Development of the new internally-heated
diamond-anvil cell for planetary mineral physics:
Application to high-pressure melting of H,O ice
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Planetary interior

Upper-Lower Mantle Boundary Core-Mantle Boundary
(Transition zone) 135 GPa
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High-pressure (P) & High-temperature (T) conditions



H,O in Ice Giants

H/He
atmosphere

Neptune & Uranus
*~50 wt%H,0 + CH;, NH; etc
*“Icy” mantle: P ~ 20-600 GPa

T~ 2000-7000 K
(e.g. Hubbard, 1990)
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D
-
-
-
4]
.
QO
(o B
5
F

Pressure (GPa)

H,O ice in Ice Giants?



Magnetic fields of Neptune & Uranus

Surface radial magnetic fields

Uranus Neptune

+0.1 mT orange ~-0.1 mT blue
Stanley & Bloxham, 2004, Nature

Non-axisymmetric

Non-dipolar



Possible dynamo model generated by “lcy” mantle

Atmosphere

_--lcy"mantle _ _

il Convecting Ss,
3 fluid: ¢ o
N
upper mantle A

N
\ Solid or fluid: Owhole mantle > ~10 S/cm

lower mantle * and

Os/ Oc=0.1-0.001
(if solid lower mantle)

Modified after Stanley and Bloxham, 2004

Solid H,0 (ice) should have high ionic conductivity



https://physicsgeekblog.wordpress.com/2016

/02/13/why-ice-cubes-dont-sink/

Temperature (°C)

Ul
(@)

You are
here

Increasing pressure

Cooling

1.0 1.5
Pressure (GPa)

rel. Intensity (a.u.)

Body-centred cubic
(bcc)
oxygen sublattice

2 4 B 8 10 12 14 16 18 20 22 24 26
Degree 26 (. = 0.03344 nm)

Tschauner et al., 2018



Temperature (°C)

100

50 [

Liquid (water)

5 1.0 15
Pressure (GPa)

2.0

2.5

Temperature/K

Superionic ice in lce Giants?
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lonic conductivity of ice at high-P-T
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Existence of superionic ice was proven directly by high-P-T experiments
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Controversial melting curves

Melting temperature varies between
each experimental study

e.g. 800 — 1500 K@ 40 GPa

Possible factors
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Difference in melting/solidification
criteria i.e. XRD, Raman, texture
change

Large temperature uncertainties in
laser-heated DAC experiments

e Large temperature gradients
e Laser fluctuation

Better heating method must be used




Recreating high-pressure condition: Diamond Anvil Cell (DAC)

Diamond anvil

H,0 @ 210 GPa, 300K

Why using diamonds?

v" The hardest material

v" Transparency to a wide range of light source

 Sample observation under visible light
e Laser heating

e X-ray & neutron diffraction

* Spectroscopy (Raman, IR, Mossbauer, NMR etc)
v' Small and portable— easy to transport between facilities



Laser-heated diamond-anvil cell
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v T>5000K & P > 600 GPa ~ Bottom of the “icy” mantle
B Large temperature (& pressure) error +10%
-Large temperature gradient within the sample
-Laser instability



Externally resistive-heated diamond-anvil cell

Cylindrical heater Inner screw

Quter screw

Diamond anvil l

S rc
.&

Backlng plate

Inner cylindrical plate
v" Small temperature errors +1-10 | Outer cylindrical plate

-Homogeneous heating
-Thermocouple placed near the sample
B Temperature (& pressure) limitation
-Diamond anvils graphitise at T > 1500 K
-Sample, gasket, and mechanical parts deform at high temperatures



Existing internally resistive-heated T ™
diamond anvil cells (IHDAC) \\\\ | ////
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Zha & Bassett, 2003 Heater = Sample (e.g. Fe)
N Sample volume is very small JAN Only metals can be heated y




New internally resistive-heated diamond anvil cell

* Double-sided heating enables homogenous heating

* Combination of
* Water resistant composite gasket
 \Water resistant heaters
makes it possible to heat various types of samples other than
water, including silicates and oxides

