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P=A/B{[1 + (AVA)]® -1}
where P is the pressure in Mbar, / is the wavelength of the ruby R line, 4 = 19.04, and B

=7.665 (Mao et al., 1978).
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Figure 1.6. Ruby fluorescence shift vs. pressure

Pressure in a DAC can also be determined using x-ray diffraction from a pressure
marker material loaded alongside the sample. Pressure-temperature-volume (P-V-T)
equations of state (EoS) of several common materials (e.g. MgO, Pt, Au, Ag, Cu, Pd, Mo)
have been measured by others at various high pressures and high temperatures. Loading
one or more of these materials alongside with the studied sample and measuring their
lattice parameters in-situ using x-ray diffraction allows one to determine the actual

pressure in the DAC (Jamieson et al., 1982; Fei et al., 2007).
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Experiment

Commercially obtained hafnium metal powder of 99.5% purity, 325 mesh (Sigma
Aldrich) was ground with mortar and pestle to decrease the grain size to less than ~5-10
microns. X-ray diffraction measurements of hafnium under pressures of up to 67 GPa and
temperatures in the range between room temperature and 780 K were conducted on the
beamline IDB-16 (A = 0.3981A) of the Advanced Photon Source (APS) at Argonne
National Laboratory. Diffracted x-rays were collected between Bragg angles of 20=5°
and 20=25° using a MAR3450 imaging detector. Measurements at high pressure were
carried out using the DAC of symmetrical type with diamonds 300um diameter culet.
The gasket used in the DAC was made out of 302-type stainless steel and indented to
thickness of ~40um and a hole for the sample was drilled with a diameter of 100 pm.
Platinum was used as an internal pressure standard and the DAC pressure was controlled
remotely using a compressed gas membrane. Neon gas was used as a quasi-hydrostatic
pressure transmitting medium. Neon loading into the DAC was done using the high
pressure gas loading system in GSE-CARS. In one compression run, NaCl was used
instead of neon because of technical difficulties associated with gas loading. The heating
was done using a whole-cell external resistive heater provided by HPCAT and the
temperature was measured using a thermocouple placed in contact with one of the
diamonds. Due to the whole-cell heater design the temperature variations within the
volume containing the thermocouple and the sample are taken to be negligible; errors in
absolute temperature measurement are estimated to be not more than ~5 K. Sample to
detector distance and other diffraction geometry parameters were calibrated using a CeO,

standard. 2D angle-dispersive diffraction images were processed using the software
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FIT2D (Hammersley, 2009) to generate the intensity versus two-theta diffraction
patterns. Each diffraction peak was indexed and fitted with a pseudo-Voigt function to
determine its d-spacing. To determine the a and c lattice parameters of o~phase of
hafnium, d-spacings of diffraction peaks (100), (002), (101) and (102) were fitted using
least-squares to a hexagonal (space group:P63/mmc) lattice. Pressures were calculated
based on P-V-T equation of state of platinum by Jamieson et al. (Jamieson et al., 1982).
Two platinum diffraction lines, (111) and (200) were used for determination of pressure.
Results and discussion

Hafnium metal was first compressed to a nominal pressure which is required to
seal the neon pressure medium between the diamonds and the gasket. The temperature
was increased in steps to a given point, followed by a pressure increase in several steps.
Subsequently the temperature was decreased in steps back to room temperature and the
pressure was increased again in several steps. Two heating— compression — cooling —
compression cycles were completed. A plot with a spread of our experimental P-V-T data

points is shown in Figure 1.7.
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Figure 1.7. P-T range surveyed in APS run 1. (Hrubiak et al., 2012)
High pressure phases of hafnium

