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Abstract

Investigation of the stability and properties of a sigma-phase type compound Fes; gCrye, after electrochemical hydrogen treatment was made
using X-ray diffraction and >’Fe Mdossbauer spectroscopy techniques. The amount of the hydrogen uptake was estimated to be equal to ~1.2H
per unit formula, and its presence leads to an anisotropic cell parameter expansion. However, the hydrogenated state appears as metastable with
reference to the aged samples analyzed a few days to months after loading with hydrogen.
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1. Introduction

For both theoretical and technological aspects a large interest
is still devoted to metal-hydrogen systems. Early, it was pointed
out that hydrogenation of pure metals and alloys causes marked
change of many properties, e.g. mechanical ones, first in the
solid solution regime, and furthermore after the hydride phase
formation. We have investigated hydrogenation issue in different
classes of alloys — from solid solution to metal hydride transi-
tions — either having martensite phase transformation (such as
TiNi-type alloys) [1], or exhibiting short range atom ordering
such as amorphous to nanocrystalline materials [2]. With this
respect, Fe—Cr alloys with o-phase type structure form a class
of materials interesting to consider for hydrogen treatment. In
fact, the o-phases have retained much interest since they appear
in technologically important materials, e.g. heat resistant steels,
as brittle precipitates, and often drastically deteriorate their use-
ful properties. Concerning a criterion of stability, the valence
electron number per atom is a relevant quantity, and that of
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the o-phase is approximately 6.5-7 [3] (or 5.76 from structure
bond considerations [4]). Also the valence electron concentra-
tion (VEC) has been considered as a pertinent factor for the
existence of a low temperature superconducting state [5].

2. Experimental

Before examining the impact of hydrogenation on the stability and the
properties of a o-phase material, we report on the synthesis of the compound
(Fes3 8Crye2). Our investigated alloy was prepared by melting under vacuum
constituent elements of 3N-purity by using an induction furnace. The ingots
were subsequently annealed at 1273 K for 3 days. Afterwards the material was
cold-rolled to a final 1 mm thickness. Then, the transformation to a o-phase
compound was carried out by isothermal annealing the resulting slabs at 973 K
under secondary vacuum. Next, the control of the transformation degree was
checked first by X-ray diffraction, and second the material was characterized by
57Fe Mossbauer spectrometry.

Loading rolled samples with hydrogen was performed electrochemically
for no more than 1h, as determined by optimization of the parameters leading
to the best rate of hydrogenation. The cathodic current density was monitored
with reference to a specific measurement of the polarization curves in 0.5 M
H,SO4 as shown in Fig. 1. Such data were used to determine the Tafel slopes.
Accordingly, the cathodic current density was fixed to 250 A/m?. Measurements
of microhardness by a standard method, X-ray diffraction analyzes using a PW
1720 Philips set up (wavelength A = Cu Ko, backscattering graphite monochro-
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Fig. 1. Polarization curves of the Fes3 §Crys 2 alloy in 0.5 M H,SO4 with As;Os 200 T
as a hydrogenation activator. From ~750 to —370 mV the trace corresponds to an (b) (202)
anodic regime, from ~—370 to ~—750 mV, the trace corresponds to a cathodic (410) (411)
regime.
150
mator) and Barkhausen effect measurements according to a method described in 5
[6], were undertaken immediately after achieving hydrogenation and 6 months ©
later. The Mossbauer spectroscopy measurements were performed at room tem- £ 100 (002)
perature 2 days after the hydrogenation, as well as at 10 and 4.2 K, 1 month after 5 J
loading with hydrogen. The 37 Fe Massbauer spectra were recorded in transmis- 8
sion geometry using a standard spectrometer. y-rays of 14.4 keV were supplied
by using a 3’Co/Rh source. Moreover, fluorescence analysis with a scan step 50 EL —
of 0.02 A was made to check a potential redistribution of the elements onto the
surface before and after H-loading.
. . 0
3. Results and discussion 46 48 50 52 54 56

