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Abstract:Elemental Iron undergoes crystal-structure transition from bce (Im-3m space group) to hcp (P6s/mmc
space group) structure type under the pressure of 13 GPa. With increasingCr-concentration, the structure
transition is shifted to higher pressures (e.g. 18 GPa for Fe;,Crs). For Cr-concentrations higher than 47 % we
did not see any traces of the phase transition probably because the maximum pressure used (35 GPa) was not
high enough to induce the structure transition in the alloys. After releasing the pressure, the cubic symmetry is
restored.The Bulk modulus is increasing from 160 GPa (elemental Fe) with increasing Cr concentration up to
approx. 30 % Cr. Then it starts to decrease again followed by another increase and subsequent decrease
represented by a double-peak dependence on Cr concentration.Hydrogen exposure of FegyCry, resulting in
negligible H absorption to the surface layers, does not bring any significant changes to the crystal-structure
properties.
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I.  Introduction

Chromium ferritic-martensitic steels [1,2](Cr concentration of 9-12 wt.%)are candidate structural
materials for high temperature applications in fusion reactors, Accelerator DrivenSystems (ADS) and advanced
GEN 1V fission reactors [3]. It was shown that the Cr concentration is a key parameter which needs to be
optimized in order to guarantee the best corrosion and swelling resistance, together with minimum
embrittlement [4]. The temperature dependence of the crystal structure of Fe-Cr alloys was considered to be
well known (seefig. 1 for the temperature-composition diagram of these alloys) [5]. However, in recently
published papers [6,7] some structural features which are not accounted for by the phase diagram of the Fe-Cr
system have been reported.Owing to this fact, the phase diagram of Fe-Cr should be reinvestigated. Fe-Cr alloys
are considered for the applications where also the influence of external pressure is very important. Elemental
Iron undergoes crystal-structure transition from bcc (Im-3m space group) to hcp (P6s/mmc space
group)structure typeunder the pressure of 13 GPa[8]. Here we report on the influence of Cr substitution on the
structure-transition pressure in Fe-Cr alloys. It is shown that the pressure necessary to induce the structural
transition as well as the bulk modulus of these alloysare highly dependent on the Cr-concentration.

Il.  Experimental Methods

2.1 Sample Preparation

Several Fel00-xCrx alloys (x = 90, 80, 70, 65, 60, 53, 40, 30, 20, 3) were prepared by arc melting
stoichiometric amounts of elements (Fe — 99.99% and Cr — 99.995%) under an argon atmosphere. The buttons
were turned and re-melted 3-times to ensure homogeneity. The mass loss and surface oxidation after melting
were found to be negligible, hence, the samples compositions are expected to be accurate to 0.1 at. %.The
samples were cold-rolled to final thickness of 1 mm for X-ray diffraction or cut to long bars with diameter of
1cm for neutron-diffraction experiments.All samples weresealed into a quartz tube under an argon atmosphere
and annealed at 1100 °C for 72 hourswith subsequent quenching into ice water.The quenching was performed to
prevent the well-known phenomenon called the 475 °C embrittlement, which is related to the decomposition of
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the Fe-Cr solid solution to a'-a" (Fe rich and Cr rich phases) fractions [6,7]. The rapid cooling was used to
preserve the high temperature bcc phase.

So as to study the resistance to hydrogen which can significantly influence the integrity of the material,
selected samples were subjected to the high H2 pressure. The samples of cylindrical shape and mass of approx.
0.5g were loaded into a reactor. Then the standard procedure of hydrogenation was performed. So as to remove
surface contaminants, the samples were heated to 250 °C in dynamic vacuum (10-6 mbar) for 2 hours. The
reactor was then cooled down andfilled with pressurized hydrogen (~120 bar), and the samples were exposed to
thermal cycling up to T = 150 °C with subsequent cooling to room temperature with the cooling rate 0.2 °C/min.

The X-Ray diffraction experiments performed on all samples both before and after the annealingwere
used to confirm the bcc phase. There was no evidence of sigma phase or oxide.
EDX(Energy-Dispersive X-ray spectroscopy) measurements on all the samples were carried out toconfirm the
homogeneity and the compositions of the samples.The absence of phase separation was verified by means of the
Scanning Electron Microscopy (SEM).

