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Several X-ray techniques for studying structure, elastic properties, viscosity, and immiscibility of
liquids at high pressures have been integrated using a Paris-Edinburgh press at the 16-BM-B beamline
of the Advanced Photon Source. Here, we report the development of X-ray imaging techniques
suitable for studying behavior of liquids at high pressures and high temperatures. White X-ray
radiography allows for imaging phase separation and immiscibility of melts at high pressures,
identified not only by density contrast but also by phase contrast imaging in particular for low density
contrast liquids such as silicate and carbonate melts. In addition, ultrafast X-ray imaging, at frame
rates up to ~10° frames/second (fps) in air and up to ~10* fps in Paris-Edinburgh press, enables us
to investigate dynamics of liquids at high pressures. Very low viscosities of melts similar to that of
water can be reliably measured. These high-pressure X-ray imaging techniques provide useful tools
for understanding behavior of liquids or melts at high pressures and high temperatures. © 2015 AIP
Publishing LLC. [http://dx.doi.org/10.1063/1.4927227]
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. INTRODUCTION

Knowledge of the structure, physical properties, and
immiscibility behavior of melts at high pressures and high
temperatures is important in industry as well as in under-
standing dynamics and evolution of the interiors of the Earth
and other planets. Efforts have been made to investigate
the structure (e.g., Refs. 1-4), physical properties such
as density (e.g., Refs. 5-7), viscosity (e.g., Refs. 8-11),
and elastic wave velocity (e.g., Refs. 12-14) of liquids.
However, such experimental studies remain technologically
challenging. Recently, an integrated setup for liquid structure,
elastic wave velocity, and viscosity measurements has been
developed using a Paris-Edinburgh (PE) cell at the 16-BM-B
station, operated by the High Pressure Collaborative Access
Team (HPCAT), at the Advanced Photon Source (APS),
to investigate not only individual structure or properties of
liquids but also the correlations between microscopic structure
and macroscopic physical properties (cf. a review in Ref. 15).

X-ray imaging is one of the most powerful tools for inves-
tigating the behavior and properties of liquids. Falling sphere
viscosity measurement is one of the most well established
high-pressure X-ray imaging techniques used to investigate
viscosity of liquids at high pressures (e.g., Refs. 8-11). In
addition, high-pressure X-ray imaging studies have been con-
ducted for studying surface tension on a liquid-liquid interface
(e.g., Refs. 16 and 17) or immiscibility of liquids such as
silicate melts and water (e.g., Refs. 18 and 19). Here, we
describe the recent high-pressure X-ray imaging techniques
developed at the 16-BM-B beamline. We first introduce our
overall setup for studying structure and properties of liquids
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at high pressures (Section II), and then describe details of the
X-ray imaging setup using white X-ray beam (Section III),
followed by some experimental results of phase separation
and liquid immiscibility (Section IV A) and falling sphere
viscosity measurement for an ultralow viscous liquid (Section
IV B).

Il. PARIS-EDINBURGH CELL SETUP
AT THE BEAMLINE 16-BM-B

Figure 1 shows the setup of the PE cell at 16-BM-B.
The PE cell allows the usage of large sample volumes (up to
2 mm in both diameter and height) to pressures up to 7 GPa. A
graphite heater in the cell assembly generates stable temper-
atures to 2000 °C, allowing us to study not only low melting
temperature liquids such as sulfur?® and cerium?! but also high
melting temperature liquids such as silicate melts (e.g., Refs.
4 and 22-24).

