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We have developed a new laboratory experimental setup to study in-situ the pressure-
temperature phase diagram of a given pure element or compound, its associated phase tran-
sitions, or the chemical reactions involved at high pressure and high temperature (HP-HT)
between different solids and liquids. This new tool allows laboratory studies before conducting
further detailed experiments using more brilliant synchrotron x-ray sources or before kinetic
studies.

This device uses the diffraction of x-rays produced by a quasi-monochromatic micro-beam
source operating at the silver radiation (A(Ag)xa1,2 &~ 0.56 A). The experimental setup is
based on a VX Paris Edinburgh cell equipped with WC or sintered diamond anvils and uses
standard B-epoxy 5 mm or 7 mm gaskets. The diffracted signal coming from the compressed
(and heated) sample is collected on an image plate. The pressure and temperature calibrations
were performed by diffraction, using conventional calibrants (BN, NaCl, MgO) for determi-
nation of the pressure, and by crossing isochores of BN, NaCl, Cu or Au for determination
of the temperature.

The first examples of studies performed with this new laboratory setup are presented in
the article: determination of the melting point of germanium and magnesium under HP-HT,
synthesis of MgBs or C-diamond, partial study of the P, T phase diagram of MgHa,.

Keywords: X-ray diffraction; laboratory setup; Paris-Edinburgh cell; high pressure
crystallography; phase diagram; phase transitions.

1. Introduction

The recent development of synchrotron radiation sources has made easier the study of
pressure-temperature phase diagrams of pure elements or compounds by in-situ x-ray
diffraction. In addition to this development of brilliant x-ray sources, the use of diamond
anvil cells (DAC) in such experiments has permitted, for example, the measurement of
melting curves of pure elements at very high temperature and pressure. DAC are also
sometimes used in setups using laboratory x-ray sources ([1] and references therein).

In synchrotron and neutron sources large volume cells are also used, i.e. multi-anvil
presses and Paris-Edinburgh cells. One obvious advantage of using a PE cell compared
to a DAC is the sample volume probed, typically 1-5 mm?: phase transitions observed
in PE cells really characterize the main phase and not minor phases or impurities. In
addition, considering the acquisition time with laboratory x-ray sources, the thermody-
namic equilibrium is more likely to be achieved. PE cells are well adapted for moderate
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temperature range (700-1200 ° C) experiments at HP where setups based on DAC and
conventional laser heating do not provide a constant and homogeneous heating of the
sample. The most significant application using a large volume cell is the study of HP-
HT in-situ reactions between different products. For instance, HP in-situ hydrogenation
has been carried out using an internal hydrogen source (anthracen for example) that
decomposes upon heating in a Conac setup [3]. Such experiments require that the gasket
contains the sample plus the hydrogen source and diffusion barriers (BN). Such assembly
is only achievable with a large volume cell.

The use of a large volume press coupled with a laboratory x-ray source is rare. Such
development has been made for example by the group of Di Cicco et al. in Italy [2]. Their
setup is made up of a 4 columns Paris-Edinburgh cell coupled to a rotating Mo anode
generator and operates in an energy dispersive x-ray diffraction mode. In this article, we
describe a new setup developed at Institut Néel, CNRS, Grenoble, in France.

2. Experimental

Our new setup operates a Paris-Edinburgh cell (PE-cell), of the VX type with two
columns [4]. It works in the angular dispersive diffraction mode. This new equipment
is inspired by the setup developed earlier at the id30 beamline of the ESRF and now
improved at the id27 beamline (see drawing fig. 1 in [5]). The figure 1 (a) shows a picture
of our setup comprising three main components aligned together on a common track: the
x-ray source, the PE-cell and the detector. Our VX PE-cell is mounted on two translation
stages (a vertical and an horizontal one, both perpendicular to the x-ray beam) to allow
the alignment of the sample in the x-ray beam. The detector, a photosensitive Fuji image
plate, can be easily removed from its holder for reading on an off-line reader. After being
erased, the image plate can be reproductively repositioned for a new acquisition. We have
chosen an x-ray source which produces a quasi-monochromatic micro-beam source from
Incoatec operating at the 22.2 keV silver radiation (A(Ag)ka1,2 ~ 0.56 A). With Ag radi-
ation, the x-ray beam transmission through the HP assembly and sample is higher than
with Mo radiation (17.5 keV), 2 times better for a silicon (Z=14) sample for instance
and higher than 4 orders of magnitude for samples with high atomic number (germanium
for example, Z=32). The huge absorption at the copper K« radiation (8.05 keV), i.e.
far above 4 orders of magnitude compared to the one for Ag radiation, makes defini-
tively impossible to run such an experiment with this low energy source. The Incoatec
30 W air cooled Ag radiation source is equipped with Montel focusing optics. The image
plate is placed at the focal distance of 600 mm. The x-ray beam, collimated by vertical
and horizontal slits positioned few centimeters next to the optics, shows a divergence of
2.7 mrad and a size of 90 um at the focus point (on the image plate). Then, the beam
size is typically around 200 — 250 pm at the sample position. The sample itself is placed
in compression, in its gasket, between the anvils of the PE-cell which can be placed at a
variable position between the x-ray source and the image plate.

