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Introduction to multi-anvil
techniques at synchrotrons
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LVP for high-pressure experiments

Sample size

A
cm cylinder
Griggs,
Paterson >N
mm =11 e
, DT-cup,
Paris-Edinburgh
. 100 Diamond-anvil
MICcrons ‘ cells
microns Pressure
> (with T)

100 MPa 1 GPa 10 GPa 100 GPa
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More on LVP and synchrotron
adaptations



Multi-anvils at synchrotron beamlines (maybe non exhaustive)

NSLS-II Psiche Soleil IDO6LVP - ESRF PETRA P61BLVP

modified from Wikipedia / Petr Dlouhy
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Large volume presses

In-situ properties under HP-HT

d Phase stabilities (solid, melting---)

A Kinetics of reactions

Q Viscosity

d Strength, brittle behavior

A Electric conductivity P-T dependence
A Elastic properties

d Melt properties (density, etc.)

d Thermal diffusivity
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Large volume presses

Q Large volume (mm?3): statistics !

d Small P and T gradients

d Stable P and T over days

d Investigate grain size dependences
A Tunability of the cell assemblies

BUTs

O no easy access to sample

Q hours for loading-unloading stages
a T & P limited compared to DAC.
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Main synchrotron X-ray probes with multi-anvil

X-ray imaging X-ray diffraction
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Beamline basic setup: imaging + diffraction

Z,
R %%,
%
G
ﬂ d'\ﬁraded beal?
monochromatic g 20 0
incident beam ~ _ > \

A N~ O3 /‘

ﬁ image collection:
01 YAG + mirror
moved in and out

image
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High-pressure, large volume x-ray
‘transparent’ environment:
octahedric assemblages

Anvils:

= All WC
cBN

= Sintered diamond

www.synchrotron-soleil.fr

Heaters Refractory materials Pressure mella

L&

LaCro, Graphite Zro2 MgO h-BN

gltlng polnt_ L

R. Farla, https://petra3-extension.desy.de
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High-pressure, large volume x-ray ‘transparent’ environment:
beam vs. cell assembly

white beam
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High pressure, large volume x-ray ‘transparent’ environment: cubic
assemblages

e B
Crushable ALO;

Tungsten carbide anvil (x4)

Sintered diamond anvil (x2)

o Screen | Densea 10,
Debye-Scherre(fings Boc::ﬁ;;’:;\‘ Naa m s ~
H
=)
N
"""" 8mm B
R
D .ﬁ_ziA_lzog L(B
 Crushable ALO; I
T. Ferrand 2017
Anvils: Pressure transmitting medium:
VIIS. = amorphous Boron + epoxy
= cBN = fired pyrophyllite (cube or bone-dry sphere)
= Sintered diamond * Cr,Co doped MgO _
. e Il am. B-epoxy windows if mono beam

Furnaces: graphite
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On temperature gradients
vs. cell material

6.15 mn:ll///////

4

k E
4 E

ALO; x = 6 to 8 W.m"1K-! (1100K-1700K)

BN

D-DIA vertical anvils
Boron epoxy
Machinable Al ;05
Graphite furnace
Graphite ring

[ specimen (here Al305)

Metal Foil (Re)

——@ Thermocouple

Raterron et al, RSI 2013: using
XRD, gradient up to 150 K/ mm
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= 1700
On temperature grgdlents | /*\4\
vs. cell material P \
g 1100 - \\4_
6.15 mm,/////// § 900 - y=-154,22x%+38,08x + 1 673,00
3 ; & R?=0,97
D-DIA vertical anvils 700 -0 O
SRS Boron epoxy 500 L
Machinable Al205 3 2 1 0 1 2 3

I Graphite furnace
Graphite ring (a) Z position (mm)
[ specimen (here Al305)

Metal Foil (Re) 1700
——@ Thermocouple L /-H\k
1500 /r \\

i
X

N
v ¢' §

o,

‘g 1100 - // \\‘_
A|203 Kk =6to 8 W.m1lK1 (1100K'1700K) é" 00 y=-159,725x2+1673,00
YSZ (Y-ZrO,) : « = 2 W.m~1K1 (1300 K) ¥ . R -
Raterron et al, RSI 2013: using % 2 =2 © 1 2 3
XRD, gradient up to 150 K/ mm (b) Z position (mm)
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On high temperatures and mechanical stability
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of a LVP cell

9mm

: machinable alumina
E zirconia

- amorphous B+epoxy 5:1

gold (strain marker)




LVP for deformation

synchrotron XRD raised a major
obstacle for deformation studies

under HP :
above pressures of 2 GPa frictions

at too high to use conventional
stress gauges.