Structures of liquids are determined by a multi-angle en-
ergy dispersive X-ray diffraction technique combined with
the PE cell (Refs. 4 and 15). A large Huber stage holding
a Ge solid state detector allows precise control of 20 angles
from 2° to 39° (Fig. 1). Energy dispersive X-ray diffraction
measurement using fine collimating slits provides good control
of collimation depth, which is important for discriminating the
weak liquid sample signal from background scattering caused
by the surrounding capsule and/or pressure media (cf. Ref. 15).
The wide horizontal opening of the PE cell is beneficial for
the collection of energy dispersive X-ray diffraction patterns to
high 26 angles, allowing determination of structure factors of

©2015 AIP Publishing LLC
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FIG. 1. A photograph (a) and schematic drawing (b) of the Paris-Edinburgh press experimental setup at the 16-BM-B beamline, HPCAT, at the Advanced
Photon Source. Two cameras (Prosilica GC1380H and Photron SA3) are installed for X-ray imaging experiments.

liquids at large momentum transfer (Q = 4nE X sin 6/12.398,
where E is X-ray energy and 0 is diffraction angle). Successful
measurements of structure factors to high Q up to 22 A~! for
albite (NaAlSi3;Og) melt at 5.3 GPa and 1600 °C have been
demonstrated using the setup.* This method requires diffrac-
tion patterns at multiple angles to reliably derive structure fac-
tor information. The necessary number of 26 angles depends
on the system to be measured. A typical set includes eight to
twelve 20 angles covering from 2° to 39°. An analysis software

package (aEDXD) has been developed and is available at
HPCAT for structural analysis.'>

In addition to the liquid structure measurement capa-
bility, the setup is integrated with instruments for measuring
elastic wave velocity and viscosity. Elastic wave velocities
(both V,, and V) are measured by the ultrasonic technique,
in conjunction with sample length measurement by white X-
ray radiography, not only for solid materials*>->® but also for
molten samples.'*!> Details of the setup and analysis of the
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ultrasonic measurement were described in Ref. 25. Viscosity
is measured by falling sphere viscometry. A high-speed
camera (Photron SA3) is used to study a wide range of
viscosities of molten materials from liquid alkali halides'' and
carbonate melts?’ to silicate melts*® at high pressure and high
temperature conditions. Details of the viscosity measurement
method are described in Refs. 11 and 15 with additional in-
formation in Section IV B of this paper. These physical prop-
erty measurements (elastic wave velocity and/or viscosity)
can be combined with structure measurement to study the
correlations between macroscopic properties and atomistic
structure at high pressure and high temperature conditions
(e.g., Refs. 11, 25, and 27).

lll. X-RAY IMAGING SETUP AT THE BEAMLINE
16-BM-B

A. Camera setup

High-pressure X-ray imaging is conducted using unfo-
cused white X-ray at the 16-BM-B beamline. The beamline
utilizes two cameras for X-ray imaging experiments. High
spatial-resolution X-ray imaging measurements are conducted
using a CCD camera (Prosilica GC1380H) placed roughly
30 cm from the sample position (Figure 1). A thin scintillator
(5 pm thick Eu-doped lutetium aluminum garnet (LAG)) is
used with a 45° mirror and a 10 times infinity-corrected objec-
tive lens mounted on a 127 mm long tube. Use of a thin scintil-
lator is important for high spatial resolution,®! but it decreases
in detective quantum efficiency. It is known that a LAG scintil-
lator has higher absorption than commonly available yttrium
aluminum garnet (YAG) and provides better detective quantum
efficiency.?? By using the Eu-doped LAG scintillator, we can
typically obtain a reasonable image with a 0.5 s exposure time.

The pixel resolution of the imaging setup is 0.95 um/pixel
and the full field of view is 1.3 (horizontal) mm X 1.0 (vertical)
mm. The spatial resolution of this camera setup has been
investigated in terms of the line spread function at a tungsten
carbine (WC) plate edge.!> The line spread function shows
a sharpness of ~4 pixel (corresponding to ~4 um), defined
by the full width at the half maximum (FWHM), which may
be viewed as the intrinsic imaging resolution of this X-ray
radiography system. In addition, the precision in detecting the
imaging changes was investigated by using a linear stage with
1 pm step to move the WC plate, resulting in a high precision
with the 10 standard deviation of 0.1 um (Ref. 15). The camera
is mainly used for determining sample length for the elastic
wave velocity measurement” and sample size measurement.>!

