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The effects of high-pressure hydrogen and deuterium charging on the structure of AISI type 304 and AISI type 310 austeniti
teels have been investigated by neutron and X-ray diffraction. Rietveld analyses of the neutron diffraction data revealed that hydr
ccupy exclusively the octahedral interstitial sites in both steels. No phase transformations have been observed in 310 stainless

he whole range of hydrogen-to-metal atomic ratios H/Me up to≈ 1. In 304 stainless steel, the formation of�-martensite was observ
ot only after hydrogenation at 3.0 GPa (H/Me = 0.56), but also after applying a pressure of 4.0 GPa without hydrogen. The res
ignificantly from published studies on cathodically hydrogenated samples, where high amounts of�-martensite were observed in both ste
igh-pressure hydrogenation and cathodic hydrogen charging result in different phase transformation behaviour. The discrepan
xplained by different hydrogen distributions resulting in quite different stress states.
2004 Elsevier B.V. All rights reserved.
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. Introduction

The formation of brittle martensite or hydride phases, as
possible source for hydrogen embrittlement, has been dis-

ussed extensively. X-ray diffraction studies on cathodically
ydrogen-charged austenitic stainless steels have been per-

ormed to investigate possible phase transformations due to
ydrogen loading[1–10]. The austenitic stainless steels of
ISI type 304 (composition close to Fe/Cr18/Ni10) and AISI

ype 310 (composition close to Fe/Cr25/Ni20) have been
tudied most extensively in this context. Both steels do not
ransform to martensites by quenching to liquid nitrogen tem-
erature. 304 stainless steel is a “metastable” steel, which
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may form martensite phases as a result of severe plastic
mation, whereas 310 stainless steel is a “stable” steel, w
does not undergo any stress- or strain-induced marte
transformations.

In numerous studies, the formation of hcp�-martensite
in 304- and 310-type austenitic stainless steels was obs
as a result of hydrogen charging[3–8]. It was also reporte
that bcc�-martensite is formed during the outgassing of
drogen from 304 stainless steel, whereas no�-martensite
was detected in 310 stainless steel[7]. Some controvers
exists about a possible fcc�∗-hydride phase as precipita
in the austenite lattice as proposed by Narita et al.[7] and
Ulmer et al. [8]. Their proposed pseudo-binary phase
agram of the austenite–hydrogen system (referred to
steel compositions) includes a miscibility gap—simila
the palladium–hydrogen[11] and nickel–hydrogen[12] sys-
tems. However, Mathias et al.[3] and Gavriljuk et al.[6]
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observed a continuous expansion of the austenite lattice
due to hydrogen charging of 304 and 310 stainless steels,
without any miscibility gap in the austenite–hydrogen phase
diagram.

In most studies, the hydrogenation has been carried out
by cathodic charging at room temperature. This procedure
induces a very high hydrogen concentration at the surface
followed by a steep gradient. The inhomogeneous hydrogen
distribution results in high multiaxial compressive stresses at
the surface[7]. The mutual influence of intrinsic effects of
hydrogen or of high stresses at the surface is therefore under
debate.

As an intrinsic effect the decrease of stacking fault energy
of austenitic stainless steels has been reported[13]. The�→�
transformation might be related to the formation of stacking
faults on the{1 1 1}planes of the austenite lattice[6]. Further-
more, hydrogen could raise the martensitic start temperature
(Ms) and the highest temperature for deformation-induced
martensite transformation (Md) [7].

The important impact of high-stresses on the observed
phase transformations in austenitic stainless steel has al-
ready been discussed by Taehtinen et al.[14], Rozenak et
al. [9,10] and Yang et al.[15]. Based on the broadening of
X-ray reflections of cathodically charged 316-type stainless
steel, stresses of about 5 GPa have been estimated[9]. The for-
m ing,
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hydrogenations have been carried out in the Institute of
Solid State Physics of the Russian Academy of Sciences in
Chernogolovka (Moscow district). The samples consisted of
stacks of 3–6 discs, each of 8 mm diameter and 0.25 mm
thickness. The hydrogen loadings were performed in a high-
pressure cell at 350◦C for 24 h. Hydrogenation at elevated
temperatures for rather long charging times removes con-
centration gradients due to diffusion. Various pressures, up
to 7 GPa, were applied in order to obtain different hydro-
gen and deuterium concentrations up to H/Me≈ 1. After the
charging, the samples were cooled down to 100 K and stored
at liquid nitrogen temperature to prevent the outgassing of
hydrogen. More details about the hydrogenation technique
can be found in[16]. Additional samples were subjected to
3.0 and 4.0 GPa without hydrogen. These pressure treatments
were performed in a high-pressure cell for 24 h at 350◦C in
the Institute for Mineralogy at the University of Frankfurt,
Germany.

