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Chapter 1. General introduction and background



Heterogeneity and anisotropy in the deep mantle

In a onedimentional Earth model such as PREM (the preliminary Reference Earth
Model) (Dziewonski and Andson, 1981), a vertical transverse isotrdparthwas assumed.
However, mantle is under severconvection, whichindicates chemical or temperature
deviations from thdnomogeneousnodel. The lateral variation can be detected by seismic
probing as seismic kerogeneitiesDuring themantleflow, elastically anisotropic minerals
tend to align in certain directisnSeismic velocity observation on this region will turn out
to be direction dependent which referred to as seismic anisotropies.

Seismic tomographyis the most commonly used technique to infer velocity
heterogeneity in the deep mantle. Over the last three decades of work, seismic tomography
has produced longravelength features amdsomany detailed structures (e.g. Masters et al.,
2000; Romanowicz2003; Trampert and Van der Hilst, 200bhe most prominerfeatures
of tomographic imagesithe transition zone is the presence of higlocity anomalies in
the broad regions associated with the subducted slabs (e.g. Fukao 2€081.2013
Romanowicz 2003; Zhao, 2004However, corresponding to the subduction region, -high
velocity region was also observed in the bottom of the lower mantle, which may suggest that
the stagnated slabs ultimately sink to the bottom of the m@nte Grand, 1994; van de
Hilst et al., 1997)In addition, stagrt#gon and broadening of subducting slab in the shallow
lower mantle was also observed under South America and Indonesia (Fukao et al., 2013; Li
et al., 2008)Two large low shear wave velocity provisdgL SVP) coresponthg to the
location of surface hotspots were found at the bottom of lower mantebeneath the south

Pacific and another beneath Afri@g. Garnero, 2000; McNutt, 1908t is considered tha



LLSVP is the origin of upwelling plues. In additionto the large scaled heterogeneitias,
number of seismic reflectors have been discovered beneath the-&leatific region in the
mid-mantle from 800 to 1800 km depthesd.Kaneshima and Helffrich, 1999, 2003; Castle
and Creager, 1999; Niu et al., 2008dently reviewed by Kaneshima, 2016).

Very little is known about the nature of seismic anisotropy in the deep mantle before as
the limitation of seismologyAs the improvement of resolution using overtones of surface
waves or free oscillationdoth polaization anisotropyand azimuthal anisotropyn the
mantle transition zone was observelloqtagner and Kennett, 196@2anning and
Romanowicz, 2006; Visser et al., 2008he Swave tomography of the whole mantle
showed the high association of seismic anggmt with subducted slabs (Panning and
Romanowicz, 2006)The majority of the lower mantle is devoid of anisotropy (Mead et al.,
1995 except significant anisotromyb s er ved i n the | ower most man
et al., 1995; Garnero et al., 200Fhe presence of seismic anisotropy in mantle transition
zone and Dn | ayer i s b Edlisiansfsubdudied slabsaylead b ound a i
to deformatbn with higher stress and straMdNamara et al., 2002However, Panning and
Romanowicz( 2 0 0 4) reported highly wvariabl e anisot
Pacific region and central Péciregion.

The heterogeneity in seismic wave velocitiesudtl due to the variation of the physical
environment (mainly temperature) and/or chemical composi#enthe most important
dynamic process which recysleceanic crust into the Earth, slab subduction brig
thermal and compositional anomalies i@ mantle. Therefore, subducted slabs are the

most potential source of observed heterogenelBgxonsidering the effect of temperature



and composition, origin of the seismic heterogeneity can be understood. Vice versa, origin
of the anomalies is critat for us to better understanding of the evolution of the Earth.

Seismic anisotropy can be caused by layered structure of elastically distinct materials
(shape preferred orientation, SPO), or lattice preferred orientation (LPO) of elastically
anisotropicminerals. In both cases, the nature of anisotropy is highly depead the
geometry of deformation, combing with the property of minerals. Therefore, we can infer
the deformation geometry in the Eaftom the deformation mechanisof constituting
minerals andobservedseismic aisotropy In the recent years, important progress has been
made by experimental studies (e.g. Jung and Karato, 2001; Ohuchi et al., 2015; Tsujino et
al., 2016) and numerical modeling (e.g. Wankl Van Houtte, 200Mainprice etal., 2008
on the variation of LPO under mantle conditions.
Theoretical background of plastic deformation

Att he high pressure and hi gh tatgomg mimesals ur e
are dominated bplastic deformation includindislocationcreep and diffusion creeffhe
plastic properties of a mineral are expressed in terms of relationship betweenisizess (
strain J or strainrate)k nown as fiflow | owo:

- — 0—Agb— (1.1)

wheret is time,Ais a constant dependent on the material and the particular creep mechanism,
d is the grain sizen andm are the stress and grain size exponents dependent on the creep
mechanismH is the activation energ\R is the ideal gas constant, amds the absolute
temperature.