High-pressure environment for deformation: D-DIA

Durham et g

constant volume deformation at HP-HT
(20GPa, 1800K)

In-situ properties under HP-HT + stress

d viscosity, strength

d deformation mechanisms, defects

d Transformation mechanisms under
stress

A electric or elastic properties vs. crystal
preferred orientation, ---
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High-pressure environment for deformation: D-DIA

. . Anvil guide
Nishiyama et al, = -

2008, Kawazoe
et al, 2009

Pressure medium

Second-stage anvil

D-Dia ‘simple stage’
APS GSECARS

machinable alumina

D-Dia double-stage, APS
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Opposed anvils configurations:
Rotational Drickamer Apparatus (RDA)

Yamazaki and Karato, 2001
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Upper anvil

AlL:O; Mg.() Hcatcr VAR (a)
| |
P ro h ”“c | ‘ e ——— e
L otaing | ||||||u||||»:o:o:o.«1|t;g MR 1]
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1
; Loweranvil

|
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-

Au strain marker (b)

d Portable. Mostly operated at NSLS.
ad 25 GPa, 2000 K



_ Opposed anvils configurations:
High Pressure X Tomography Microscope (HPXTM)

A @ WC Anvil

- Pressure medium (BE)
Sample chamber
‘ Pressure medium (BE)

X-rays

Containment ring

Transmitted X-rays

i
° Pressure medium (BE)

@ WC Anvil
Q Specificity : large volume.

d 8-10 GPa.

Uchida et al, 2004
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LVP and synchrotron
X-ray data



X-ray imaging

absorption contrast

A track boundaries and
objects (deformation,
diffusivity---), objects,
densities - (more: J-P.
Perrillat and Y. Le Godec’s
talks)

0 measure length (Vp-Vg at
high P-T)

d cross-correlation on image
pairs (sub-pixel, complex
geometries)
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Strain (%)

-> strain (rate)

P. Raterron




X-ray imaging

Mineralogical Magazine, October 2011, Vol. 75(5), pp. 2597-2610

The effect of pressure on thermal diffusivity in pyroxenes

S. A. HUNT"2’3’*, A M. WALKER4, R. L MCCORMACKZ, D. P. DOBSONZ, A. S. WiLts® anp L. Lt

Pt strips
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X-ray imaging

Mineralogical Magazine, October 2011, Vol. 75(5), pp. 2597-2610

The effect of pressure on thermal diffusivity in pyroxenes

>« = f(P, T)

1.6_ T T T T T T =]

S. A. HUNT"2’3’*, A M. WALKER4, R.J. MCCORMACKZ, D. P. DOBSONz, A. S. WiLts® anp L. Lt

1.4+

AEEER

1.2+

Phase lag (rad)
o
(o2}

0.6 _
0.4F i
0.2 » i
0F -
Sine-wave on furnace: B M e 7

+-30 to 50°C
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Diffraction

2500 v Ll v Ll A L} A L] v Ll v L]
g 2000 | i
e i / o oo
S 1500 F e oo .
'é Coe st o . o .o e . |
JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 117, B06209, doi:10.1029/2011JB009100, 2012~ § 1000 [ oyl Y ocaa,
P-V-T equation of state of stishovite up to mid-lower E s00 - DLy ype ]
| o o W . . o o |
mantle conditions B
0 10 20 30 40 50 60 70
Fulong Wang,' Yoshinori Tange,' Tetsuo Irifune,! and Ken-ichi Funakoshi® ®) Pressure (GPa)
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Energy (keV/ 26 = 6°) AN
40 " i i L A n A i i " " : Sk N\
0 10 20 30 40 50 60 70