As preliminary check of the setup, we have acquired images on different samples (di-
ameter: 1.5 mm) loaded in the standard 5 mm (in diameter) B-epoxy gasket. For diluted
or low to moderate absorbing materials we obtained good quality diffraction images after
only 0.5-2 h of counting time. Figure 2(a) and (b) show respectively the image obtained
from mixtures of BN + Si and BN + LaBg powders and the corresponding intensity
versus 2-theta pattern. For samples with large absorption, no usable diffraction signal
is obtained through the gasket: this was the case for a mixture BizO3:MnyOs 1:1 (%
mol) for example (XRD image not shown). Note the width of the Bragg peaks, typically
around 0.1-0.2deg.(2-theta FWHM). The x-ray beam is not fully monochromatized, then
at ambient pressure it is possible to distinguish the XRD signal coming from both K1 2
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(a) Overview of the angular dispersive x-ray diffraction setup. (b) The main components of the standard high
From left to right: the image plate for acquisition of diffraction pressure cell based on a 5 mm B-epoxy gasket.
patterns, the VX Paris-Edinburgh cell mounted on motorized

translation stages, and the microfocus x-ray beam source.

Figure 1. Pictures of the setup that consists on a Paris-Edinburgh cell and a laboratory x-ray source for in-situ
x-ray diffraction at high pressure and high temperature.

radations at large angle.

We have used two types of anvils: tungsten carbide anvils (2 different pairs compatible
with 2 different diameters of B-epoxy gaskets: the 5 mm and the 7 mm ones) and sintered
diamond (SD) anvils designed for 5 mm gaskets. The high pressure assembly used in all
experiments was the standard one [6]. Figure 1(b) shows the main components of the
HP assembly. Each sample (diameter: 0.8 mm and 1.2 mm, then typically 1 mm? and
3-4 mm?® for respectively 5 mm and 7 mm gasket), composed of a mixture of powders,
was placed in a crucible made of hexagonal BN. After pressurization it was heated at
HP by Joule effect induced by the injection of a current in the cylindrical graphite
heater. The alignment of the sample in the x-ray beam was performed by measuring the
transmission profile of the beam in the vertical plane and in the horizontal plane, in the
direction perpendicular to the beam. The acquired images were azimuthally integrated
with respect to the beam center using the Fit2D software. Lattice parameters of each
phase were determined by adjusting the theoretical XRD pattern of each compound,
calculated with PowderCell software (or Fullprof software), with the observed pattern.
The precision of these values was better than 0.1%.

3. Results

The experimental setup was first calibrated to adjust for the applied temperature and
pressure on samples before conducting XRD measurements. On one hand, we established
the relationship between the oil pressure applied to the anvils and the pressure obtained
on the sample. On the other hand, we also investigated the dependence between the power
injected in the graphite heater and the temperature obtained at the sample position for
several applied pressures. For this purpose we used the diffracted signal of h-BN, MgO,
NaCl and gold calibrants (i.e. their lattice volume obtained from the lattice parameters
calculated from the position of Bragg peaks) and their associated equations of state
(EOS). The typlcal lattice parameters uncertainty of our calibrants was in the order
of 0.001-0.005 A depending on the P, T conditions (£ 0.002 A for MgO at 7-8GPa for
example).
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(a) BN+Si mixture. (b) BN+LaBg mixture.

Figure 2. Transmission XRD images and corresponding integrated patterns for two 5 mm B-epoxy gasket filled
with two different mixtures.

3.1 Pressure calibration

Figure 3(a) and (b) shows the pressure calibration curves obtained for WC anvils and
related to 5 mm and 7 mm gaskets. SD anvils calibration curve up to 12 GPa is not shown
but is in accordance with the one previously obtained in a standard 5 mm gasket (see
fig.1in [7]). Our WC anvils calibration are also in agreement with previous ones obtained
in similar HP assemblies [7]. Both graphs have been drawn with the same vertical and
horizontal scales to better show the higher conversion of applied oil pressure in the case
of smaller 5 mm gasket. A pressure around 6.5 GPa is reached for an applied nominal
oil pressure of 200 bar in the 5 mm gasket while only 3 GPa is obtained for the larger
7 mm gasket. We have observed that old B-epoxy gasket stored in air are less efficient to
properly transmit the pressure to the sample than new ones. To have always the same
efficiency, gaskets have to be stored under inert gas or vacuum.