Dislocation creep is plastic deformation oaedtby a collective motion of line defects

4



as crystal dislocations witl=~3-6 andm=0in Eg. 1.1 The rate of deformation is controlled

by dislocation densitgnd the velocity of disication motionDeformation occugby motions

of dislocations including dislocation glide on a given glide plane and dislocation climb out
of its glide planeTheoretical model proposed by Weertman (1968) was widely used in which
plastic strain is producedostly by dislocation glide whereas ttage controlling process is
dislocationclimb (e.g. Kohlstedt, 2006)he slowest diffusing species in minerals comstrol
the rateof plastic deformation involving the climiontrolled dislocation creep (e.g., Kirby

and Raleigh, 1973), sbé creep rate is described as Wean mode(Weertman, 1968)

- oA - — - (1.2)

T
wherep is the shear modulus is the stressD is the diffusion coefficiet) g is the molar
volume, and is the burgers vectolg is the glidedistance, antt is the climb distance. The

ratio of Ig/ic is one of the important parameters to describe the dislocation creep in the
Weertman model.

In dislocation creep region, naandom distribution of crystallographic orientation of
grains,LPO, develo during deformationLPO of elastically anisotropic minerals leads to
the seismic anisotropy by seismological observations. Based on the distribution of
anisotropic microstructuras the Earthdislocation creepvas demonstratedominatesn
certain regions in the mantle undelatively high stress and/or large grain simaditions as
in the boundary layers (Karato, 1998; Karato and Wu, 1998)the other hand, it
experimentalunderstanding the mechanism of forming LPO, we can infer the dynamic
process in Earth based on geophysical observations of anisotropic properties.

In diffusion creep region,eformation occugby transportation of individual atoms due

5



to thermally activate process. Different from dislocation creep, plastic deformation in
diffusion creep is inversely proportional to grain size and weakly depeéod applied stress
with n=1 andm=~2-3 in Eq. 1.1The rate of deformation due to diffusive mass transport is
sensitive to diffusion coefficientStrain rate is described as follo\ildabaro, 1948;Herring,
1950; Coble, 196Frostand Ashby, 1982):
- 0,—— (1.3)

WhereD®" is the effective diffusion coefficient.Diffusion aeep is considered to play an
important role when stress is low with small grain sR2#éferent from dislocation creep,
diffusional mass transport does not have a rotational component, and no LPO will develop
consequently in the diffusion creep regibmifusion creep will be dominant in the large parts
of mantle (e.gElliott, 1973;Karato and Li, 1992 One important evidence for inference of
diffusion creep in the mantle is the absence of strong LPO despite large strain (Karato et al.,
1995).
Experimeral approach to mantle rheology

Experimental determination tie rheological properties is important for understanding
the deformationpr oc es s o f intdridr. eThere aare tmaidly two experimental
approachksto obtain the rheological properties: deeleformation experiments atfie other
is diffusion experimentsBecause plastic deformation occurs via a thermally activated
motion of defectsit is very sensitive to temperature, pressure and chemical environment
(such as water fugacity, oxgéugacity) and grain size (Karato, 2088 For example, LPO
in olivine was revealetb vary inpressure, temperaturand water conter(e.g. Raterron et
al. 2007; Katayama and Karato, 2006; Jung and Karato,)20bkrefore &boratory

6



experiments correspondingttee real mantle conditions are critical to application to the Earth.
Rheological properties that we need to know for geodynamical applications include the
relationship between the creep strength (flow Jamjcrostructures and physical and
chemical condibns.

By deformation experimenttheflow law (Eg. 1.1)can be obtainedith measuring the
strain rate and stregKarato, 2008). Microstructurs including grain size, grain shapad
LPO provide us remarkable informatio®ut for deformation experimesit extending the
pressure range of deformation apparatdprecisely determiation ofthe deviatoric stress
are the biggesthallengingto assess the whole mantle rheolo§gpropriate highpressure
deformation apparatus must meet several conditiortsigh)strength of differential rams to
support the high differential stress; 2) stress and strain need to be applied with a controlled
fashion so that we can determine the stestedt{e rheological properties; 3) uniform and
stable thermal chemical condit®such as temperature, pressure, water fugacity etc.; 4) large
sample value allows evaluation of effects of grain size on flow properties (e.g. &G,
Wang et al., 2010