Analysis of the obtained x-ray patterns shows that hafnium has two phase
transitions in the studied P-T range. Previously reported a— @ phase transition (Xia,
Parthasarathy, et al., 1990) was not observed at room temperature in the pressure range
studied (up to 51 GPa). According to Xia et al. hydrostaticity, the a— @ phase transition
in hafhium occurs at 35 GPa under room temperature compression. Hafnium metal used
in our experiment is of similar purity to that used by Xia et al. (Xia at al.: 99.6% purity,
our experiment: 99.5% purity) therefore the discrepancy between a— @ phase transition
measurements of Xia et al. and our experiment is not due to the differences in sample
purity. Compression experiments by Xia et al. were done without any pressure
transmitting media therefore their observation may be attributed to large non-
hydrostaticity. The effects of non-hydrostaticity on the a—w phase transition pressure of

other group-IV metals have been reported before (Errandonea et al., 2005; Pérez-Prado
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and Zhilyaev, 2009). It is generally accepted that in Ti, Zr and many alloys, a—® phase
transition is of a pressure activated martensitic type, not involving any long diffusion
paths. The kinetics of a— @ transition are slow due to a slow w-phase nucleation rate and
non-hydrostatic stress is known as one possible driving force for speeding up such
transitions (Sikka et al., 1982). The a—w phase transition was only observed in our x-ray
diffraction patterns of compressed hafnium at elevated temperature (Figure 1.7).
Moreover, the w-phase was always seen to be present together with the original a-phase.
The fact that the a—w transition was only observed in hafnium at high temperature could
be due to several effects. One of the effects of temperature could be that raising the
temperature increases the kinetics of a— w transition by speeding up the nucleation rate
of the w crystallites, or alternatively by lowering the equilibrium size of stable @ nuclei
(Sikka et al., 1982). An alternate explanation could be that the o« @ phase equilibrium
pressure is actually lowered at higher temperatures. Several previous reports show an
increase in the c/a lattice parameter ratio in a-phase titanium with increasing pressure
before (Errandonea et al., 2005), and others suggest that the effect of increasing of the c/a
ratio could be an artifact of non-hydrostatic compression (Zhang et al., 2008). However,
in some cases the change of the c/a ratio in an Acp lattice may actually be an indication of
pressure induced change in electronic structure (Clendenen and Drickamer, 1964).
Effects of pressure on lattice parameters of transition metals have been investigated for a
long time, including in titanium (Errandonea et al., 2005) which is usually a test case for
studies of a—w transitions. In our observation at room temperature, the c/a ratio

increases from an ambient pressure value of ~1.58 to ~1.61 at a higher pressure Figure
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1.8. The c/a ratio increase in compressed hafnium is similar to those previously reported

for titanium (Errandonea et al., 2005; Zhang et al., 2008).
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Figure 1.8. Variation of c/a ratio of a-hafnium (4cp) unit cell with increasing pressure at
two different temperatures. (Hrubiak et al., 2012)

As can be seen in Figure 1.8, the increase of the c/a ratio is not linear but
resembles a diffuse step from ~1.58 to ~1.61 at a certain crossover pressure.
Unexpectedly, at a higher temperature the c/a ratio is seen to change over from its lower
value to the higher value at a lower pressure. This observation suggests that the relative
compressibility of a and ¢ axes in o-hafnium is temperature dependent which could
explain the lowering of the observed a—@ phase transition pressure at high
temperatures.

At even higher pressures, the x-ray diffraction patterns show a predominant
presence of a f phase of hafnium with very small amounts of residual @ and « phases.
The @ phase of hafnium remained stable in all region of the P-T range studied. It was

always present with other phases, either with « phase or with both « and £ phases. In
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summary, x-ray diffraction patterns collected at P-T range of our experiment show three
distinct phase regions. Region I: & phase only (Figure 1.10c); region II: & and @ phases
are observed (Figure 1.10b); region III: f, @ and « phases are observed, with £ as the

most predominant (Figure 1.10a).