Another camera, a high-speed camera Photron SA3, is
located approximately 1.2 m downstream from the PE cell
(Figure 1). This camera is capable of imaging with a frame
rate up to 1.2 x 10’ frames/second (fps). We use 100 um thick
Ce-doped YAG as a scintillator. The thick YAG scintillator
provides sufficiently high brightness for high-speed imaging in
the PE press (cf. Section III C). We point out that use of a thick
LAG scintillator will further improve the detective quantum
efficiency and, consequently, the high-speed imaging capa-
bility. The pixel resolution is typically 4.9 um/pixel using 5
times infinity-corrected objective lenses or 2.5 um/pixel using
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10 times infinity-corrected objective lenses. The full field of
view is larger than the maximum sample size available in the
PE cell (up to 2 mm in both diameter and height) (Ref. 15).
The camera is used for phase contrast imaging and ultrafast
imaging, both of which are described in more detail below.

B. Phase contrast imaging

Phase contrast imaging techniques are advantageous for
imaging low-Z materials and low absorption contrast materials
(e.g., see reviews in Ref. 33). In the absorption based X-
ray imaging, the intensity pattern shows the density contrast
in materials. In phase-contrast imaging, it records variations
in the shape of an X-ray wavefront on passing through the
sample. Intensity variations due to sharp changes in atten-
uation and refractive index in the sample can be detected,
particularly for weakly absorbing materials. Several methods
(e.g., interferometric technique, refraction-based technique,
propagation-based technique) have been employed for phase
contrast imaging (e.g., a review in Ref. 33). In particular,
Ref. 34 demonstrated a simple method for phase contrast imag-
ing using white X-rays based on a propagation-based tech-
nique. In the case of a highly spatially coherent beam, Fresnel
diffraction is observed at a distance away from the sample, and
edge-enhanced contrast can be observed at a distance away
from an object without optics. The contrast increases with
increasing distance between sample and detector (Ref. 34).
Since this method requires no sophisticated X-ray optics or
setup, it is suitable for application in high-pressure research
where sample shape and position dynamically change with
changing pressure and/or temperature conditions.

Figure 2 shows an example of images of air bubbles in
epoxy at various distances from 15 cm to 75 cm. At the closest
distance of 15 cm, the image mostly represents absorption
contrast and it is difficult to see the air bubbles because of
low Z and low density contrast between air and epoxy. At
far distances, air bubbles can be viewed via the enhanced
edges. The image obtained at a distance of 75 cm clearly
shows various air bubbles with sizes ranging between ~25 and
~200 pm.

C. Ultrafast imaging capability

Figure 3 shows brightness variations in a series of im-
ages obtained of a ~150 um diameter Pt sphere in a BN cup
(2.4 mm outer diameter and ~0.3 mm inner diameter) with
varying exposure times (camera frame rate) with and without
the PE cell. The data show that, without the PE cell, quality
imaging can be measured at a frame rate of 4 X 10* fps, while
image brightness becomes insufficient at a frame rate of 10°
fps. However, it is still possible to identify the Pt sphere in
the BN cup in the image obtained at 10° fps by adjusting
brightness and contrast of the image. These data show that
the ultrafast imaging setup is capable of up to ~10° fps with
10 us exposure time. On the other hand, the brightness of the
image becomes significantly lower viewed through the PE cell
due to absorption of X-rays by the pressure media (14 mm
diameter boron epoxy, surrounding a 6 mm diameter MgO
cylinder). There is sufficient brightness at 10* fps, but the
brightness at 4 x 10* fps becomes too low to identify the Pt
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(c) Distance: 75 cm

100 um

FIG. 2. X-ray images of air bubbles in epoxy obtained at camera distances
of 15 cm (a), 45 cm (b), and 75 cm (c).

sphere. We therefore consider that the maximum frame rate
available in the PE cell is around 10* fps. The maximum frame
rate of 10* fps is much faster than those of previous high-speed
imaging in large volume press (typically 30-60 fps and up to
125 fps) (Refs. 8-10, 35, and 36) and has allowed us to measure
liquids with extremely low viscosities (Refs. 11 and 29).