Pressure (GPa)

Université
de Lille




LVP and x ray data for in
situ deformation

Or how stress shows up in
x-ray diffraction
(polycrystal)



X-Ray diffraction : under high pressure
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X-Ray diffraction : under high pressure + non
hydrostatic stress

B 5=

« lattice strain »
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Stresses under high pressure (uniaxial)

Op . Mean stress/ i

= « hydrostatic
pressure » = P

011 0 0
0 011 0
0 0 0133
ap 0 0 0
0 op O —3 0
0 0 op 0 213
\v//

deviatoric stress

P and t can be obtained simultaneously and
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Stresses under high pressure (uniaxial)

| (131) and (112)

4

2,50 -
<C /s
= 248 -
=
S 246
244 o
242 o " ]

0 90 180 270 360

with cos¢ = coséd.coso

d (@) —dp, .,
(hk]){\ P (hkl) % 1—3cos> ¢)

P (hKl) Lattice strain
-> stress with Cij

pressure:

equation of state Singh et al, 1998, Uchida et al, 1996

Multifit-Polydefix, Merkel and Hilairet, 2015.
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Stresses under high pressure (uniaxial)

G(hkl) from the Cij.

t(hkl) — 6Q<hkl) G(hkl) elastic theory,

Singh et al, 1998, Uchida et al, 1996

5 5 T T ‘ T
Al _ il < t(hkl) >
plastic
L3k relaxation sl
o o
O (O]
2 2r ( £ 2r
=
= ( O
B Stress from olivine cryst. (111) =
1 © 1
plane: (130)
(131)
0 oo (112) 0
| | | | 1 | | | |
5 10 5 10
diffraction # diffraction #

< t(hkl)> = non-hydr. stress on sample ?
Not so simple.
Models are necessary to calculate absolute stresses.
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Energy Dispersive configuration (NSLS, APS ID6)

1 EDS detector (X17B2 white beam) 4 EDS ‘ "*1
I‘}‘ = |
?« conical slit
56

'1)) compression

axis

Ve

___________ specimen

-
X-rays dhki . => Energy /
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X-Ray diffraction : stresses under high pressure

local lattice strains
(crystal to crystal and
intra-crystalline)
-> peak broadening
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Case study : stress
partitionning in two-phases
aggregates under HPT



multi-phase polycrystal deformation

load bearing frame interconnected weak layer
controlled by strong phase controlled by weak phase

| Handy, 1994

Increasing strain

Increasing weak phase amount

d Which material is the weakest / strongest?
d How do stress and strain partition in the phases?
d [What is the viscosity of the aggregate ?]
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Serpentine + olivine aggregates deformation
at 300-350°C, 3 to 4 GPa, ca. 2.10~s1

varying weak phase content (5 to 50%)
compare to pure phase
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Serpentine + olivine aggregates deformation
at 300-350°C, 3 to 4 GPa, ca. 2.10~s1

varying weak phase content (5 to 50%)
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compare to pure phase

time (s)
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" b ' b T ' —
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. o o Atg10SC90
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Serpentine+olivine aggregates deformation
at 300-350°C, 3 to 4 GPa, ca. 2.10°s!

Atg 20% + OI 80% Ol 100 %

: T

Antigorite Olivine Olivine
(basal)
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Serpentine+olivine aggregates deformation
at 300-350°C, 3 to 4 GPa, ca. 2.10>s1

Atg5-SC95 Atg10-SC90
4 4 | | | i |
— 1 5[ T e Up to 10%
g 3 1 7L ] vol, weak
2 2 -1 2r N phase is
é 1 __ 1 ®-@ Ol in two-phases aggregate Sh|e|ded by
(%) ] L Ol single-phase I d b .
0 H 0 ©-0 Atg in two-phases aggregate Oa earin g
30 0 10 20 30 frame
Atg50-SC50
4 4 | | | | |
—~ 3 — —
g _ i If 20% or
2 2 ] . more, weak
N 7] ]
S — | phase has
0 | i an effect
0 10 20 30 O 10 20 30
strain (shortening, %) strain (shortening, %)
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LVP and x ray data for in situ
deformation

x-ray diffraction under stress:
crystal preferred orientations ?