Many pioneering works have been done with Griggs apparatus (Heard et72l), 19
which was modified after pistecylinder type high pressure apparatus. But the applicability
of this apparatus is limited because the stness measured outside the pressure vessel with
large uncertaintied.ater, a gasnedium high pressure deformatiapparatus was designed
by Paterson(Paterson, 1990yvith high resolution in stress measurement (e.g. Mei and
Kohlstedt, 2000). Because of the gas pressure medium, the confining pressure was limited to

~0.5 GPa. Diamond anvil cell (DAC) was used atterapesxtending the pressure range for



deformation experiments (Kinsland and Bassett, 1977; Sung et al., T8&/approach has
recently been expanded to higher presswerseeds 200 GPand widely used for

deformation of deep mantle mineréésg.Mao et &, 1998;Wenk et al., 2004)However,

most of the DAC experiments were conducted at low temperatures and high stresses where

deformation mechanisms are likely different from those operating in Earth. The better
approach is to use larg@lume high presser apparatus. Recently, three types of
deformation apparatus have been designed,ro&tional Drickmer apparatus (RDA)
(Yamazaki and Karato, 20Q-eformationDIA (Wang et al., 2003and recently developed
DT-CupapparatugHunt et al., 2014)The availble pressure and temperature conditions of
RDA and DFCup reached lower mantle depth recently (Girard et al., 2016; Chapter 4,
current thesis)These apparatus were utilized combining wighchrotronwith which stress

and strain can be obtained to buila the flow law (Li et al., 2004; Chen et al., 2006).

The other independent method to study the rheology of mantle minerals is diffusion
experimentsin diffusion creep and climbontrolled dislocation creep region, deformation
rate is controlled by atoimdiffusion ofthe slowest diffusion speci€¢gq. 1.24) (e.g.Jaoul
et al., 198). If the diffusion coefficient of the slowest diffusion species are determined, the
creep rats of diffusion creep and climtontrolled dislocation creep can be estimaiduk

experimental measurement of diffusion coefficients can be performediusngt opi ¢

trac

met hod over a wide pressudef faemsle nteesnapeir at @ h

deformation experi ment can be avamifddisd son
e X p e r iUmto nldtes diffusion coefficients abnstituting elements idominant mantle

mineralshave beenleterminede.g. Dohmen et al., 2003himojuku et al., 20QXu et al.,

t he



2011; Fei et al., 2013).

Il n this study, wee xcpenrdiunsatretds h dognit oheemad ii solno ¢ a
creep regime to observe LPO by meacnadneof hig
apipedt te i nt erspeiessmitcad omb soefr v a tiHe®rogeneity andes cr i b
anisotropy in the deep mandlsectian to understand the flow pattern in the mantle transition
zone.We also conductedeformation experimentsn the analogue of seifertitetPbQ, to
clarify the contribution of Si@phase to the observed seismic anisotropy in thgaizer
(Chapter 2). For the estimation of thiesoosity of seismic reflectpiwe determined the
diffusivities of constituting spees of stishovite because fdiivity controls viscogy in both
of diffusion creep and climb dominateatislocaton creepas mentined in fiTheoretical
background of plastic deformatiorsection. Based on the estimation of viscosity, we
discussdthe preservation of seismic reflector wiimay & dominant with Sigcomponent
(Chapter 3). Finally, we technically developed defdrameexperiment at highpressiremore
than 2 GPa to study the rheology lofver mantle mineralsAfter developing we apply this
technque to defam postspinel andbridgmanite twelayer sample to understand the

mechanism of slab stagnation at mi@ntle deptk (Chapter 4)
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Abstract

Alhtough the majorityalbifyqitecegst mamgl sei smsei |
was observed in the boundary | ayers, i.e. ma
(Bl ayer )cowhd chhe e« aluatetdi e prheLP®Off edomst iend tait
mi ner al s. Whvaalvee maomibigeva @ hyt h® hi gh associ at
ani sotropy with subduwctdadnesnit absMORBhd ayeh du c:
entrained pri mdrighiadh ,c owmhiicnhe nwisl larbee st abl e
UPbLOstructure (seilferti amgi tiinpnatyheeo nrmarnags @ e Ot |
Stishovite and seifertite shbey savamti rdii lcuatndg ta
the observed sartexmB8occ®a rciosmptorneepnyt s acWiutnhul at ed
under st hadimesgnh alny wwafdr mPd, we can infer the
Sio@Oi ch componéloiveven, mahel Enowl edge of LPO o
devel oped at high pressure and high temperat
sei smircopyn.i sot