The samples were stored in oxygen free environment until the X-ray and neutron diffraction
measurements were taken. The samples were tested a year later with Angle Dispersive Diffraction (ADS) and no
oxidation phase was observed. This diffraction measurements didn't reveal any o'-a" separation,althoughit is
very difficult to detect the two phases, a'-a".

2.2 Measurements methods

The high-pressure X-ray diffractionspectra were taken at the X17-C beamline of the National
Synchrotron Light Source (NSLS-1) using a “Tel-Aviv’Merrill-Bassett type diamond anvil cell (DAC) [9] in the
pressure range of 0 (ambient) to 35 GPa.The sample dimensions for the X-Ray diffraction were ~ 30 um in
height and ~ 80 um in diameter. The Be gasket hole (the sample cavity) was ~ 120 um and the diamonds culets
were 350 pum. The values of these parameters were used to ensure that the data are collected only from the
sample.

The pressure in the DAC was measured using the Ruby fluorescence technique [10]. Silicon oil in the
sample cavity was used as a pressure mediumas well as a non-corrosive environment. The pressure distribution
inside the sampling space was checked at different places varying by less than 5%. It is known that the Si
oilsolidifies at 11GPa, however, the Van der Waals forces of the solid Si are still hydrostatic and because of
that, the pressure distribution is the same at high pressures (less than 5%).

The high-pressure X-ray powder diffraction measurements were taken at discrete pressure steps (about
15 steps) in the pressure range of 0-35GPa. The data were collected for approximately 15 min for each pressure.

The experiments were conducted in both Energy Dispersive Diffraction (EDS) and Angle Dispersive
Diffraction (ADS) configuration of the beam line. The EDS data were collected using the high pure germanium
detector at a fixed Bragg angle 20 =12° with the "white beam" energy 20 keV — 100 keV. The ADS
experiments were conducted using a monochromatic X-ray beam (A = 0.4066 A) in transmission configuration
using the image plate technique.All the EDS and ADS data were converted to Cu-Ka radiation wavelength (A =
1.5406 A) for better comparison. The EDS diffraction configuration was mainly used for higher resolution.The
disadvantage of this method is the presence of florescence lines. The escape peaks wereexcluded from the
Rietveld refinements ofobtained patterns. Using this configuration brings also problems with identification of
preferred orientation because we can see only very small part of theDebye rings.

The Be-support disk for the diamond (transparent to the X-ray radiation) was used to enableseeing
higher d-spacings.The ADS method of diffraction was used to determine the preferred orientation as with this
method we receive almost thefull Debye rings.

The diffraction patterns were refined using a commercial Rietveld analysis software
package [11].

The high pressure neutron diffraction experiments were carried out at the Spallation Neutrons and
Pressure (SNAP) diffractometer, located at the Spallation Neutron Source (SNS) at the Oak Ridge National
Laboratory (Tennessee, USA) [12]. Neutron diffraction (ND) experiments were performed under external
pressure (0 - 27.5 GPa) using a Paris—Edinburgh type anvil cell. The incident neutron beam energy of 25meV
was selected using mechanical chopping. This incident energy was selected to ensure sufficient number of
angularly resolved Bragg reflections (~ 6) within the instrumental angular resolution. Also for this energy, most
reflections are well separated from the instrumental reflections generated by the anvil. For each measurement, a
~ 0.5 g pellet samples were loaded into the Paris-Edinburgh type anvil cell. No sample holder and no hydrostatic
medium were used in this experimental set-up. The ND analysis was performed using the standard Rietveld
analysis software package [13].
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1.

2.1 Crystal structure and composition
EDXmeasurements  verified the homogeneity and the compositions of the samples.

X-Ray diffraction experiments performed both before and after the annealing confirmed the bcc phase. The
XRD patterns were refined using cubic lattice symmetry(Im-3m space group). The Fe and Cr ions occupy the 2a
site. There was no evidence of sigma phase or oxide. The unit-cell parameter is slightly increasing with
increasing Cr-concentration (fig. 2).
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Figure 1. The temperature-concentration phase Figure 2. The concentration dependence of the

diagram of the Fe-Cr. unit-cell parameter of Fe-Cr alloys at ambient

pressure.