X-Ray diffraction : crystal preferred orientations
in @ polycrystal under high pressure

Plastic deformation

Dislocation glide

Grain rotations

Non-random crystal orientations

\
L
)

images S. Merkel

Olivine - example of slip system "
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X-Ray diffraction : crystal preferred orientations
in @ polycrystal under high pressure

intensity variations
- CPO, « texture »

= b ' ,
i i J
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X-ray diffraction for microstructure

Texture analysis

fit

MAUD software
http://www.ing.unitn.it/~maud/
L. Lutterotti

experimental

4.0 5.0 6.0 7.0
2-Theta (degrees)

[010]

inverse pole figure = probability to find a direction of '

interest, here the maximum compression direction,
in the crystal coordinates system

'1.77

1 mrd

olivine at 5 GPa 1600K, strain 11%

orthorhombic

[001] Moo} 4
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X-ray diffraction for microstructure

e-Fe deformed to 11% at 17 GPa, 400K, ca. 10> s

5.00

1010 0002 1011 1012 1120 4.00
B e Cycle 3

P =17 GPa
T=400K 3.00

2704 00/0 str in t 1.1 1051 '
180- ’ ‘ A 0% strain #00
o ' 5% strain
11% streln
270+
o ’ ’ 10-10
‘ ‘ ‘ Aﬁ 11% strain

- 0001 11-20
5.0 6.0 8.0 9.0
20(° )

Detector azimuthd (°)
w
?

O Quantify preferred orientations

Nishiyama et al, Geophys. Res. Lett., 2005 a With modeling: -> deformation
Merkel et al, Model. Sim. Mater. Sc. Eng. 2012 mechanisms
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Energy Dispersive configuration (NSLS, APS ID6)

1 EDS detector (X17B2 white beam) 4 EDS ; ‘;l

conical slit

compression
axis

specimen

~~~~~
-
- -~ .
-
~~~~~
-
-

ool
X-rays dhki ™ => Energy /

@® Not desirable for preferred orientations and in case of strong
grain recrystallisation and growth

Université
de Lille




Acoustic Emissions studies in
the LVP / outlook for EBS



Bin?od_al Dgpth
Earthquakes at depths - Distribution

Those after ca. 50 km depth
are not explained by friction
theories.

EARTHQUAKES PER YEAR

... are these earthquakes
induced somehow by

mineralogical reactions ?

(and how do we test for this
experimentally? )

AV = -6%

Green, 2007

Université
de Lille




Listening to rocks cracking under pressure:

LETTERS TO NATURE

as well as the temperature evoluti Iculated ing two
extreme cooling models (see Fig. 3 lcgcnd) The thermal h:sloncs
of the lava lakes are closer to the ductive curve ref
stagnant magma, Temperatures in Kilauea Iki depart from the
ideal conduction model after 1* ~0.0225, which may be due to
such observed processes as diapiric transfer of melt, crystal
settling or gas exsofution'. However, there is no significant
decrease of the interior temperature at early times, after the
main degassing event (#*==0.0045; ref. 21 and M. Mangam,
personal communication) or even after its complete cessation
(1*==0.013). Comparison of the experimental (Fig, 3a} and the
observed thermal (Fig, 3b) histories shows a remarkable similar-
ity in terms of the temporal constancy of the interior temperature,
‘This suggests the existence of a convective Jiquidus in the lava
lake that is apparently near the actual magmatic liquidus itself.
We suggest that it might not be the exsolution of gas thatimpedes
convection'”, but the advancement of the growing crust which
partitions from the magma the buoyancy necessary for con-
vection.

in a closed system, although convection may be vigorous at
the beginning of cooling and may be able to carry crystals into
the interior and evacuate the large amount of latent heat released
by the crysulhzmxon its intensity soon diminishes, Kinetic
effects are imp in i as has been stressed
in numerical modelling®. This is confirmed by recent
observations™?* that crystallization of plagioclase in the
Makaopuhi lava lake takes place at an undercooling of <107* °C.,
The present experiments suggest that a thermal equilibrium will
be achieved and the convective liguidus will be Jocked to the
liquidus itself, They also show lhat once the convective liquidus
is reached, ve y be negligible. This may also

18, Hele, R 1. n Magmadio Frocosses: Mpsico Frinciples Spae, ubn 1 (ad. Mysen, 3 0 241-288
(Geceimmistry Society, 1087).