Il n this study, def or mat i ons ienxtpeerreidnesnttiss hwoevr
analogue OPbHeuengirdatAl appar atus at high pr
t emperL®tOsr aver e | de nbtaicfkisecda tbtye re ldeicftdmahnett wa n  me
di nseonalayXdifffTrhretmosnt dominant slip system I
sugtged t o be [D0QQ]( 0{1101)0 } Trbgesud edatiizvae liyoon ani sot
faster vert iwaaddl syeipod e rli zveedr Smaniti he dchaeémes i t i c
vertical fl ow reBafe d hwictohnptohmea gt bdetthaggensa tdi o n

of sti shwvauviht éolraiyzeornt theel |folwew mantl e duwuansitic
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result WOGAbMBB@gebts the homliazyoenrt,alwhfilcohw wiars tchc

as dominant flow in the circum Pacifi-c regio
wave. This is inconsistent woiithonthal Isyeippol ar
wave. This indicates an absence nbfayémaygéhac

subducisreidchSicomponents may be trapped in the

as seismic reflectors and scatters.

19



2.1. Introduction

Altough the majority of deep mantle i s devo
was observed in the boundary | ayers, i.e. ma
(Bl ayerRBanrimg and Romanowi cz, )2I0h0ed,s e2 vCa&; V
seismic anisotropy could be caused by the LP
anisotropic, and the LPO can be formehde by def
presence of seismic ani sioglroplyl eat & hehdosanhda
process at the | ayer boundary (McNamara et
constituent mat er i al sThdwsdv ep |taoynso ga apihgn ioffi ct:
mantl e showed the hi ghopays swactiha tsiudond uocft esde issl naib

Romanowi clzhe 2900WBduct ed sl ab transports chemic

basalt (MORBnN midlge basalt) | ayers as far as
deep into the | owesreimamtcl oebs@asedatoononb¢ehaqg.

2013) and also mineralogical density esti mat
2009). They could significantly contribute t

mor e el asttrn aw@ipdaycemniwsd h surrounding mantl e.

Compared with the pyrolytic surrounding m
enric8ee® inR0 wvabD. % i n -MORBolan® i~B0sedi ment
Ri ngwood,r i ¥AN3; )et Jah@ o mEio9t9idon wi | | -thyepest abl
pol ymosphshhevite in the mantle transltion zo
PbX®i ke structure kngpwryeas (Geiofcdhrotl istke ien talhe,

al ., Kaowe8) .et palopocldlO® 9 hiptrheedatingd e & Iriotmad H jee
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ranodiorite (TTG), had been stagnated i n

«

domi nates morEhe¢ hlaomt t7d@mavwd r. %heulDd be more eni
due to the chemical reacti on vwvaintdh Jtelaenlloizgquild®

By first principle calculation, Kar ki et a
el asticiptryessfurbki plol ymbophgsd decseaseawi Aht pr
under deep mantl e condi pyoandhmawyg sitgonfyi ehat

to the observed sei smiomusamicsotel opgy.t yl memamtrie

(@]
—

ystal of stwaswe vodlea rriezveetailcerd &ni sotropy as

opagating al omg( Ydhree kal 10t> ali.r,ec20102) . There

©
—

and seifertite accumul atenl agethé@abowehmighams
contribute to the oWistehr vuendd esresi tsami dci nagn i tshoet r noepc

LPO i s foameidnf eve t hSe >Cfdnmpw mpearntttserannd fsubduct e

Probably the most practical and effective
and seifertite is direct observation of mi c
samprleecsovered from | arge strain detftostmptt i on

i nvestigate theColkROed¢A0dsitaianddn oTve xtiee r and Cor
condudteed t r e sesx preerbivagxeimapge | dayvweil t | anvialt a@par at
GPa andC.1h3 atn s migdsesd tmino n o Ddeey vat idors loofcat i on s
stishodedbeeys!| i p sy s heObOfhlielr ect i odantdi{21B¢ {100
pl a®as t he ot her hand, variouasares| aptidvateed | at
pressure and room temperature during uniaxi a

et al ., 2014) . There i s no consensus on the
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| ack wobnwebl |l ed def ot matigbhn pexegsuirmemingl d&i gh
the other hand, because the seifertite is ol
temperatures higher than 2500 K (Grochol ski
the rheol ogi cramhatfieoant uarte hbiyg hd epffroessur e and hi
i nvestigation on the fabric on seifertite un
I n t his studw,hrewe tgpdsactoefd def or mati on
def ormation (compressional andgtisehevobhal at a
pressure and high temperature to obtain LPO
proceBPeformati obbPeQpehi cnent soan anal ogue of
|l ow pressure, was conkPon@plalsd.o Bha dyl it es yf satb
pattern strongly depend on crystal structure

