice expansion i.e., the Fe—Fe distance is increased, which
strongly influences the magnetic interactions.

4. Conclusion

(1) Rietveld analyses verified that hydrogen atoms occupy
the octahedral interstitial sites in 304 and 310 austenitic
stainless steels. A partial occupancy of tetrahedral posi-
tions can be ruled out even at H/Mel.

| (2) For 310 stainless steel, no phase transformations have

been observed within detection limit. For 304 stainless

steel, the formation of-martensite was observed due to

| — —_— s hydrogenation at 3.0 GPa, correqunding toa herogen

T content of H/Me = 0.56. The formation efmartensite
was also found in 304 stainless steel subjected to a pres-

Fig. 4. Temperature dependence of the spontaneous magnetisation found  sure of 4.0 GPa without the presence of hydrogen.

in 310 stainless steel, hydrogenated at 3 GPa, obtained in SQUID measure(3) |ncreasing hydrogen contents lead to continuous lattice

ments at 0.1 T. expansions of the austenite matrices in both steels. No

reflections of a fcg/*-hydride phase have been observed
for the investigated hydrogen contents.

The relative volume changesv/2 due to hydrogen

charging have been estimated to be (420.03 in 310

stainless steel and 0.#80.03 in 304 stainless steel, cor-

responding to volumes per hydrogen atoms of 210

0.01 A3 for 304 stainless steel and 2.240.01 A3 for

310 stainless steel.

Both steels become ferromagnetic at high hydrogen con-

tents. In 304 stainless steel, the ferromagnetic ordering

occurs between H/Me =0.30 and H/Me =0.56 and in 310

stainless steel between H/Me = 0.35 and H/Me = 0.66.

spontaneous magnetisation per Fe atom [_]

temperature dependence of the magnetisation and its inverse
can be seen irig. 5 The plot of the inverse magnetisa- 4)
tion shows a remarkable monotonous behaviour without a
definite transition point between the paramagnetic and ferro-
magnetic regimes. The data points between 236 and 280K
were taken into account to obtain the Curie—Weiss fit of the
paramagnetic regime, from which a paramagnetic moment of
about 2.5. per iron atom and a Weiss temperature of about )
170-175K were evaluated. The magnetic contributions to
the nuclear Bragg intensities can be neglected in the Rietveld
analyses because of the very low ferromagnetic components
(seeFig. 4). A possible explanation of the ferromagnetism

is the observed lattice eXpanSion. In this context, it is worth The high_pressure hydrogenated Samp|es reveal a lower
noting that properties of hard magnetic materials (SB)Co  tendency for the-martensite formation compared to cathod-
RoT17with R =rare earth element = Fe, Co) can be varied  jcally charged samples, even at hydrogen contents H/Me up
systematically by hydrogen inserti¢26]. In the RFe;7se-  toa 1. The phase transformation behaviour is apparently less
ries, dramatic increases of the Curie-temperature (by aboutgetermined by the hydrogen concentration rather than the way
how hydrogen is introduced into the samples. Cathodic hy-

0.25 —_——— 1.0x10° drogen chargings lead to higher local stresses due to strong
o magnetisation gradients in the hydrogen concentration than high-pressure
i son S hydrogenations. The high stresses in cathodic hydrogenated
' samples can explain a higher driving force forthe ¢ phase
transformation.
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