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Viscosity of liquid Fe at high pressure
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Synchrotron x-ray radiography has been used to measure the viscosity of pure liquid Fe at high pressure and
temperature in a large volume press. A probe sphere rising through liquid Fe at high pressure and temperature
is imaged,n situ, allowing for the derivation of sample viscosity through a modified form of Stokes’ equation.
The effect of pressure on viscosity is fit by the semi empirical framework for transport coefficients in liquid
metals, providing experimental verification of constant viscosity at the pressure-dependent melting temperature
of liquid Fe where no change in liquid structure occurs.
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The physical properties of Fe, both liquid and solid, haveSource. X-ray radiography was used to imagsitu a probe
long been the backbone upon which our understanding of thephere rising through the liquid Fe sample at high pressure.
formation, differentiation, structure, and dynamics of plan-Using a modified form of Stokes’ law, the sample viscosity
etary bodies has been based. Specifically, the viscosity afan be determined from the terminal velocity of the probe
liquid Fe is an essential parameter to model and understargphere. The x-ray radiographic technique images the pressur-
fundamental core processes such as the generation of theed region within the LVP according to the relative X-ray
Earth’s magnetic field. The importance and relatively un-attenuation coefficients of the experimental matefiaSon-
known nature of the effect of pressure on liquid Fe viscositysequently, to image a probe sphere requires it to have a
to both the geophysical and the broad materials science congreater x-ray attenuation coefficient and a higher melting
munities, has sparked many studies to elucidate this quesemperature than the surrounding liquid Fe sample. Unfortu-
tion. Initial measurements on the high-pressure viscosity ofiately, most materials which fit these criteria also have an
an Fe-FeS alloy suggested that the physics of Fe alloy sysfinity for reacting with liquid Fe. Therefore, to eliminate
tems under pressure is much more complicated than sugiy reaction between the x-ray visible portion of the probe
gested by theory. Following these initial measurements, sphere, which we chose as Pt, a technique was developed to
considerable efforts have been invested in determining thencapsulate the Pt core in a ruby mantle to produce a com-
dynamic properties of liquid Fe and Fe alloys under highposite spher&? All radiographic experiments were carried
pressure, through both computatiorfab initio, molecular  out using incident x-rays in the energy range 20—120 keV.
dynamic$,>® and experimentaf techniques. However, Solid Fe sample$99.9% purity were machined to a cyl-
there is still an absence of sound experimental data quantinder 2.5 mm high and 1.5 mm in diameter and contained in
fying the effect of pressure on the viscosity of pure liquid Fe.a hexagonal boron nitridéhBN) sample container. A small
This is largely due to the extreme experimental conditionpit was drilled in the base of the Fe sample to accept the
that must be maintained and controlled in order to measurprobe sphere. Pressure was determined using the known
the dynamic fluid properties of liquid Fe under pressureequation of state of MgQRef. 13 and by measuring the
Very recently, through the development of a new techniquelattice constants of an MgO pressure marker, which replaced
we have measured the effect of pressure on an Fe alloy witthe upper lid of the hBN cup. High temperature was gener-
low S content(8.5-wt. % 3 and find constant viscosity be- ated by resistance heating of a cylindrical graphite furnace
havior at the melting temperatutéhis provided an experi- and temperature was monitored by a WB%)-WRe(25%)
mental verification that the effect of pressure on the viscosityhermocouple. No pressure correction was applied to the
of Fe-FeS alloys can be quantified through its effect on theneasured temperatures, and gradients within the sample
pressure-dependent melting boundary. Therefore, in order twere estimated at 50 K. During each experiment, the pres-
understand the complex behavior of Fe and Fe alloys undesure temperature path was as follows: pressure was in-
pressure, a detailed study of the pure liquid Fe end membeareased to the target at ambient temperattinetemperature
is required. Here we present measurements of the viscosityas ramped to~500 K below the run temperature where
of pure liquid Fe at pressures up to 5.5 GPa and isothermallthe sample equilibrated in the solid state; diiid tempera-
at 2050 K using synchrotron x-ray radiography, demonstratture was abruptly increased to the experimental temperature
ing a constant viscosity along the pressure-dependent melivhere the sample melted and the probe sphere rose.
ing boundary within a single liquid.e., constant melt struc- Radiographic images of the vertical flight of the probe
ture) phase. sphere were collected on standard VHS videotape at 30

High pressure and temperature experiments were carrieilames per second, and subsequently digitized. A series of
out in a 250 ton, DIA-type, large volume predd/P) on the images of the ascent of the probe sphere through the liquid
GSECARS 13-BMD beamlirt8 at the Advanced Photon Fe sample is illustrated in Fig.(d). The Pt core of the
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FIG. 1. (Colon (& X-ray radiographic sequence of images of o®% Dn .o....
the vertical flight of a probe sphere through liquid Fe at 2050 Kand 00} Afooooo & 10