the fabri cUPbevaed optesdansdheapphjiaeydert.o t he D

2.2. Experimental procedure

2.2.1. Starting materials

To avoid | ar ge def ormati on during compr e
aggregates ofUPdDOWeshe-¢ ipm &h easnidz e d as starting
def ormation experiments. Al | synthesis exper
t empuerreati n #HlypeKanwaditi anvi l apparatus i nst al
Materials, OkayamMmaOuUbsh-pE€ctsahgdr d awiamh a 18 m
edge |l ength and WC cubes with 11 mnf oorr 15 n

synthesi shoftRit@ggndgazlas ani ), respectively
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To synt kaaniterwedl Isti shovite, we compressed
gel powder wrapped with platinum capsule to
hour. &llenamomunt of water will pred montaes dprakierd
at 10f0c0r ~10 hours the rranoev®d 4 ihlei svatgel [Fgut i
at 473 K in a vacuum oven to minimize the Vv
exepr i nMiehnet .si ntered stisdovitedswmphesa wWeneaete
ultrasonic coring mhchkrne dafmunf sd niceidx aMi t ce fao
e X p e r i Foreshearsdeformation experiments, stishovite aggregates wezd alican

angleof 4%, respect to the0dnythndknesas. axis with

The commexpoiwadlerPbv@ds further ground down t
materi al of syntiRe&igsyr exme reipnoewittle ef dvb @pped w
pl atinumasapeplkienata 47a3cukum oven to minimize I
before thedPbdpegriemeanttes was synthesized at 5
The sampl edsr iwelreed cwirteh a di ameter of 2.0 mm |

sliced at mespeglt etoftHB&Acyl i nad50mc.al axi s wi

2.2.2. Deformation experiment

Deformation experi menbDIsA wteype caoppaircd teuds w( W
2003) . Two differenti al rams introduced i n
indpendent control of t ha dinfdfeer ewntgiha lc osntfri aniin
As showmn 2 ,n-8Fhtey.pbe def or IMa2tdinowt ycpeall It i¢adnlivig .|

a s s e,mMishihara, 2008; Tsujino et al., 2016 e i gttt agecacmadvi | s wi th
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Fig.C@nfli guration o$ymthésias §@inb &ikResd
aggr e(ghat.es

octahedr al shape pressur e medi um, was appl
def or mallPiben-660f ype cel | 2. #ssehkibdlyi yaFmay . et al .,
tungsten carbide (WC) anvils witAs cubecbertrte
hydrostatic condition with morsec oanpwirlesd oo mgr
MAB type ce8 It,ypeheceMAG6 hag nlgdglanpagesworfegene
Def ormation of stishovite

We <conducted deformatiidme exXxpehiignenpse oqnurs
temper at uDleA utsypmeg @Oppar-at usi (SPEEDe dMKa't Bl 04
Japan. We performed deformation experiments
and A GRrdsure medium of sesintered 5 wi Cr.Os-doped MgO octahedra with
10 mm edge length were compressed by tungsten cali@g ubes with 5 mm truncation

edge lengthThe crosssections of cell assemblies for deformation experiments are shown in
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WC anvil

__ pressure medium D
with sample column

gasket

{}

Fig.2chemati ¢8 sha)w ayp)é&6tassembl y for

Fig.23.Hi gh t emper at urneg waa slhag@in@r adaed was moni t
Wo7RewW;sResdt her mocoupl e whose junction was sei
was used as el ectrode dhetawemant hWC uann vaixlisa | a ndde
experiments,dwamoaswewi SBDhas repdi st ons, and Re fo
the direct contact bet ween sample and SD pi
def or mati on eZ2 Ren)ihengheat deforfhdtion gexperiments, we cut the
el lipsoid sltiwoedhadfvesampl e ntse@ert the2 Bbati num
The samples were sandwi c#58dcoby twspatumtoathp
axi s. I n both cell s, porous crushable al umi:r
sampguecompressi on at room temperatur e.