3.2 Temperature calibration

Figure 4 shows one example of a temperature calibration curve obtained with 5 mm
gaskets compressed in WC anvils at two different nominal pressures: 5 GPa and 6.5 GPa
(at room temperature (RT)). The four calibrants used in a set of three experiments are
indicated: BN, NaCl, Cu and MgO. The P and T cross-calibration was obtained from
the EOS of a couple of calibrants (NaCl and Cu in experiment number 4 (labeled exp4
in fig. 4) and MgO and BN in exp9 respectively). For this purpose, we have considering
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(a) Pressure calibration curve for 5 mm gasket (from 5 (b) Pressure calibration curve for 7 mm gasket; the two
experiments); the different calibrants (h-BN, NaCl and calibrants (NaCl and BN) are indicated. Inset: typical
Cu) are indicated. XRD image acquired at 1.5GPa.

Figure 3. Calibration curves of the sample pressure versus the oil pressure applied to the piston for both sizes of
WC anvils (respectively adapted for 5 mm and 7 mm B-epoxy gaskets).
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Figure 4. Temperature calibration curves for a 5 mm B-epoxy gasket compressed at 5 GPa and 6.5 GPa using
WC anvils.

that the pressure and the initial (ambient) slight difference between calculated pressures
for both calibrants do not change significantly in this range of heating. We observe that
the higher the applied pressure is, the lower the heating efficiency. For instance, a power
of 125 W applied to the carbon resistive element allows to reach a temperature around
600 ° C and 1100° C at 6.5 GPa and 5 GPa, respectively. We believe that this large
difference is more related to a large difference in thermal conductivity of the calibrants
constituting the sample rather than the pressure-induced change of the geometry and
resistivity of the graphite heater, or a consequence of the approximation made in the
calibration procedure (pressure is considered as constant).
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Figure 5. XRD patterns of Mg mixed with BN and NaCl, compressed at 6.6GPa, and heated successively at
different temperatures.

3.3 First application: detection of the melting points of pure elements

In this section we show two examples of melting point determination under high pressure:
magnesium (at 6.6 GPa) and germanium (at 5 GPa). For both cases, a mixture of fine
Mg or Ge with NaCl and BN powders in a weight ratio 1:1:1 was introduced in the BN
crucible, then pressurized and heated at different temperatures using progressive power
steps. XRD patterns were successively acquired during 1 h to 2 h at each power plateau.

Figure 5 shows the integrated patterns of the experiment performed on Mg upon
heating after pressurization at 6.6 GPa. As expected, we clearly see the shift of the Bragg
peaks towards lower angles due to the increase of lattice parameters associated with
thermal expansion. The step heating experiment was stopped when a drastic decrease of
the intensity of the Mg Bragg peaks occurred which is the signature of melting (arrows
in fig. 5). The estimated temperature was 1200K + 100K, in quite good agreement with
the melting point reported around 1300K at 6.6 GPa in the literature (see fig.3 in [8]).

Germanium has a melting point which decreases under pressure with an initial value
of 1210 K at ambient pressure and a rate of 35 + 3K/GPa (determined experimentally,
see related references in ref. [9]). In our experiment performed at 5 GPa (not shown
here), the Ge Bragg peaks disappeared at around 1100 £+ 100K which is in agreement
with literature, in particular with our previous experiment of differential thermal analysis
performed under pressure in a Conac large volume cell (see fig.5 in ref. [9]).

3.4 Second application: P,T phase diagram of MgH>

Magnesium hydride and related phases are interesting materials for potential hydrogen
storage applications. Nevertheless the P, T diagram of MgHs is not established and even
at room temperature pressure induced phase transformation are subject of controversy.

We have started the MgHy P, T phase diagram study using our new setup. XRD exper-
iments performed during the compression at RT have allowed us to determine that the
ambient tetragonal (rutile type) form of MgHs transforms into the orthorhombic form at
2.1540.25 GPa. An incomplete conversion was observed up to 10 GPa. The third MgH,
listed polymorph, the cubic one [10, 11], predicted to appear at 3.9 GPa [12], 7 GPa [13]
and 9.7 GPa [14] from calculations is not found.
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Figure 6. XRD patterns of MgHo mixed with BN and NaCl and compressed at 7GPa versus temperature.