* Aiming to generate up to 200 GPa, 4000 K (current record P =
100 GPa, T = 4000 K) using thin-film heaters




Candidate metals for the heater

Resistivity at 1 atm, 293 K

Bulk modulus
at 1latm, 300 K

6 %
(10°Q*cm) (GPa)
179.3 (hcp)
e.g. Fe 9.7 1810 (bcc) (Sakai et al., 2014)
273.5 Ductile, stable against air and
#E g 10.6 2042 (Zha et al., 2008) water
306 Brittle, stable against air and
Ir (fcc) 5.3 2727 (Cerenius & Dubrovinsky, water.
2000) Very expensive.
352 6 Ductile, resist oxidation,
Re (hcp) 19.3 3453 (Anzellini et al., 2014) tarnl.f.h slightly in wet
condition
W 5.65 (300 K) 3683 298 Very brittle, easily oxidised in

(bcc)

(Dewaele et al., 2004)

wet conditions




Experimental procedures
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Gasket preparation
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Heater preparation

Sample loading

Applying pressure

Heater properties

Pt80wt%-Ir20wt% alloy / Re

Heating + Measurements ’ (Goodfellow™)
‘ Heater width 20-30 um

Heater thickness 5-6 um




Experimental procedures

Pressure calibrants

e Ruby (Fluorescence)
e Volume of pressure calibrants (X-ray diffraction)
 Diamond (Raman spectroscopy)
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Experimental procedures

8“ \ CCD detector
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Testing Pt-Ir alloy & Re heaters

Starting materials (samples)
Corundum (Al,0O,)
Forsterite (Fe,SiO,)

Deionised water (H,0)




Pt-Ir alloy foil heater experiment with Corundum (Al,O;): Method

// Al203#3
SI|CI)2 gllass -
Pt g Colr }A|20\3) \
\ 100 pm

Experimental condition
Pressure: 13.4 GPa u
Max. temperature: 2025 K Before heating After heating
Heating duration: 60 mins




Pt-Ir alloy foil heater experiment with Corundum: X-ray diffraction

. SiO, + AlLOq |

Sample: Corundum
Pt Pt i Insulator: SiO, glass
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Spot 1 ]
(Hot spot)

Intensity

Pt, Platinum
St, Stishovite
C, Corundum § |
Ky, Kyanite
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Pt-Ir alloy foil heater experiment : Ky = St + Cor

3000 || Al,SiO;
« Kyll Ky I e

Cor + Liquid

2700

Kyanite was formed at
13.4 GPa, 1833K
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Pt-Ir alloy foil heater experiment with Forsterite (Mg,SiO,

| 1/ ’

Experimental condition
Pressure: 42 GPa

Max temperature: 2350 K
Heating duration: 1h 15 mins

No Raman signal from
T ~2000 K

recovered sample



Pt-Ir alloy foil heater experiments with H,O

\ | /4

From bottom

Experimental condition H20#11

Pressure: 17 & 36 GPa

Heater gets too close to the anvil

N2

Heat escaped through the anvil

N
No heating




Re foil heater experiment with water: Method

H20#12

Before heating After heating

Experimental P-T condition

P after 2"d heating: 42 GPa
Temperature: 1266 K
Heating duration: 40 mins

P after 1%t heating: 40 GPa
Temperature: 1528 K
Heating duration: 1 mins
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Re foil heater experiment with water: Raman spectroscopy
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Summary for testing Pt-Ir alloy & Re heaters

\\\ 4/

Pt-Ir

v" No damage to the heater for up to 75 mins.

v Temperature generation up to 2350 K at 41 GPa

X The heater gets too close to the anvil
* Bent very easily — uneven surface, too ductile?
* Too thick

Re

v No significant deformation upon loading water

v’ Temperature generation up to 1528 K at 42 GPa

X Chemical reaction between water/ice and the heater

Pt-Ir alloy needs to be tested further as a thin-film heater




Thin film deposition by sputtering

DC AC RF HIPMS
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Next steps L

Pt-Ir alloy deposition
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Test Pt-Ir film heater and check if it reacts

with ice/water at high P-T [ S |
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Test if Raman spectrum of water can be
measured with XploRa
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