We condetobedati on experiments by both adva
rams after compression to the target pressur

(16A0D. For def or matnitdind ffbeyr eandtviaanlc er ams, whi ch
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simple shear deformation experiment (

during compression, we I|ifted the differenti
to the differenti adne atnhsi rudn toi fl Sukhbee gnuaei and sraaf ne 3l |

the defwermatecomducted with a constahtiagdvanc

first, the | oads of differenti al rams rapidl
MN) with insufficient movement of di ®pl aceme
di fferenti al rams increased by elastic defor
apparatus. Pl astic deformation is thought to
di fferenti al ram efficiently omovdcedf owintalt i ®Ini
retraction of differential rams, we advanced
the cubic space after interbereomer am dai $gama
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Fi 4 . Loads and di spl acement s of upap
def drimeéh st ibsyh oavdiviaen c e men't (a)ramg. r ¢
di fferenti al ram was adegna/nntiend. wWi-bt phmE
retractend wiorh 22000nst ant speed in 50 m

| oads of di fferenti alofr amasi nwerraem a(rlo.u3n dMN)n el
compress2i 4bh) (Frge differenti al rams were ret
order to deform the sample. The differenti al
whi ch the di fcfheerde natti atlh er aemsd rpecas i t i on. The i
the | argely drop of differenti al rams | oads
apparatus, deff ooemawnin odumwionmdg dnhi s st age. I n t
by batalctrieotn and advancement of differential
experi ment was conducted by advancement of d
Def or malPbanh of

We conducted deformation experi menACat pre
in the st &PbfDivayi &iAlke dnoafo, 1980). This tempe
of meltingTn eopé BeDeche!l 6Kk)i, ewh iatdpha riash Ockoh e
ratio of atemper mppay emMhdRi.®ompogiLuiooert al ., 2
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Shear deformat ilPbLegprea danteend sweme pteyper med
mul tianvil apparatus (KATBJyyi Matall atdsaf{ NI ah
Tsujino et al ., 2016). WC anvils with a trun
medi um -9f ntseme d-Oxd owpte.d% MGrO wi th 8 mm edge | e
generate high -peetsisamédf asbBenbbysfor def or msa
was showh 5i.n Thieg.el |l i psoid slice of sample w
platinum foil as strain marker. The sampl es
45A cut respect. thhi ghet emgeématrircalwasxigener at
and was monioVReeW,Reohhar Wocoupl e which were
eaohher via the platinum capsul e.
Sheafodmati on é&®pOveirmnee nctosndounct ed byladvanc
rams after compression and heating. Wame wit

|l i fted the differential rams before defor mat

MgO+
Cr,04
- Graphite
[ ] meo
TC
Zro,
Dense
Al,O,
N «evo,
— - pt
2 mm

Fi 85 Configur at inbnl ioebsh efadirl d at e e ma t PO
with 6-6 type cell assembly
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otUPbtby advanceamst of D

until the | oadsthieadhofBbobeée maibrequaemtli add y( O
def or mati on were conducted with a 6ondtanhga
def or mati on, |l oad of diff erlelmadu@h tra@ampmsr amcsle
some sluggish during defoomdutctbed whehdafonm

After deformati on, s a nspel geuse nwd rad | yu edrecchoandp r
controlling t he di fferenti al ram position

decompression. Il n the wuni alxduwullatdeedf otrhmea td tornaie

(@]

hange of sample | engths before and after det
experi ments, strain was estimated from the r
| ocat ed pethpseaddiremn.l aWwWe tsoi mply cal cul ated the
with total strain and duration of the deform

during deformation.
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2.2.3. Microstructure analysis

After experiments, the r eweoveerseed aurmitaexdi alr o
parts and then polished parall el or perpend
epoxy resin. Shear def ormation <cell was dir
paral |l el to the shear di relte i sam@mlhaels swenrne

sequentsiianlgl ySi C sand paper s and di amond p a
suspensi obhhteophgmbeal |.y Wea mangwels tsiugraftaecde t he
o f recovered samples by miieldads ciiEM,siBBEOLs c an
JSMOOF) with electron back$bleR® eaf ddtfifghaacviitc
UPbvas evhiomtede EBSD plak Vaecrcred ea attd iome dv od tt
5.MAprobe TherEBESED padeaeaeds wEZelAANNEKshof t war e

(Oxford i nstTrhuememeass urletmde.nN)t s were perfor med
scagnwnth a3ecmameg ofddxing of EBSD patterns
pol i shed s dipides steocot isconf.t t o be wetlhe ploRQO she
usi ng -dihme rt svioon a l (2D)yamodothramatd@D-Xatterr
ray diffraction pattern was obtained using t
=0. 19nbc2noc hr ormeaytd c( Xet o et al . ;8,2Q=a%)anat TBIle

sammwlasmeasur eddwi ¢t itdhre perpendiculamedro t he

nor mal di otealge i dnr e c triaoyn lfofa mt. h e@pX ) c al par ami
including camera | engt h, pi xel shape of cam
st anthaer ddwmensi onal (2D) diffraatibemampasti zer o

200 Omli 100 Om for 15 min using an imaging pl
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Fig. 2.7. Schematicshowingof the twadimensional Xray diffraction measurement se

up.