2.2 Hydrogen Absorption

We did not observe any significant pressure drop indicating hydrogen absorption when subjecting the
samples to the high H, pressure. So as to find the amount of the hydrogen absorbed we have performed
controlled temperature-induced desorption in a calibrated evacuated volume (fig. 3), using the constant heating
rate 2 K/min. As the release was small we undertook a run with empty reactor from which we obtained release
of approx. 1 mbar. The difference in released pressure isthen 0.35 mbar. Assuming that all desorbed gas was
hydrogen, the mass would be 0.2 mg (in approx. 0.5 g sample). So the hydrogen absorption can be taken as
negligible. This small observed absorption is most probably only to the surface layers of the sample since very
small influence on structure-transition pressure was observed only in the data taken from the surface of the
hydrogenated sample.
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Figure3. The pressure and temperature variations as a function of time during the desorption experiment
performed on Fe,,Crg in a closed volume.

2.3 High-pressure X-ray diffraction

The XRD measurements, taken at ambient pressure confirmed the bcc structure type (Im-3m space
group)of all samples. With increasing pressure, the crystal-structure transition from bcc to hep structure type
(P6s/mmc space group) is observed (fig. 4). The pressure in which the transition occurs was found to increase
with increasing the Cr-concentration in the sample (from 13 GPa in FegyCryo to 18 GPa in Fe;,Crso— fig. 5 and
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29.8 in Fes3Cryy). For the Cr-concentrations higher than 47 % we did not see any traces of the phase transition
(fig. 6), probably because the pressure used (35 GPa) was not high enough to induce the structure transition in
the alloys.The XRD pattern taken after the pressure was released shows that the crystal-structure transition is
actually reversible. The symmetry of the crystal structure is restored. The Rietveld refinement of the data
confirmed the same lattice parameter at ambient pressure and after releasing the applied external pressure.
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Figure 4. XRD patterns of Fe;oCrs at 6.9 GPa — left (bcc structure) and
at 32.2 GPa - right (hcpstructure). Red line — refined Rietveld profile, blue line — difference profile,
vertical tick marks — Bragg position.
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Figure 6. Pressure dependence of the XRD patterns of Fe3,Crz,. The (DP) denotes the pattern taken after
releasing the external pressure. Solid lines are reflection position at ambient pressure, the decrease of the lattice
parameter is indicated by the tilted dotted lines.

Www.ijesi.org

4 | Page



Pressure-induced crystal-structure transition in Fe-Cr Alloys

Putting all the available data together we were able to establish a pressure-concentration phase diagram (fig. 7)
of the Fe-Cr alloys showing how the crystal structure is changing with increasing Cr-concentration under
applied pressure.
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Figure7.Phase diagram of Fe-Cr alloys showing the crystal structure as a function of pressure and composition.
The “plus sign” denotes the bcc structure. The triangles denote the pressure-induced hcp phase.

2.4 High-pressure neutron diffraction

The neutron diffraction experiment shows some differences compared to the results of the XRD
measurements. The transitions observed by the neutron diffraction occur in slightly higher applied pressures.
Contrary to the XRD experiment, the pressure needed to induce the transition from bcc to hep structure in
FegoCryq is 3 GPa higher. The reason might be the absence of the pressure media in the pressure cell in the case
of the neutron diffraction. The maximum pressure in the pressure cell used for neutron diffraction was limited
by ~ 27 GPa. The difference in the transition-pressure between XRD and ND, and the limitation of the pressure
cell did not allow us to see the transition for FegCrsoand higher Cr concentrations(24 GPa for XRD [14]) by
neutron diffraction.

Figure 8shows the comparison between the pressure dependence of the crystal structure of FegoCr,o and
its hydride. The transition was observed both in the parent compound and the hydride in approximately the same
pressure. It is not surprising as the desorption experiment showed that the surface hydrogen absorption is only
negligible.
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Figure 8.The pressure dependence of the neutron-diffraction pattern of FegyCry (left) and FegyCryo-H
(right). The arrow denotes the pressure of the crystal-structure transition.