4.5 GPa. The time between frames+i§0 msec, and the Pt core is 00 o2z oa o8 os

seen as the dark circular region which rises as the frames advanct Time (5)

(b) Enhanced view of a probe sphere in liquid Fe near the MgO lid

of the sample container. The dark bars which bracket the sample are g1 2. Displacement and velocity vs time curves for the flight

the tungsten carbide anvils of the press. of the probe sphere in liquid Fe at 4.5 GPa and 2050 K.

probe sphere is clearly seen as the dark circular region risingensity contrast between the sphere and the liqui the
the length of the liquid sample as the frames advance. Th@rminal velocity of the sphere ar¥ and E are empirical
total elapsed time during the vertical flight of the probecorrections for the effects of the finite wall and ends of the
sphere is<1 sec. The dark bars which bracket the samplesample container, respectivepW(E~0.2) ' From Eq.
are the tungsten carbide anvils of the press. Due to their higfy) it is evident that in addition to making an accurate mea-
x-ray attenuation they are opaque and restrict x-ray access tQirement of the terminal velocity of the probe sphere to de-
the central third of the high pressure environment. Figurgermine sample viscosity, the relative densities of the sphere
1(b) illustrates the key visible experimental components alyng the liquid Fe sample must be known. To accurately de-
the end of the probe sphere’s flight. The continuity of theiermine the density of the probe sphere, measurements of the
probe sphere is clearly seen, suggesting that any reactiqfplumes of the Pt and ruby components of the sphere were
between the Fe liquid and the Pt sphere has been eliminateghade at ambient conditions on the quenched samples by
Sectioning of the recovered samples and electron-probe Mic_ray computed microtomograpt&MT).X® For CMT analy-
croanalysis examination confirmed that no reaction occurred;s, the recovered and unperturbed Fe sample, containing the
between the Fe sample, the probe sphere, and the samplgohe sphere, was placed on a rotation stage in a monochro-
cor)tainer. Additionally, th_e ve(tical mot_ion of.the sphere, matic x-ray beam with an energy of 45 keV. The x rays
which would not occur if residual solid portions of the penetrated the sample as it was rotated through 180° in 0.5°
sample were present, attests to the homogeneous, entirglycrements, allowing for the rendering of a digital three-
liquid phase present. dimensional image of the sample with a resolution of
From the radiographic images of the sphere’s ascent4,m. This image was then virtually sliced along each
through the liquid sample, the velocity of the sphere can bgjane at successive depth intervals and the areas of the Pt and
extracted. The displacement and velocity time for the  rypy components were measured. Figure 3 illustrates an ex-
probe sphere’s flight is given in Fig. 2. To successfully meazmple of a CMT image sliced perpendicul#ig. 3] and
sure the viscosity of the liquid Fe sample, it is necessary thg§aralel to [Fig. 3(b)] the long axis of the cylindrical Fe
the velocity of the probe sphere be termitiaé., constant sample. The Pt core of the probe sphere appears as the white
velocity vs time). The sigmoidal nature of the displacement gjrcylar region while the ruby mantle is the dark rim brack-
curve is indicative of the acceleration of the probe sphere, agting the Pt core from the Fe samfgray). The continuity
itis released from the base of the sample after the Fe sampl§ the ruby mantle can be verified in three dimensions, con-
has melted, the terminal velocity of the sphere during th&jrming it acts as a successful barrier between the Pt core and
bulk of its passage through the melt, and the deceleration age Jiquid Fe. Plotted in Fig.(8) are the measured areas of
it approaches the container lid. The terminal velocity of theghe pt core and ruby mantle as the sample was sliced. The
sphere is further reinforced in the large plateau of the Ve|0Cdensity of the probe sphere at the experimental pressure and

ity curve. : ) _ temperature was calculated with the high-temperature third
The corrected form of Stokes’ equation used to determingyder Birch-Murnaghan equation of state and the thermo-
the viscosity of the sample is as follows: elastic parameters for Pt and rdby'®

) Measured terminal velocity and density of the probe
2grg(Ap) W sphere and the calculated melt density and sample viscosity
- 9y E’ (1) are given in Table I. Viscosity data, derived from individual
experiments at 2050 K, are plotted as a function of pressure
where 7 is the sample dynamic viscosity,is gravitational in Fig. 4 (solid diamonds
accelerationr is the radius of the probe sphet®p is the Upon first inspection of the data, the effect of pressure on
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FIG. 4. Effect of pressure on the viscosity of liquid Fe at 2050
K. Solid diamonds are the data points measured in this study, the
T solid circle is the room pressure value taken from Ref. 21, the open
. circle is the first principles and molecular dynamics computation
i value of Ref. 5, the open square is the experimentally measured
value of Ref. 8, and the dashed line is the semi-empirical fit from
Ref. 23. Large error bars on the 1.6 GPa data point are due the error
‘x 1 in Ap which dominates Eq(1)