FUJI BASe&2d®®m0 under a resolution of 100 Oml
using the soboR&ce Ppack Sgeamd eMALBDtL t, eR®OtL21)) et

200b7y) si mulating the obtained the 2D dat a.

2.3. Reallt

2.3.1. Result of deformation experiment on stishovite

Therecovered samples after uniaxial deformation experiments by the advancement of
the differential rams showed elongatialong the cylindrical axis as a tensional geometry
(hereafter, we <cal l it A8t typa cell assembly, wherda® r mat i
samples deformed by retraction of differential rams showed shortening along the cylindrical

axis as a compressiorgle o met ry (hereafter, we cal l It nc

inconsistence between the movement of differential ramhsemulted deformation geometry
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may be due to the flow of gasket and pressure medium between the anvils. As shown in Fig.

2.8a, tre material tend to flow from the horizontal anvil gaps to vertical anvils gaps with the

advancement of top and bottom anvils. This flow will drive the tension of the sample column

which was located at the center of the pressure medium, and vice versadasth of

retraction of differential rams (Fig.8b).

Results of deformation experiments were summarized in TalBleThe uniaxial

tensional experiments were performed with strair-@f.25 (M1462), 0.33 (M1436) and 0.43

(M1395) corresponding to strarate of-~1.39x10* s, 0.96x10* s?, and, 1.3810* s?

respectively. Strain and strain rate of uniaxial compression experiments (M1515) were

calculated to b&~0.1 and-~0.42x10* s, respectively. The strain of shear deformation
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Table 2.1
Experimental conditions and results.

Run NO¥ Deformation Assembly  Strain  Averaged gainrate (s")°
geometry
M1395 Tension a a=0.43 -=1.36x10"
M1515 Compression a a=0.1 -=0.42x10"
M1436 Tension a a=0.33 -=0.9%6x10*
M1462 Tension a a=0.25 -=1.39x10*
M1397 Simple shear b 2%0 [ =2.90x10*

# All the experiments were conducted at 12 GPa and 1600

" The cell assembly a and b represent the assemblies shoftieddra andFig. 2.3b
respectively.

8 Strain rate was calculated with the time of deformation stage.

experiment \as estimated to lre-1 from the rotation of strain marker to °48d strain rate
isf ~2.90x10* s (M1397).

Fig. 2.9 (a-g) shows the microstructure of synthesized and deformed samples. Before
deformation, he sampleshows equigranular texture with graize of 51017 m (Fig.2.9a).
After tensional deformation, the original cylindrical shaped stishovite aggregates changed to
inverse barrelike shape (Fig2.9b), whereas, the compressional deformed sample changed
to barrellike shape (Fig.2.9d). The mcrostructure of recovered samples show
protomylonitic structures with large porphyloclastsl® m) and small recrystallized grains
(~17 m, Fig.2.9c, e, g). The dominant deformation mechansoonsidered to be dislocation
creep because the dynamecrystallization were observed in all the samples.

The pole figures and inverse pole figures of synthesized and tensional, compressional

and shear deformed samples are shown in E@0. The patterns of sample before
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(a) Syntheszied

(b) M1462 (c) M1462

(d) M1515

(g) M1397

Fig.Representative secondary electron
synthesized stishovite (a), uni axi al
compressi otn (exk peenmrd men M1515) and si m
and g, M1397). The sampl es rweatei srecan

nor mal
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deformation indicated crystal orietion with almost random distribution (Fig-10a).
Results of tensional experiments (FRJ10b, ¢ and d) showed that the [001] axes are
preferentially subparallel to the elongation direction. Both the <100> and <110> axes lie on
the plane normal to théamgation directionln the inverse pole figures, the uniaxial tension
direction concentrates near the [001] axes position. The pole figure of compressional
deformation experiment (Fig-10e) shows little concentration of the <100> or <110> axes,
but the[001] axes is oriented on the plane normal to the compression direction. Also
indicated by the inverse pole figure, the direction normal to the compressional direction
concentrate on the [001] axes. The uniag@hpression direction distributes both <100>

and <110> axis and does not show obvious preference.