The neutron diffraction experiments were carried out at the
multidetector powder diffractometer E9 at the Hahn-Meitner-
Institut in Berlin and BT1 at the National Institute of Stan-
dards and Technology in Gaithersburg. The measurements
at E9 were performed at 80 K using a germanium (7 1 1)
monochromator, yieldingλ = 1.3078Å. At BT1, the data
were collected at 80 K using a copper (3 1 1) monochromator
a
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ation of�-martensite, due to cathodic hydrogen charg
ppears to be a result of the combined influence of intr
ffects of hydrogen together with local stresses[15]. Both ef-

ects supposedly contribute to the driving force required
he�→� phase transformation. The outgassing of hydro
rom 304 stainless steel during aging at room tempera
s accompanied by the formation of�-martensite as well a
he formation of surface cracks[7,15]. Both effects are de
cribed as due to high tensile stresses after hydrogen
15].

In order to achieve quite homogeneous hydrogen dist
ions in the bulk of the samples, we performed hydrogena
f 304 and 310 stainless steels in a high-pressure cell
ogeneous samples allow a better identification of pos
ydride phases and the study of hydrogen effects in a r

ow-stress state. Results from different charging techni
nable a comparison of the conditions of phase transfo

ions by hydrogen loadings with respect to hydrogen con
nd stresses. Moreover, the hydrogenation of the bulk a
eutron diffraction investigation of the hydrogen locati
nd occupancies. Simultaneously, inelastic neutron sc

ng was performed to characterize the interatomic bon
nd to get complementary information about the phase
osition. In this work, results of the structural analysis
eutron and X-ray diffraction are reported.

. Experimental

The investigations were performed on commercial A
ype 304 and AISI type 310 austenitic stainless steels.
nd neutrons ofλ = 1.5398Å.
Additional X-ray diffraction studies were undertaken p

o the hydrogen chargings in the hydrogenated state at 1
nd after hydrogen outgassing at room temperature. A S
TADI P powder diffractometer in transmission geom
ith Mo-K�1 and Co-K�1 radiations was used.

. Results and discussion

The diffraction patterns were analysed by Rietveld re
ent with the FullProf software.Figs. 1 and 2show the mea

ured and calculated diffraction patterns. The main resu
he Rietveld refinement are summarized inTables 1 and 2.

The isotropic thermal displacement parameters of the
rogen atoms presented inTable 1andTable 2were derived

rom inelastic neutron scattering data, collected at spect
ter FANS at NIST, Gaithersburg. The energies of the fu
ental vibrations of the optical modes were used to calc

he mean square displacements〈u2〉 of the hydrogen atom
he contribution of hydrogen band modes to the mean sq
isplacements of the hydrogen atoms was neglected at
he isotropic thermal displacement parameters of hydr
re related to the mean square displacement〈u2〉 of the hy-
rogen atoms by:

iso = 8π2

3

〈
u2

〉
. (1)

he isotropic thermal displacement parameters were
onstant in the Rietveld refinement to obtain the hydro
ccupancies presented inTables 1 and 2. A refinement of th
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Fig. 1. Measured (circles) and calculated (lines) neutron diffraction patterns as well as difference plots (measured minus calculated diffractionpatterns) for
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 GPa, (e) deuterated and
(f) subjected to 4.0 GPa without hydrogen.

thermal displacement parameters, as a check of the proce-
dure, did not diverge.