IV. HIGH-PRESSURE X-RAY IMAGING EXPERIMENTS

A. Liquid phase separation and liquid-liquid
immiscibility

Figure 4 shows the behavior of lithium germanate borate
after melting at around 1.2 GPa in a BN capsule. The images
are obtained by the Prosilica camera. The starting material
is homogeneous lithium germanate borate glass synthesized
by quenching from 1000 °C at ambient pressure. The sample
melted at around 1000°C and the shape changed slightly.

Rev. Sci. Instrum. 86, 072207 (2015)

The image of the sample immediately after melting has a
homogeneous appearance without any visible texture. About
2 min after melting, the texture around the sample boundary
started changing slightly, and then, 4 min after melting, the
entire sample began to separate into 2 phases having low and
high absorption. The darker portion condensed around the
bottom of sample with time. Analysis of the quenched run
product shows elemental germanium in a glassy matrix. These
observations suggest that elemental germanium precipitated
from homogeneous lithium germanate borate glass probably
by reduction by BN capsule.

Imaging of phase separation may provide important
knowledge on magmatic processes and chemical differenti-
ation in the Earth’s interior. For example, it is considered
that the metallic core of the Earth is formed from extensively
molten silicate layer (magma ocean) on the Earth’s surface
(e.g., Refs. 37 and 38). The first process of this model involves
separation of liquid metal from silicate melt, with the metal
droplets then falling into the magma ocean. High-pressure
X-ray imaging may enable us to simulate these processes at
high pressure and high temperature conditions of the Earth
and planetary interiors and provides important knowledge on
understanding the core formation process in the magma ocean
model.

In addition, immiscibility of 2 liquid phases is important
to understand the behavior of melt and the resultant geochem-
ical and geophysical processes in the Earth’s interior. It is
known that several of Earth’s melt compositions show immis-
cibility, such as silicate melt-H,O system (e.g., Refs. 18 and
19), silicate and carbonate melt system (e.g., Refs. 39 and
40), iron-light element alloys (e.g., Refs. 41 and 42). In situ
imaging of such behavior at high pressure and high temper-
ature conditions would enhance our understanding of melt
behavior in the Earth’s interior. Some in situ X-ray imag-
ing experiments have been conducted for silicate melt-H,O
system (e.g., Refs. 18 and 19) and iron-light element alloys
(e.g., Ref. 42). However, it is difficult to monitor immiscibility
of liquids having a small density difference such as silicate and
carbonate melts.

Phase contrastimaging is a powerful tool to monitor low Z
and low density contrast materials and is used to study immis-
cibility of silicate and carbonate melts with similar densities.
We used the camera setup of the Photron SA3 (cf. Section
IIT A) for the phase contrast imaging experiment. The long
distance (~1.2 m) between the sample and the Photron SA3
camera setup was used to enhance the phase contrast for de-
tecting immiscibility of silicate and carbonate melts. Figure 5
(Multimedia view) shows melting and subsequent behavior
of silicate (albite: NaAlSi3;Og) and carbonate (CaCQOj3) melts.
A previous quench experiment has reported immiscibility of
albite and CaCO3 melts at around 1350-1500°C at 2.5 GPa
for the compositions of around 50-70 wt. % of CaCO; in
albite.>> We conducted an in situ X-ray imaging experiment
for a composition of ~60 wt. % of CaCOs in albite at ~2.5
GPa and ~1400°C (Fig. 5) (Multimedia view). Albite and
CaCOs; were placed separately in the capsule. Melting began at
the interface between albite and CaCOj3 and the entire sample
was molten shortly. We succeeded in imaging the immis-
cibility of albite and CaCO3 melts in sifu at high pressure
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Exposure time: 200 ps 100 ps 25 ps 10 s
(Frame rate) (5000 fps) (10000 fps) (40000 fps) (100000 fps)

Outside
PE cell

Inside
PE cell

v

After brightness adjustment

FIG. 3. X-ray images of a Pt sphere in a BN cup inside or outside a Paris-Edinburgh cell obtained by high speed camera. The X-ray images were obtained at
various exposure times from 10 us to 200 us, corresponding to camera frame rates of 5x 103-10° frames/s.

and high temperature conditions. These 2 liquids show very
weak absorption contrast due to their very similar densities,*3
while the boundaries are clearly detected in phase contrast
imaging.