¢)

Figure 1.9. Representative x-ray diffraction patterns of hatnium collected during resistive
heating in APS. a) Hf hcp phase, P =22 Gpa, T = 670 K; b) Hf hcp + @ phases, P =45
Gpa, T =774 K; c¢) Hf bcc phase, P =63 Gpa, T=570 K
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Figure 1.10. Representative area-integrated x-ray diffraction patterns of Hf in several P-T

regimes (Hrubiak et al., 2012)

Isothermal equation of state of a-phase hafnium

The pressure (P) - volume (V) relation for solids at room temperature can be

described by a third order Birch-Murnaghan equation:

P =312B[VIVo)y - (V/Vo)y P1{1 + 3/4(By" — DIV — 11}

EQ. 1-6

By and By’ are the zero pressure bulk modulus and the first pressure derivative of

the bulk modulus at zero pressure, respectively. V" and V) are the volumes at a given high

pressure and at zero pressure, respectively. The least squares fit of our experimental data

for the a~phase to EQ. 1-6 gives By= 112.9+0.5, By’ = 3.29£0.05 (Figure 1.11).
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Figure 1.11. Pressure-volume relation of a-phase hafnium at room temperature (Hrubiak
etal., 2012)

P-V-T equation of state of the a-phase hafnium

High pressure and high temperature EoS could be used to better understand the
thermophysical behavior of a-Hf in extreme conditions. Several studies (Jacobs et al.,
2000; Lu et al., 2005a) have shown that, the well-known Birch-Murnaghan EoS gives a
wrong prediction of thermophysical properties at high pressure and high temperature, like
negative heat capacity and thermal expansion. Thus, CALPHAD compatible EoS (as
described in the previous section) was used in this study.

I used Optimization module of the FactSage 6.2 thermodynamic software (Bale et
al., 2009) as the tool for determining the multi-parameter EoS of a-hatnium. P-V-T
experimental data from the current study as well as ambient pressure thermal expansion
data from the literature (Adenstedt, 1952; Touloukian et al., 1979) were used as the

sources of experimental data for determining the EoS parameters. The software Optisage
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was used to optimize all the parameters to minimize the error between experimental value
and calculated data. The bulk modulus (By) and its derivative (By’) at 300 K were
calculated with the Birch — Murnaghan equation (EQ. 1-6). Optimized EoS parameters
can be used as the input for ChemSage (Eriksson and Hack, 1990) or FactSage (Bale et
al., 2009) thermodynamic software to calculate all thermodynamic properties at high P-T
conditions. All the parameters needed to be assessed together with the optimized values
and their calculated error for a-phase hafnium are listed in Table 1.2.

Table 1.2. CALPHAD EoS parameters for a-Hf (Hrubiak et al., 2012)

VA V() (cm3/m01) B() (GPa) B()' 90 Yo 5() b() 51 b1
7 13.432 3.29 300 0.231 0.76 1 9.50 0.65
+0.015 112.9+0.5 £0.05 +0.015 +0.07 +0.58 +0.09

Fitting to the Brosh model EoS involves thermodynamic variables such as entropy
and heat capacity whose temperature dependence must vary in a physically consistent
way under high pressure, i.e. the values for heat capacity must not anomalously become
negative at very high pressures as is the case with other EoS models (Brosh et al., 2007;
Karbasi, Saxena & Hrubiak, 2011). In order to check whether our EoS fit is physically
consistent, pressure and temperature dependence entropy and heat capacity of a-phase
hafnium were calculated at several pressures using the fitted EoS. As can be seen in
Figure 1.12a and Figure 1.12b respectively, heat capacity (C,) increases monotonically
with pressure and entropy (S) decreases. Clearly, the behavior of C, and S that is
predicted by the EoS model does not show any anomalous negative deviation at high

temperatures.
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Figure 1.12. a) Heat capacity of a-phase hatnium as functions of temperature at several
pressures calculated from P-V-T EoS; b) Entropy of a-phase haftnium as functions of
temperature at several pressures calculated from P-V-T EoS (Hrubiak et al., 2012)

The consistency of this calculated thermophysical data is encouraging because it
could potentially be used to better understand the P-T" phase diagram of hafnium and
mechanisms of its phase transitions in future studies. This P-V-T EoS reproduces the

experimental molar volumes of the a-phase hafnium at all P-T points with ~1% error
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