3.1. Hydrogen sites

An increasing hydrogenation pressure (i.e., increasing hy-
drogen content) increases the intensity of the odd-indexed
reflections of the austenite phase relative to the even ones
(seeFigs. 1 and 2and Tables 1 and 2). This corresponds
to hydrogen occupation of the octahedral interstitial sites in
the fcc lattice based on structure factor calculations and sim-
ulations of diffraction patterns. The opposite effect on the
reflection intensities occured for deuterium charging, due to

Table 1
Results of the Rietveld analyses of 310 stainless steel (Fe/Cr25/Ni20)

Hydrogenation
pressure (GPa)

Sample
mass (g)

Weight fractions
of phases

Lattice constant
(at 80 K)

H-occupancy in
octahedral sites (%)

Thermal displacement
parameterBiso (H) (Å2)

Uncharged 0.6 100%Fm3̄m 3.5826(1) – –
2.3 0.6 100%Fm3̄m 3.6586(1) 35(2) 1.35
3.0 0.6 100%Fm3̄m 3.7261(2) 66(3) 1.44
7.0 0.3 100%Fm3̄m 3.7798(2) 94(5) 1.48
Deuteriuma 0.3 100%Fm3̄m 3.6236(1) 13(1) 0.96
4.0 Without H 0.8 100%Fm3̄m 3.5824(2) – –

a For deuterium charging, the true charging pressure is unclear.

the positive neutron scattering length for deuterium (bD =
+6.6710−15 m) in contrast to the negative one for hydrogen
(bH = −3.7410−15 m). Finally, Rietveld refinement proved
hydrogen (deuterium) occupation of the octahedral intersti-
tial sites in the fcc matrices only. No occupation of the tetra-
hedral sites for all investigated hydrogen concentrations in
both steels was detected.

The occupancy in the octahedral sites in austenitic stain-
less steels corresponds to the hydrides of iron, nickel
and chromium: neutron diffraction investigations on�’-
FeH1.0(P63/mmc, dhcp lattice) [17], �’-FeD1.0(P63/mmc,
dhcp lattice)[17], �-FeD0.42(P63/mmc, dhcp lattice)[17], �-
CrH≈1(P63/mmc, hcp lattice)[18] and NiH0.6(Fm3̄m) [12]
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Table 2
Results of the Rietveld analyses of 304 stainless steel (Fe/Cr18/Ni10)

Hydrogenation
pressure (GPa)

Sample
mass (g)

Weight fractions
of phases

Lattice constant (at 80 K) H-occupancy in
octahedral sites (%)

Thermal displacement
parameterBiso (H) (Å2)

Uncharged 0.6 100%Fm3̄m 3.5800(1)

2.3 0.6 100%Fm3̄m a = 3.6537(1) 30(2) 1.39

3.0 0.6 84%Fm3̄m fcc:
a = 3.6988(2) 56(2)

16%P63/mmc hcp: 1.41
a = 2.617(2);c = 4.254(3)c/a = 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%Fm3̄m fcc:
a = 3.5785(2)

11%P63/mmc hcp:
a = 2.526(1);c = 4.098(4)c/a = 1.622

3% Im3̄m bcc:
a = 2.8571(3)

revealed in all cases an occupancy of the octahedral inter-
stitial positions. This has been proposed for the hydrides of
transition metals of the groups VIb–VIIIb[17,19]. Because
of the small size of the interstices in the lattices of these ele-
ments, hydrogen occupies the bigger octahedral sites only in
fcc and hcp hydrides.

3.2. Phase analysis

The hydrogenation of 310 stainless steel leads to a con-
tinuous expansion of the austenite lattice. No significant re-
flections other than fcc appeared in the diffraction patterns.
This was further confirmed by X-ray diffraction at 100 K.
The small reflection in the vicinity of the�-(220) reflection
(Fig. 1c–e) was also observed in a pattern of the empty vana-
dium sample holder and thus does not correspond to scatter-
ing from the samples. Our results differ significantly from re-
sults obtained by cathodic hydrogenation, where quite strong
reflections of�-martensite were observed[3–7].

Vakhney et al.[20] calculated the total energy and electron
density-of-states at the Fermi energy of the�-phase and�-
phase in 310 stainless steel for H/Me atomic ratios of 0, 0.5
and 1. They proposed the�-phase as stable at around H/Me
= 0.5. The�→� transformation was supposed to result from
the influence of hydrogen on the electronic structure of 310
s f the
� s
s port
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b e
h d fcc
l GPa
( ht
f a-
t 304
s with-

out hydrogen with a weight fraction of 11 wt.%. In addi-
tion, a small amount (≈3 wt.%) of bcc�-martensite was also
observed.