B. Falling sphere viscosity measurement for ultralow
viscous liquid

Falling sphere viscosity measurement is based on the
Stokes’ equation. The viscosity (1) can be calculated via the
Stokes’ equation with correction factors for the effect of both
the wall (F) (Ref. 44) and the end (E) (Ref. 45) of a cylindrical
sample container,

_8di(ps—p) F

E=1

2
9 d; (9 ds)’ 3)

T82z T\82z
where p and d are density and diameter, with subscripts s and
[ denoting properties of the probing sphere and liquid sample,
respectively. Z is the sample height. v is terminal velocity of
the falling sphere. It has been pointed out that uncertainties
in terminal velocity play a dominant role in the precision of
the viscosity determination.*® For liquid samples with identical
sphere and container geometries, the precision of the terminal
velocity measurement depends primarily on the camera frame
rate.

Figure 6 shows falling velocity determined in previous
studies (Refs. 8-10, 35, and 36) and in recent studies con-

, ) ducted at the beamline 16-BM-B (Refs. 11, 15,29, and 47) as a
18v E . .
3 5 function of camera frame rate. The lines represent the number
F=1-2104 (ﬂ) " 2'09(ﬂ) _ 0.95(é) 2) of points which can be obtained in a 1 mm falling distance.
d; d d)’ The calculation implies that the previously used 30-60 fps
Immediately
Before melting after melting +2 min. +4 min. +6 min. +8 min. +10 min.

200 ym

FIG. 4. Melting and the subsequent phase separation in lithium germanate borate melt at ~1.2 GPa and ~1000 °C.
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Carbonate melt\)

Silicate melt

200 um

FIG. 5. X-ray imaging obtained for an albite (NaAlSi3Og) and CaCO3 mix-
ture at ~2.5 GPa and ~1400 °C. The sample was capsulated in a sapphire
single crystal sleeve with a Pt foil cap. The X-ray image shows co-existence
of two melt phases with boundaries enhanced by phase contrast rather
than absorption contrast. The movie was recorded with the frame rate of
60 frames/s and it displays at 10 times faster speed. The actual length of
the movie is 100 s. (Multimedia view) [URL: http://dx.doi.org/10.1063/1.
4927227.1]

cameras can record only a few frames during the fall of the
sphere in low viscous liquids. In fact, some studies determined
viscosity based on only 2-4 images (e.g., Refs. 8-10). When
such limited imaging rates are used, it is difficult to correctly
discern when the falling sphere has reached terminal velocity,

Numbers of points in
1 mm falling distance

2 5 10 20 50
A
100 100

5]
E 4
E A A
>
KS)
o i
°
>
2 8 a
= 107 8
3 ] a
> ]
§ B
= i

B [m]

U
1 {—T—TT Tt — T T T T — T T T T
10 100 1000 10000

Camera frame rate (fps)

FIG. 6. Falling velocities measured in previous studies (cross: Ref. 8, open
diamond: Ref. 9, open square: Ref. 10, open circle: Ref. 35, open triangle:
Ref. 36) compared to those measured at 16-BM-B (solid circle: Ref. 11,
solid square: Ref. 29, solid diamond: Ref. 47, solid triangle: this study) as
a function of camera frame rate. Lines represent the estimated numbers of
points that can be recorded in 1 mm falling distance.
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which, in turn, leads to large uncertainties in the calculated
viscosity. In contrast, ultrafast imaging with >103 fps allows
for monitoring the motion of the falling sphere with substantial
oversampling, resulting in accurate determination of terminal
velocity. Ultrafast imaging, up to 10* fps, is critical to our
falling sphere viscosity measurements of ultralow viscosity
liquids.