3.1. Structure and microstructure aspects

It was shown earlier [7,8] that H-loading can induce in alloys
a certain redistribution of metal elements. Such a phenomenon
should be related to the increase of both internal stresses and
of the effective diffusion coefficient of both metal and H atoms
at hydrogenation. In the Fe—Cr alloys, the o-phase exists in a
narrow range of composition. Following our previous studies
loading with hydrogen was expected to lead to some poten-
tial disproportionation effects of the material, see for example,
ref. [9], accounting here for to the restricted stability of the o-
phase. However, the o-Fes3 gCry 2 alloy was demonstrated to be
stable under hydrogenation since no new phase was evidenced
as shown in Fig. 2. Hydrogenation of the alloy leads to (1) a
shift of all diffraction lines towards smaller Bragg angles; con-
sequently, cell parameters @ and c¢ of the tetragonal structure
(P4,/mnm) are significantly increased, (2) an significant increase
of the width of selected series of the diffraction peaks. For com-
parison a=8.742 A, c=4.567 A, V=349 A3 and c/a=0.522 for
the starting alloy, and a=8.829 A, c=5.290 A, V=403.6 A3 and
c/a=0.59 for the H-loaded material. The increase of the vol-
ume due to the hydrogen insertion is AV ~ 54.5 A3 per unit cell,
which is ~15.6%. The hydride composition can be approxi-
mated as Fes3 gCrygoH~1> as normalized to the unit formula
and taking for the “unit volume” of one hydrogen atom occu-

2 theta

Fig. 2. (a) X-ray diffraction patterns of the Fes3 gCr4g 2 alloy and its hydride—1:
initial state, 2-5 after H-loading: 2: immediately after, 3—4 days after, 4—11 days
after, and 5-14 days after; (b) fragment of the diffraction patterns shown in (a)
shown in a different scale to exhibit the broadening effect.

pying a tetrahedron in a metal system a value of AVy ~ 2.9 A3
[10]. This value appears quite reasonable in the light of what it
was found for parent alloys and compounds such as FeTi, Cr,
etc. [11,12]. However, after few days aging, the cell parameters
were found to come back to their typical values characteristic of
the sample in the initial state as shown in Fig. 3. Interestingly,
the change of the structure parameters is not accompanied by a
redistribution of metal elements of the alloy. The results of the X-
ray investigation and of fluorescence analysis confirm this fact in
a good agreement with measurements of the Barkhausen effect.
From this later technique which is very sensitive to, e.g. mag-
netic metal atom reordering, no evidence of typical “Barkhausen
noise” was found before and after hydrogenation as well after
dehydrogenation.

We would like to underline that from the X-ray diffraction
patterns, no valuable crystal structure refinement can be per-
formed for several reasons, unfortunately. Firstly, because the
structure is not stoichiometric and quite different proportions of
Cr and Fe atoms are related to the five different crystallographic
sites, whose position parameters have also to be accounted
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Fig. 3. Unitcell parameters of the Fes3 gCryg 2 alloy. Steps—1: data from [14], 2:
initial state, 3: just after hydrogenation, 4—6 months aging after hydrogenation.

for. Furthermore, in the parent hydrogenated samples and with
reference to Fig. 2a-2 to Fig. 2a-5, one has to consider the cor-
responding H-site occupation factors as well as the positional
parameters. Secondly, the initial o-phase sample in for of a
slab was delivered highly textured since it had been cold-rolled
prior to the isothermal annealing in order to get the appropriate
form for performing the electrochemical charging and following
diffraction experiments. Consequently, the diffraction pattern
analysis must also account for the marked texture effect. Thirdly,
the very anisotropic unit cell expansion leads to distinguished
broadening effects of different diffraction lines, probably due
to an anisotropic distribution of the interstitial sites occupied
by hydrogen atoms. It appears that the (4 £ 0) types of lines are
little or not at all affected by the development of structural stack-
ing defects, contrary to the [0 01] or other close directions. It is
worth concluding that the hydrogen insertion scheme has a net
2D character, but it results in that various profile coefficients (U,
V, W) should be considered for structural refinement, as well.

At present, neutron diffraction experiments are planned to
overcome well the question of crystal structure refinements,
making profit of the large differences in scattering lengths of
chromium, iron and deuterium, the later used instead of hydro-
gen.

Fig. 4 reveals that the microhardness (HV, Vickers)
decreases from ~1100 to 1200kg/mm? before, to approxi-
mately 750-780kg/mm?, after hydrogenation. In both cases
these values depend weakly on the applied stress, thus after
hydrogenation, the microhardness HV does not result from
the hydrogen embrittlement. The regime of electrochemical H-
loading was performed in such a way that initially the hydrogen
permeation resulted in the formation of a solid solution as exper-
imented before [13]. In earlier experiments realized on iron and
iron-based alloys, it was found that at room temperature (RT)
hydrogen evacuates from the solid solution phase of the loaded
samples within 3 days after the loading has been completed,
even if no cracks were created during hydrogenation.

Weight, N

Fig. 4. Vickers microhardness HV measurements vs. the stress applied. Sym-
bols: (V) data from [15], (O) data from [16], () data from [17] for Fe-Cr
alloys. For the present alloy Fes3 §Cryp2: () initial state, (ll) immediately after
hydrogenation. The lines are guides to the eyes.