19. Hatr, R Y. & Thaemzer, C. R Bt voicancl 49, 651-868 (19870

20 Hefz, & T, Geol Soo Am, B 101, $78-534 (1969,

21 Mangom, M. T, & Heiz, R T. £os 60, 1133 (1385)

22. Bandes 6. Jwpart, C. & AMgre, C. ) L gooophys Foa B9, 10161-10177 (1934).

23, Cashwan, KV, & Mush, B, 0. Coobr Anar. Fetral 99, 207-30% (1858),

24, Mactea, S, Amt 2 Sol (sctonited),

26, Peek, D. L, Mamdion, ML 5. & Shaw, i R Aw L Sol 217, Axsnruwn

26. Jupiel, G, Urardals, G & ADEg®. C, ) Malurs 308, 535-538

27. Tumar, 4 5. Weppert H E & Spaces, 85, 1 2 Aotrol 37, 397~ 431\]984"

28, Huppert, £ & Spavks, RS, 1 Conir. Miner. Petrcl 18, 279-289 (19800,

29, Carslew, L 5. 2 Degey, | C. Coshotion of Meat o Somus [Caandon Frass, Oaferd, 19591

ACKNOWEOGEMINTS. Wo thank Mack Smith ond Oew gu Berganlz for dsosseions, Resaind Hetx
2nd Nengaret Mangam for Gscussicns on the Hawalln |ava iy, ing Maxender Mo may e0d Soren
Tait for Ui raviews, This work Is supported Ty 930 NSF, NASA ing PGP (Framel

Acoustic emissions and shear
instabilities during phase
transformations in Si and

Ge at ultrahigh pressures
Charles Meade & Rlymolfd Jeanloz

Department of Geology and Geophysics, University of California, Barkeley,
California 94720, USA

ACOQUSTIC emisslons are commonly observed at low pressures as
they are characteristic of brittle deformation’?, Most solids are
ductile above a few gigapascals (GPa), and acoustic emissions
have not been recorded fmm sollds nho 5 (;P-. Here we destvlhe

explain the results of smdles‘n” lh.n show that the ealidif.

T FIG. 1 Oscllloscope treces of the acoustc emissions from digmaond.cell
samples. The emissions were recorded with an acoustic microphone placed
noar the diamend cell. The Si emissions (8) were datected on compression
at peak pressures of 20 GPa. The emisslons from Ge () were recorded on
decompression at peak pressures of 70GPa.

acoustic emissions: sudden release of elastic energy
taken as proxy for ««brittle-like»» events in the samples
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Deformation-DIA (HP-HT)
X

Synchrotron x-rays
X

acoustic emission (AE) recording

: — 6 preamplifiers
60 dB
5 raw
acoustic

data m%———-

amplified waveforms

TRIGGERED DATA - 6 channels
Digital oscilloscope sampling freq.= 50MHz
Rate ~ 16-60 events /s

<

Gasc et al, 2011
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Green, 2007
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(Mg, Fe),SiO, olivine requires too high pressures
-> use an iso-structural system (« analog »)
g
4.5
4 -
3.5 Y - Mg,GeO,

3,

Pressure (GPa)

25

5 |
15
1 a - Mg,GeO,

05

0 T T T T T \
600 800 1000 1200 1400 1600 1800

Temperature (°K)

Modified from Burnley and Green, 1991
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Back in the 1990---
Can we extend this to the mantle ?

“Strong ductile” “Brittle” “Weak ductile”

Pressure (GPa)

25

05

0 | |
600 800 1000 1200 1400 1600 1800

Temperature (°K)

Mechanical Boundaries from Burnley and Green, 1991,

based on microstructures
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Extending to higher pressures,
adding AE monitoring and recording o in real-time.