A second set of in-situ XRD experiments was performed upon heating at different
nominal pressures to establish the P, T phase diagram up to 8 GPa and 1400 K. Fig. 6
illustrates one of these experiments performed at 7 GPa. In this case BN and MgO were
used to determine P and T. The shift of the Bragg peaks and their broadening during
the compression at 7 GPa is visible by comparison of the two first XRD patterns. At
7 GPa, as previously observed, the tetragonal towards orthorhombic transformation is
not fully completed at RT. However, we observe that a temperature increase of 100 ° C
is sufficient to fully transform the remaining rutile phase into the orthorhombic phase
(see the indicated main 110, 111 reflections). By further heating above 745K a new phase
transition is observed towards a another phase which is still under characterization. A
detailed study of the P-T phase diagram will be published elsewhere.

3.5 Third application: HP-HT synthesis of MgB> and C-diamond

As another example, we have followed the in-situ synthesis of MgB, and carbon diamond,
i.e. the chemical reactions between the different starting precursors.

For magnesium diboride we have compressed at 5PGa and heated up to 800°C a
mixture of 1:2 Mg:B powders placed in a BN crucible. A slight amount of NaCl powder
was added to the mixture as a P,T calibrant. The corresponding XRD patterns are
shown in fig. 7(a). We observe that Mg starts to react with B from 350 ° C (see the (101)
main Bragg peak of MgBs in fig. 7(a)), far below its melting point at 5 GPa (above
950 ° C [8]). The reaction between Mg and B starts in a solid state under pressure, as
already observed in an energy dispersive diffraction study using synchrotron radiation [15,
16]. This experiment shows that this new XRD setup is well adapted to follow in-situ
the synthesis of low Z materials, for instance borides.

The diamond synthesis has already been studied in the past, for example by energy
dispersive XRD starting from a HP-HT treatment of a FeggNiggCsy alloy mixed with
graphite [17]. In our case, we have conducted experiments at two different pressures,
starting from carbon graphite and using nickel as a catalyst. P and T were determined
from the EOS of NaCl and BN calibrants. The melting of nickel (1455 ° C at ambient
pressure) was reached during the heating in the 5-7 GPa range, marked by the loss of
the diffraction peaks of Ni, but no diffraction peaks from C-diamond were detected at



November 20, 2013

High Pressure Research Toulemonde' EHPRG-51 "paper'v2 nov2013 final

120

T T T T

Mg+2B mixture

L5 7mm gasket
100 - s WC anvils T
e . m"
S (=]
80 22  53GPaRT |
— (after heating)
3 o\ et
8 A
5 L
E40+ ‘ < HP-HT diamond synthesis (111)C>?
' 53GPaG00K | ‘ (111) Ni :
R S — 5GPaRT Sty S
20 — . 25 e
0 Sy | 0CPaRT P=4.5GPa (220) NaCl ——
9.0 95 10.0 10.5 11.0 11.5 12.0 125 15.0 15.5 16.0 16.5 after COOlIng

2 theta (deg.)

(a) XRD patterns of Mg + 2B powders mixed with NaCl and (b) Partial XRD image of Ni+C-graphite powders
compressed at 5 GPa acquired upon heating up to 1050 K. mixed with NaCl acquired after the heat treat-
ment performed under a 5-7GPa pressure range.

Figure 7. In-situ XRD HP-HT study of MgB> and C-diamond syntheses.

high temperature, due to the overlapping of those potential peaks with the ones of the
sample environment (BN, graphite furnace, NaCl). After quenching, we observe Bragg
spots which could be assigned to diamond in the XRD image acquired at a slightly
smaller pressure of 4.5 GPa (see fig. 7(b)). However due to the partial overlapping with
Bragg peaks/diffraction rings of recrystallized NaCl and Ni ((220) NaCl and (111) Ni
reflections with the (111) C-diamond one for example) further characterizations of the
recovered sample (Raman spectroscopy for example) are necessary.

4. Conclusion

The phase transformations under extreme conditions of pressure and temperature are
an original way for obtaining new compounds with unique physical properties like ultra-
hardness. Synchrotron x-ray diffraction is now become a precious tool to explore the
pressure phase diagram of a pure element or a compound, in particular its melting curve
under pressure, or to determine the optimal P,T conditions for the synthesis of new
metastable (HP) phases. To cope with the limited beam time access in large facilities
we have developed a similar in-situ XRD experimental setup based on a laboratory
microbeam monochromatic x-ray source working in an angular dispersive mode.

In this article we describe in details this new scientific instrument which is now fully
operating up to 12 GPa and 1500 K. It is also a complementary tool to differential thermal
analysis under HP-HT setup recently developed in our laboratory. The feasibility of in
situ HP-HT XRD experiments by use of this laboratory setup is demonstrated through
three types of applications. This field of materials science remains still largely unexplored
because the HP-HT study of a combination of elements or compounds are infinite. In the
future, such kind of new laboratory setup will help the prospective search and discovery
of new materials with interesting properties recovered after HP-HT treatment.
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