In the studies on cathodically charged 304 and 310 stain-
less steels, generally very intense X-ray reflections of�-
martensite have been reported[3–7]. Based on an empiri-
cal relation between the lattice expansion and the hydrogen
contents of fcc alloys[21], hydrogen contents of H/Me≈ 0.6
have been estimated for cathodically charged austenitic stain-
less steels[20,22]. Farrell et al.[23] evaluated depth concen-
tration profiles from nuclear microanalysis of 310 stainless
steel cathodically charged with deuterium: D/Me atomic ra-
tios between 0.5 and 0.8 have been found in the near-surface
layers. Based on the hydrogen contents, one can compare
the results obtained after high-pressure hydrogenation and
electrolytic charging: the cathodic charging technique leads
to higher amounts of�-martensite at comparable hydrogen
contents. In 310 stainless steel,�-martensite was not observed
within the detection limit even after high-pressure charging.

Remarkable differences in the phase transformation be-
haviour, as a result of electrolytic or high-pressure hydro-
genation of austenitic steels, were also observed by Bugaev
et al.[22]. High-pressure charging at 7 GPa and 200◦C was
performed on fcc Fe–18Cr–16Ni–10Mn, for which a very
high stability of the austenite phase is claimed due to the high
c osed
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w tion
o ng
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sses
o ected
t nho-
m rged
tainless steel. Since we do not observe reflections o
-phase for H/Me up to≈ 1 in the bulk of 310 stainles
teel within the detection limit, our results do not sup
his hypothesis.

In 304 stainless steel, a different phase transform
ehaviour was observed (Fig. 2 and Table 2). The sampl
ydrogenated at 2.3 GPa, consists of a pure expande

attice, whereas for the sample hydrogen-charged at 3.0
H/Me = 0.56) reflections of�-martensite appear. The weig
raction of�-martensite was refined to 16 wt.%. The form
ion of �-martensite was also detected in the sample of
tainless steel, which had been squeezed at 4.0 GPa
ontents of manganese and nickel. X-ray diffraction discl
hat no phase transformations took place during hydrog
ion. A hydrogen content of H/Me = 0.6 has been estim
rom the lattice expansion applying the relationship of B
owski et al.[21]. The lattice expansion matched quite w
ith the results obtained earlier by cathodic hydrogena
f the same alloy[6], but in case of cathodic charging, stro
eflections of�-martensite were observed.

Our data underline the considerable influence of stre
n the phase transformation behaviour of steels subj

o hydrogen chargings. High stresses, arising from i
ogeneous hydrogen distributions in cathodically cha
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Fig. 2. Measured (circles) and calculated (lines) neutron diffraction patterns
as well as difference plots (measured minus calculated diffraction patterns)
for 304 stainless steel (Fe/Cr18/Ni10): (a) initial state, (b) hydrogenated at
2.3 GPa, (c) hydrogenated at 3.0 GPa and (d) subjected to 4.0 GPa without
hydrogen.

samples, are supposedly responsible for a higher tendency of
the�-martensite formation.

High-pressure hydrogenations result in quite uniform hy-
drogen distributions and therefore lower stress states com-
pared to cathodic chargings. In 304 stainless steel, similar
weight fractions of�-martensite have been detected after
hydrogenation at 3.0 GPa and after a pressure treatment of
4.0 GPa in the absence of hydrogen. The results demonstrate
that the impact of stresses has to be considered in the discus
sion of phase transformations due to hydrogenation.

3.3. Volume increase due to hydrogen

The correlation between the lattice expansion in a single
phase due to hydrogen charging and its hydrogen content can

Fig. 3. Lattice expansion vs. H/Me atomic ratio. The slope of the linear fit
provides the relative volume changes
ν/Ω due to hydrogen.

be described by the following linear relationship[24]:

∆V

V0
= cH

∆ν

Ω
(2)

where
V/V0 is the relative volume change of the unit cell,
cH is the H/Me atomic ratio,
ν is the volume change of
the lattice if one hydrogen atom is added andΩ is the mean
atomic volume of a metal atom. Plotting
V/V0 overcH pro-
vides the ratio
ν/Ω. Fig. 3shows this plot for hydrogen in
the austenite phase in both steels derived from the Rietveld
analyses. Relative volume changes
ν/Ω due to hydrogen of
0.18± 0.03 for 304 stainless steel and 0.20± 0.03 for 310
stainless steel have been derived. Ulmer et al.[8] presented
the analogous study for 304 and 310 stainless steels cathod-
ically hydrogenated at elevated temperatures. In their work,
similar values for
ν/Ω 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
ratio 
ν/Ω. The obtained values of 2.10± 0.01Å3 for 304
stainless steel and 2.24± 0.01Å3 for 310 stainless steel are
close to the value of 2̊A3 estimated for hydrogen in hexagonal
cobalt hydrides and deuterides[25].

3.4. Hydrogen-induced magnetism

ic af-
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t n 310
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t tion at
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b ent,
f
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Samples of both compositions became ferromagnet
er hydrogenation at 3.0 and 7.0 GPa whereas the samp
ower content still remained paramagnetic at liquid nitro
emperature. SQUID measurements were carried out o
tainless steel hydrogenated at 3.0 GPa. A supercondu
uantum interference device from Quantum Design was

o obtain the temperature dependence of the magnetisa
.1 T. Fig. 4 illustrates the temperature dependence of
pontaneous magnetisation per iron atom. An unusual l
ehaviour is observed in the whole range of the experim

rom 10 to 200 K; the slope corresponds to−0.001�B/K. The
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Fig. 4. Temperature dependence of the spontaneous magnetisation found
in 310 stainless steel, hydrogenated at 3 GPa, obtained in SQUID measure-
ments at 0.1 T.

temperature dependence of the magnetisation and its inverse
can be seen inFig. 5. The plot of the inverse magnetisa-
tion shows a remarkable monotonous behaviour without a
definite transition point between the paramagnetic and ferro-
magnetic regimes. The data points between 236 and 280 K
were taken into account to obtain the Curie–Weiss fit of the
paramagnetic regime, from which a paramagnetic moment of
about 2.5�B per iron atom and a Weiss temperature of about
170–175 K 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
noting that properties of hard magnetic materials (SmCo5,
R2T17 with R = rare earth element; T = Fe, Co) can be varied
systematically by hydrogen insertion[26]. In the R2Fe17 se-
ries, dramatic increases of the Curie-temperature (by about

F netisa-
t QUID
m

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/Me≈ 1.

(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
hydrogenation at 3.0 GPa, corresponding to a hydrogen
content of H/Me = 0.56. The formation of�-martensite
was also found in 304 stainless steel subjected to a pres-
sure of 4.0 GPa without the presence of hydrogen.

(3) Increasing hydrogen contents lead to continuous lattice
expansions of the austenite matrices in both steels. No
reflections of a fcc�∗-hydride phase have been observed
for the investigated hydrogen contents.

(4) The relative volume changes
ν/Ω due to hydrogen
charging have been estimated to be 0.20± 0.03 in 310
stainless steel and 0.18± 0.03 in 304 stainless steel, cor-
responding to volumes per hydrogen atoms of 2.10±

( con-
ering
310
66.

lower
t od-
i e up
t less
d way
h hy-
d trong
g ssure
h nated
s
t

A

d and
S nov
a sics
o for
t hank
S of
F out
h

ig. 5. Temperature dependence of magnetisation and inverse mag
ion in stainless steel 310, hydrogenated at 3.0 GPa, obtained in S
easurements at 0.1 T.
0.01 A3 for 304 stainless steel and 2.24± 0.01 A3 for
310 stainless steel.

5) Both steels become ferromagnetic at high hydrogen
tents. In 304 stainless steel, the ferromagnetic ord
occurs between H/Me = 0.30 and H/Me = 0.56 and in
stainless steel between H/Me = 0.35 and H/Me = 0.

The high-pressure hydrogenated samples reveal a
endency for the�-martensite formation compared to cath
cally charged samples, even at hydrogen contents H/M
o≈ 1. The phase transformation behaviour is apparently
etermined by the hydrogen concentration rather than the
ow hydrogen is introduced into the samples. Cathodic
rogen chargings lead to higher local stresses due to s
radients in the hydrogen concentration than high-pre
ydrogenations. The high stresses in cathodic hydroge
amples can explain a higher driving force for the�→� phase
ransformation.
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