5 .
45 i . 7’ I . ’” éé . ’”
Strong ductile Brittle Weak ductile
© 4
G
= ] y
py 3.5
S
2 3
o
a 25
2 —
15 @ O
1 |
0.5
0 w !
600 800 1000 1200 1400 1600 1800
Temperature (°K)
Mechanical Boundaries from Burnley and Green, 1991,
based on microstructures
Université
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Olivine to spinel transition
in Mg,GeO, system

Pre-sintered Ge-olivine, average grain size 30 microns, courtesy H.W. II Green
Effective mean stress (pressure) = 4 GPa(0.25)

973°K +/- 25 1173°K +/- 25
\ € =10-20%
1 to
o 0.4 P
] g
&
&
E
£ 25 l 032
) E ,
% B It
% ‘Et WC]v ‘.' v
2 - 0.2 3
s < .
g 2 £
3 S
[= &
0.1
v
15 . bot
0 10 20 30 40

Axial strain (%)

Schubnel et al, 2013
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Olivine to spinel transition
in Mg,GeO, system

Pre-sintered Ge-olivine, average grain size 30 microns, courtesy H.W. II Green
Effective mean stress (pressure) = 4 GPa(0.25)

973°K +/- 25 1173°K +/- 25
5 € =20-25%
| to
- - i 04 p
1 £
£
]
E
£ 25 l 032
< e
2 5 [
= g WC1 - ",
% =
2 - 0.2 3
5 & _
E 2 &
z =
a &
0.1
v
1.5 0 bot
0 10 20 30 40

Axial strain (%)

Schubnel et al, 2013
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Olivine to spinel transition
in Mg,GeO, system

Pre-sintered Ge-olivine, average grain size 30 microns, courtesy H.W. II Green
Effective mean stress (pressure) = 4 GPa(0.25)

N
W

N

Deviatoric Stress (GPa)

1,5
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973°K +/- 25

1173°K +/- 25

10

s

20 30
Axial strain (%)

Schubnel et al, 2013
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- 0.1

Relative AE Energy release rate (min

€ =25-30%
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Olivine to spinel transition
in Mg,GeO, system

Pre-sintered Ge-olivine, average grain size 30 microns, courtesy H.W. II Green
Effective mean stress (pressure) = 4 GPa(0.25)

N
W

N

Deviatoric Stress (GPa)

1,5
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973°K +/- 25

1173°K +/- 25

10

s

20 30
Axial strain (%)

Schubnel et al, 2013

40

- 0.4

- 0.1

Relative AE Energy release rate (min

€ =30-35%
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Sources characteristics

Moment Tensor inversion for 42 largest AE events (unclipped):
d 90 % Shear, i.e. less than 10% volumetric component

k=1 Explosion

Double Couple

+CLVD
10 t=1

(1,-5/9)

k - isotropic component
t - deviatoric component

k=-1 Implosion ellipsoid error bar
(0-1)

Schubnel et al, 2013
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AE statistics (continuous recording)

Duration (useconds)
0 500 1000 1500 2000 2500 3000 3500

AE#89. Mw ~ 4
To=18:36:15.199

L
o
= AE#65, Mw ~ 3
%_ To=18:34:35.576 —_—
e — @ DI247-4GPa
=5 | — [} DI253 - 2GPa
) 2
. AE#46, Mw ~ 2 S 100 e
— " % \,
= To=18:33:04.823 e :
O Upscaling ?
1 0
~ =
AE#125, Mw =1 > 10
'l To=18:39:39.829
AE#6, Mw ~ 0

o - . 1 i :
To=18:25:59.663 KMw<l  KMw< KMws3  X<Mwd

Relative magnitude (Mw)

Schubnel et al, 2013
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Mineralogical reactions in the downgoing slab
and intermediate depth seismicity:--

[ Several rocks types

investigated:-- 45
A Incel et al, 2017: AE are

not specifically associated

with a major fluid release §z *

(ie. lws breakdown). 2 5 5
A Ferrand et al, 2017: AE in 2% 5

dehydrating serpentinites

occur for specific ’

compositions and are due -

to a stress transfer at

grain scales. :
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1. cluster of AEs

2. cluster of AEs
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