The Rietveld refinement of the XRD and ND patterns gave us the change in the unit cell parameter as function
of pressure, subsequently also the volume changes (figs. 9, 10). The pressure dependence of the volume was
then fitted to the Vinet equation of state (1) [15]

p(V) =3B, (V/VO)_2/3 (1 — (V/V0)1/3> exp (3/2 (Bb - 1) <1 - (V/V0)1/3)> (1)

Figures 9 and 10 show the fits and the parameters of the Vinet equation used for selected samples. The results of
the fitting provided uswith the B, and By' which represent the compressibility of the samples (fig. 11).

Www.ijesi.org 5| Page



Pressure-induced crystal-structure transition in Fe-Cr Alloys

40

Fe, ,Cr,, .fL
35 - Ry B,=(291.50 = 7.76) GPa
o BT B, = 4 (Fixed)
- [ Vo= 22.480 A3
S |0 AL
o )
<D 20 - g
© L S
=
@ 15 - ’_+
2 q
L r +
(=T = P A
10 = B, — (215.56 + 3.74) GPa = T3
A B, = 4 (Fixed) F
V,=23.623A% s
O +
, . A R . . N
o.88 0.90 0.92 0.94 o0.96 o.o8 1.00 1.02

V7V,

o

Figure 9. The pressure dependence of the volume of Fe;Crz,. The red curves represent the fits to the Vinet
equation of state both for the cubic and hexagonal phase.

60
L Fe, Cr_,
50 |- |.[]:,<
|
40 |
= B,=(204.75 + 13.20) GPa
o ¥ = T
S 30| B, 7 (Fixed) .
S V.= (23.661 + 0.070) A
=
? 20 | i
L
o
10 |
(27—
3]
s \N\@H
1 1 1 L 1 1 | 1

0.86 0.88 0.90 0.92 0.94 0.96 0.98 1.00 1.02
V7V,

o

Figure 10. The pressure dependence of the volume of Fes,Crzo The red curve represents the fit to the Vinet
equation of state.

Comparing the parameters of Vinet equation for FegyCry and its hydride (Tab. 1) we can see that the
values are slightly different due to the surface hydrogen absorption (but still within the experimental error).

Table 1. Comparison between By and Vfor FegyCraand its hydride obtained from neutron and X-Ray
diffraction experiments.

FegoCrag FegoCry-H
B, (GPa) Vo (A9 B, (GPa) Vo (A%
XRD 225.50 £9.44 23.556 £ 0.035 - -
ND 225.87 £1.96 23.483 £ 0.005 204.10 + 23.36 23.468 £ 0.005

The concentration dependence of the values of the Bulk modulus (fig. 11) follows the same trend as
the electrical resistancemeasuredbyA. Gorbunov et al. [16].The Bulk modulus of elemental Iron was shown to
be (167 + 2) GPa [17]. It is increasing with increasing Cr concentration up to approx. 30 % Cr. Then it starts to
decrease again followed by another increase and subsequent decrease represented by a double-peak dependence
on Cr concentration (fig. 11). Finally the Bulk modulus of elemental Cr, 160 GPa, is similar to the one of Fe
[18].

The possible reason for the double-peak dependence was discussed in [16]. It was stated that the
maxima in resistance in the regions 30 < x < 38 at. % Cr and 55 < x < 70 at.% Cr occur most probably due to the
phase mixtures present in these concentration ranges (fig. 1 in [16]) which introduce additional scattering for the
conduction electrons at the phase boundaries.At nearly equiatomic compaositions, single phase alloys form. This
partial ordering results in a minimum of resistance. Similar reason (phase and grain boundaries) can be
considered also for hardening of the lattice (concentration dependence of By).
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for FeygoxCry. The dashed line is a guide for eye.

IV.  Conclustions
All samples from the Feyq0.«Cry series were found to be crystallizing within the bcc phase without any

traces of the sigma phase or oxide. With increasing pressure the crystal structure reversibly changes from bcc to
hcp structure type at least up to 47 at.% Cr. For higher concentrations, the pressure used (35 GPa) was not high
enough to induce the structure transition in the alloys. With increasing Cr-concentration the structure transition
is shifted to higher pressures. The Bulk modulus is highly dependent on Cr-concentration. It is characterized by
a double-peak dependence on Cr concentration.
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