Pole figure Inverse pole figure
Tension/compression Tension/compression
<100> <110> [001] normal dlrectlon direction

001
(a)
Synthe
-sized
‘ ‘ Q Tension direction
' . OTenslon direction
(d)
M1395
£=0.43 Tension dlrectlon

(b)
M1462
£=0.25

éwNH

Compression direction

V'V
hE
v
V
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<100> <110> [001]

Shear direction Shear plane normal
001 00 :

= :

= 2

3

Shear sense
4
110
a=153.3° a=63.3° Mud

(g) Min: 0.36

M1397
y=1.0

Max: 1.87

Mud

Fi3yg. POl e figures and inverse pole figh
equal area upper hemi spheres projectio
experiment (b, M1462; c, M1436; d, M1 3
and simple shear deformed (e, MA39TA.
the direction perpendicular to the | on
directiokki1parahA)ebr (UpeAH.petindi ¢tonhagr aki s
direction wemMNeotal & & aeh dir c@@)gentrati on
in the inverse figure perpendicul ar tc
from ot hweirdt hAamfdaRd ustMwmassiuzedoff ot 0pl ¢
(same copbHiedohsrapurrent chapter)

The pole figure of shear deformation experiment (M1397,Fi@f) shows significant
concentration of the [001] axes subparallel to the long axis of strain ellipsoid, which was
calculated to b& 5 3 Aor r=1 (broken line in Fig2.10f). Both the <100> and <110> axes
concentrated on the plane perpendicular to the long axis of strain ellipsoid. The strong
concentration of the [001] axes parallel to the long axis of the strain ellipsoid was also shown
in the inverse pole figure (Fig2.10g). The inverse pole figure plotted for the direction
perpendicular to the long axis of strain ellipsoid showed obviously that the concentration of
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<110> axes is the highest amaathe crystallographic axes.

232.Resultof defor mati onPb®xperi ment on U

Microstructure of UPbQ aggregate recovered from synthesis and deformation
experiments are shownkig. 2.11. The synthesized sample shows equigranular texture with
grain size ofl0-20 pm Fig. 2.11a). Initially, sampge was polished with alumina piston as
shown inFig. 2.11b, c and d The dense ADs was largely advanced with deformation and
extrude the sample out. Tgeometry of strain markehows that the sample was deformed
nearly homogeneously at the scale ofgdme t hi ¢ k n e s~4.3 amd strdin ragetof ai n o f
[ ~4.3x10* s1. The large difference in hardness between aluminalBRHQ: makes the
sample very challenging to be well polished (Fig. 2.11c an&uw}hermore, the polished
grains turn to be claer of small grains compared with the relatively well kept unpolished
grains.We repolished PbQ: sampleafter separation fronalumina pistondor further
EBSD measuremeifFig. 2.11e and)f All the grains were polished with showing serrated
grain bounaries (Fig. 2.11e andf). Small grains withstraight grain boundaries can be

observed in the large grain domains.

Fig. 2.12 showde pole figure and invergmle figure of deformed sample obtained
by EBSD measuremenBecause of the low quality of surlacondition, ~60% of the
measured data were indexedBbQ. The pole figure shows significant concentration of
the [010] direction subparallel to the shear pka normal direction. The [001] direction
preferred oriented along the shear directidilhthough more concentrated perpendicular to

shear direction ahshear plane normal direction, [100] direction tend to distribute on the
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FiBg. Representative secondary electro
of syntlRbSiazedand simple smeanrf, ®Dae

samples were sectionedamdrsaldeaerl ploanmne

shear plaaas a girdle. The inverse pole figure plotted for the shear direction and shear plane

normal direction showedoncentration of [001] and [01@]rection respectively.
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(a)

Shear direction Shear plane normal direction

NTX_" it

Mud

[100]

Fig.Pdle figures (a) and invelRkEpakbe
by EBRSDh equal area uppdhmehamirowlse i en
sense. Coordinati on oTfle scaarpdre oodimed I
of data points and the number i n th
distributiowmi tMudgf. 20 hAldnd cluster

contouring.

Fig. 2.13 shows the pole figure and inverse pole figure of deformed sample obtained
by 2D X-Ray diffraction methodwith ReciPro The [010] direction shows consistent
concentration with EBSD measurement with alinement along the shear plane normal
direction.However, [100] direction turns to be subparallel to the shear direction, which is
inconsistentvith the result indicated by the EBSD measurement. This discrepancy was also

shown in the inverse pole figure, with [100] direction conceetian the shear dection.As
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Fig.Pdle fimgdriesvdmade apol e fi ¢@b®dDt(ak
by 2mayY di ffraction using Reci Pro

shown inFig. 2.14 the CPO of the deformédP b :Grom the ReciPro and MAUD software
programs were confirmed to be sanBe coincident pattern from different algorithms used

in each program convince us thieulating process.

2.4. Discussion

2.4.1. Dominant slip system

The slip dhoeicte owasfdetesmined to be the
LPO formed by the tedi®dpnaHodeVver maasonhheéFI g

the compressional deformation experi ment, n ¢
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