0 30 78 116 155 194 233 272 310 349 383 427 466 504 used to fit our data. It has been demonstrated both empiri-
Depth (um) cally and theoretically that for liquid metals the following

_ _ relation holds®®
FIG. 3. X-ray computed microtomographi€MT) image of the

querturbed Fg sample and probe sphere post-experlment, virtually AV;ZO-ONatomic: )

sliced perpendicular téa) and parallel to(b) the long axis of the

cylindrical sample.(c) Measured area of the ruby mantlsolid  whereV o micis the atomic volume of the liquid, amd\/j] is

triangles and the Pt cor¢open trianglesat successive slices of the the apparent activation volume of viscosity which quantifies

CMT image through the probe sphere. the effect of pressure on viscosity through an Arrhenian de-
pendence as follows:

the viscosity of liquid Fe is small and the data agree well

with the room pressure experimentablid circle (Ref. 21

and theoreticallopen circlg (Ref. 22 values. This result

contrasts sharply with our recent measurements of a liquid

Fe-FeS alloy(8.5-wt.% S which indicate a large effect of Moreover, from Eq.(2) it has been demonstrated that, for

pressure on viscosifyThe semi-empirical theofy describ-  liquid metals, viscosity is constant along the melting bound-

ing transport properties in liquid metals under pressured!y- Assuming that no change in liquid structure occurs in the

which until now has not been confirmed in pure liquid Fe, isPressure and temperature region examined, the effect of pres-
sure on viscosity can be quantified through its corresponding

effect on the melting curve. Changes in the liquid structure
of Fe at high pressure have been proposed as the source of
marked changes in other physical property behavior, viz
electrical resistivity* X-ray-diffraction measurements on
liquid Fe (Ref. 25 have shown that in the vicinity of the Fe

AV* =RT] o7 3
” P |

TABLE |. Measured probe sphere density, terminal velocity, cal-
culated melt density, and sample viscosity.

Pressure Probe sphere  Terminal Melt Sample

density velocity  density  Viscosity 6— vy—| triple point liquid Fe undergoes changes in short-
(GPa (g/en) (mm/s  (gfen?)  (mPag range ordering(bcc to beerfce structure with increasing
16 6.78-0.20 26-0.1 7.00 236 pressure and temperature. However, the temperature condi-
45 6.62+0.20 4.0-0.1 7.26 4.80 tion at which the onset of this transition occurs~+200 K
55 6.84-0.21  4.3-05 735 356 above the temperature at which the present experiments were

carried out. Therefore, there is no evidence of any change in
®measured by x-ray computed microtomography of recoveredgshort range liquid structure within the pressure and tempera-
samples. ture conditions explored in this study. Taking the apparent
bReference 20. activation volume as 4% of the atomic volume, the predicted
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effect of pressure on viscosity is shown in Fig. 4 by a dashedhavior of dynamic liquid properties in liquid Fe and Fe al-
line. The theoretical line successfully fits our data and thdoys at high pressure. Second, the agreement between the
room pressure data well. The theoretical fit to our data imsemi-empirical theory and the experimental values confirm
plies that the viscosity of liquid Fe can be scaled to its meltconstant viscosity at the pressure dependent melting bound-
ing boundary allowing for the determination of viscosity in ary for pure liquid Fe. This portends well for prediction of
the pressure range for which the melting curve of Fe isjiscosity along the high pressure melting boundary on the
known. Additionally, the viscosity value determined for Fe in y35is of the more easily determined 1 atm value of other

Ref. 5 through a first-principles, molecular-dynamics studyjiquid metals that do not undergo changes in liquid structure.
coincides with our experimental data at similar pressures and

falls on the theoretical fit to the datdig. 4). The high-
pressure viscosity datum determined in Ref. 8, which is plot- R.A.S. acknowledges support from a Natural Sciences
ted in Fig. 4, falls outside the viscosity region defined by ourand Engineering Research Council of Canada grant. Radiog-
experiments and theory. Given the apparent activation energwphy experiments were carried out at GeoSoilEnviroCARS
of viscosity (~40 kJ/mol) for liquid Fe at room presséf@  (GSECARS, Sector 13, Advanced Photon Source at Ar-
correction for the effect of temperature on viscosity to 2050gonne National Laboratory. GSECARS is supported by the
K is insufficient to bring it in line with our data. Most likely, National Science Foundation-Earth Sciences, Department of
reactions in their sample environment and limited visualEnergy-Geosciences, W. M. Keck Foundation and the United
resolution are the sources of the discrepancy. States Department of Agriculture. Use of the Advanced Pho-
The importance of the experimental measurements of thon Source was supported by the U.S. Department of Energy,
viscosity of pure liquid Fe under high pressure is twofold.Basic Energy Sciences, Office of Science, under Contract
First, these data show the effect of pressure on liquid F&o. W-31-109-Eng-38. We thank R. Tucker for the prepara-
viscosity, which can be used to address the nature and b&en of composite spheres and experimental cell components.
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