Supplementary Movie 1 (Ref. 48) shows the fastest falling
sphere viscosity measurement conducted, to date, using the
ultrafast imaging setup at the 16-BM-B beamline. Figure 7
shows a series of selected images of the WC sphere at various
times during the fall (Fig. 7(a)), as well as the sphere travel
distance and velocity as a function of elapsed time (Fig. 7(b)).
This viscosity measurement was conducted for liquid sulfur
at 3.8 GPa and 1430°C. Supplementary Movie 1 (Ref. 48)
was recorded at 5 x 10° fps (exposure time of 200 us) and
plays back at a reduced frame rate of 25 fps (200 times slower
display). At the starting point of the Supplementary Movie 1
(Ref. 48), the temperature is higher than the melting point of
the sulfur sample, which is molten. A WC sphere (200 ym
diameter) is held by solid NaCl on the top of the liquid sulfur.
When the temperature reached the melting temperature of
NaCl, it melts and the WC sphere starts to fall. However,
the WC sphere does not directly fall into liquid sulfur. The
WC sphere temporarily stopped at the interface between liquid
NaCl and liquid sulfur. The WC sphere stayed at the interface
for around 60 ms and then fell into the liquid sulfur. We found a
very fast falling speed for the WC sphere in liquid sulfur, with

Time (millisecond)
6.4 7.2 8.0 8.8 9.6

0.4 300
ooooco0o00, ** L
° * *

i o
_0s L200
£ o ¢ Q
1S L X 4 1
< - e O vt i £
e o 2
o] (5]
B ° S
B 0.8 o o

o 100
o
i . o
o -
o
1.0 o
Lo o S T T T T T 0
6.0 7.0 8.0 9.0 10.0

Time (millisecond)

FIG. 7. X-ray radiography images of a falling WC sphere (200 pm) in
liquid sulfur at 3.8 GPa and 1430°C (a). (b) The results of the falling
distance (open circles) and the falling velocity (solid diamonds) for each
frame (200 us interval). The data show high falling velocity as the WC sphere
passes through the interface between liquid NaCl and liquid sulfur, which is
interpreted as the influence of an interfacial tension force, after which the WC
sphere falls in liquid sulfur at a terminal velocity of 167 mm/s.
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the WC sphere falling ~0.5 mm in just 2.5 ms (Fig. 7(b)). We
succeeded in monitoring the fall of the WC sphere through 13
frames using an ultrafast imaging rate of 5 x 103 fps.

The result shows a high falling velocity at the beginning of
the drop, around the interface between liquid NaCl and liquid
sulfur, and then a terminal velocity reached at 8.4-9.6 ms.
The high falling velocity near the interface is interpreted by a
model for the transport process that applies then the interfacial
tension force is larger than the gravitational force.*” According
to the model, sphere falling velocity is reduced as the sphere
approaches an interface which deforms. Then, the capillary
waves of the interface connect to the wetting layer surrounding
the sphere. This connection grows as the sphere is dragged
through the interface, and consequently, the sphere is accel-
erated by the capillary forces. In fact, the deformation of the
liquid-liquid interface and the motion of the interface while
the sphere passes through it can be seen in our experiment
(Supplementary Movie 2 (Ref. 48)). We therefore consider the
influence of the interfacial tension force to be the cause of the
high velocity measured at the beginning of the sphere’s fall.

We obtain a constant terminal velocity of 167 + 5 mm/s at
8.4-9.6 ms. Given the experimental parameters for Equations
(1)-(3) (ps = 14.74 g/cm?® (Ref. 50), p; = 1.1 g/cm? (Ref. 51),
d; =02 mm, d; = 1.5 mm, Z = 0.7 mm), we obtained a
viscosity of 1.09 mPas for liquid sulfur at 3.8 GPaand 1430 °C,
which is very close to that of water (1.002 mPa s) at 1 atm and
20°C (Ref. 52). The falling sphere viscometry using ultrafast
imaging is an effective method to study viscosity of such
ultralow viscous liquids at high pressure and high temperature
conditions.
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