3.2. Magnetic characteristics

Mossbauer spectra were recorded first at RT 2 days after H-
loading, then at 10 K 1 month later. In both cases, no significant
difference could be evidenced between the H-loaded and H-free
samples. However, in the spectrum recorded at 4.2 K, a weak but
visible change of the hyperfine magnetic field were found which
can be related to slight modifications of a Fe-site spin-density.
Such spin-density changes usually reflect chemical, topologi-
cal or structural modifications in the Fe-site neighborhood. The
spectra were fitted in terms of a distribution of the hyperfine field
method, and the resulting from this procedure histograms are
shown in Fig. 5. Itis to be pointed out that a main difference, even
if weak, occurs in the range of small fields (2-3 T), i.e. where is
situated the main peak of the hyperfine field distribution. In the
o-phase, the five different site positions which are occupied both
by Fe and Cr atoms in different proportions, are denoted 2a, 4f,
81, 8i and 8j. However, due to a lack of stoichiometry, instead of
five specific hyperfine fields (or less) characteristic of the five
crystallographic site, one obtains a broad distribution of fields.
As follows from Fig. 5, the main effect of hydrogen loading is
restricted to the fields close to 2-3 T, which probably means that
no more than one Fe-site with a Cr-rich coordination remains
affected by the hydrogen insertion. The maximum distribution
peak is shifted towards higher hyperfine fields, meaning that the
magnetic moment of the involved iron site is increased. Rescal-
ing the hyperfine field (in T) to magnetic moment (in g ) based
on ref. [18], an estimate of the magnetic moment can be made as
0.15 wp in the alloy and as 0.2 g in the hydride. Furthermore,
there is also a change in the maximum field (top the distribu-
tion), which increases from 16 to 16.5 T. This can be related
to the mean volume expansion on hydrogenation leading to a
reinforcement of the overall magnetization. On the other hand,
there is no measurable effect of the hydrogenation on the iso-
mer shift, which is a measure of the charge density at Fe-site.
However, for magnetic metals and alloys, a change in the charge
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Fig. 5. (a) >’ Fe Mdssbauer spectra recorded at 4.2 K on the hydrogen-free and hydrogen initially charged samples, (b) the best-fit spectra of (a), and (c) the magnetic
hyperfine field distributions curves obtained from the spectra. Gray colour stays for the hydrogen-free and black colour for the hydrogen-charged samples.

density is usually one order magnitude smaller than that in the
spin-density.

There is an indirect correlation between the results of X-ray
and Mossbauer spectroscopy analysis. Hydrogen atoms should
occupy preferentially some of the interstitial sites in the sigma-
phase unit cell. Typically, all the interstitial sites have a fourfold
metal coordination since the sigma-phase belongs to the class
of tetrahedrally close-packed structures [19]. In principle, for
the Fe—Cr alloy, the sites exhibiting the most electro-attractive
character should be the tetrahedra dominantly formed with Cr
atoms 2Cr(4f)-2Cr(8j). However, the number of such sites is
not large enough to explain the maximum amount of hydrogen
atoms Hp.x per unit cell as deduced from the X-ray analy-
sis (~0.27 instead of Hpyax ~ 1.2). Consequently, 3Cr—Fe sites
must be also taken into account, e.g. 2Cr(4f)—Cr(8j)-Fe(2a)
or 2Cr(8j)—Cr(4f)—(Fe,Cr)(81), etc. At the same time one must
account for both the scheme of Fe and Cr atom distribution on
specific metal sites and the exclusion rule for H atoms simultane-
ously occupying those tetrahedra sharing a common triangular
face [20]. However, since the above considered sites as possible
ones for the hydrogen insertion are directly stacked along the
z-axis, it is anticipated that the ¢ cell parameter must increase
predominantly as found experimentally. Furthermore, the most
sensitive site to hydrogenation in terms of the hyperfine field
should be the Fe(8i) sites. But a more specific technique such
as neutron diffraction must be used, firstly to determine the
hydrogen site occupation scheme and secondly to evaluate its
impact on the Fe magnetic moments. In situ H-loading neu-
tron diffraction experiments are planned, also we expect to
record concomitant Mdssbauer spectroscopy data on freshly
loaded samples, before the rapid desorption occurs, as reported
here.

4. Conclusions

Based on the results obtained in this study we can conclude
that hydrogen could be successfully introduced into the o-phase
of a Fe—Cr compound. Its concentration estimated from the
increase of the unit cell volume just after loading was equal
to ~1.2H per formula unit. The observed cell expansion was
found to be very anisotropic and accompanied by creation of
numerous defects stacked mostly along the [0 01] direction. The
hydride formed turned out to be very unstable which had pre-
vented amore detailed characterization in terms of other physical
properties.
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