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Abstract

We show that the structure and chemistry of grain boundaries in
natural rocks are comparable to those in advanced ceramic materi-
als. As a result of grain boundary migration, the Zener relationship
(log d,/d,, against log f,.; where d,, d,, and f,, are the grain sizes of
olivine and pyroxene, and the fraction of pyroxene, respectively)
measured in natural mylonite is remarkably similar to that observed
in synthetic fine-grained aggregates of olivine and pyroxene. Super-
plasticity of the fine-grained synthetic mineral aggregate was demon-
strated with observations of the same phase aggregation, dynamic
grain growth and development of crystallographic preferred orienta-
tion, all of which were consequences of grain boundary sliding. We
identify such processes in the natural rocks. We infer that similari-
ties between natural and synthetic rocks are a result of the common
behavior of grain boundaries in both materials. We conclude that
synthetic fine-grained mineral aggregates are good analogues for
polycrystalline rocks, and should be used to investigate grain bound-
ary processes in the interior of the Earth.

Keywords: grain boundary, polycrystalline material, sintering, rocks,
advanced ceramics
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Table 1. Comparison between rocks and advanced ceramics.

Advanced ceramics (774> EIIv 7 X)

Rock (&F)

Chemistry (b 2240 %)

Time (FZRZRERH])

Pressure (J&RZE77)

Phase (+H)

Typical Grain size CHif%)

Rates of deformation and reaction (ZEF% « it )

Pure (fif)
~Hours ($ZFFRH)
Normally 1 atm (Z<i3% E)

Impure (Rl %)
Millions of years GE %, 100 542 )
Mega-— to gigapascal (75E)

Few (4) Many (%)
0.1-1 pm 0.1-10 mm
Fast GEY) Slow GE\»)
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Fig. 1. Model of atomic structure in a polycrystalline ma-
terial. Atoms are represented by metal balls. Various types
of defects are reproduced. GB: grain boundary; TJ: triple
grain junction.
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Fig. 2. Structure and chemistry of an ol-
ivine grain boundary. (a) High-resolution
transmission electron microscopy (HR-
TEM) image of an olivine grain bound-
ary. (b) Plot of chemical composition (X-
ray intensity) against distance from an
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olivine grain boundary. Data from
STEM/EDX (scanning transmission
electron/energy dispersive X-ray) analy-
sis.

EOCKEARVICEAOREZMFEL LN L. B
WEMEIRIETE A D LHEMAERI L TH D, REBEDEE
LT #ER, Z2<DANCED TUXLUZ DRTORERICE L /272
Flaonhd Linisn, L UEARIZE, TR TFEn 5,
BOZTDHDDOIEANEEH L TS BB Lo 7.

3. 77 AVIFEREED

MO THS O REEERF & &, D LADEICITRS
M, T A HEAERREDICERL KD EEA. Ty
A2t IIv I AOMFBEEZDOYEICTRERE > N EE.
Fig. | 2S5 EEMICHMEIND 2 &1d, KFA7—ILTHE
Us 70t 22B0WTE, Ripd1 XHAaVhS g, 2o
TOtAFRLSTETT D, £ FOTORADEFILENC
Ko TH#ITT 255, KA CIHETBENBTH 0 JHFRkE
ABTNEEZZLENDZENS, KRFIEBOBENIRENTD
EMHIREE NS, Bl SRETEOSIRAEARIFHLHIC
Ko TH#ITT B5E, EROZEIG N TERE () 13RiEE (d)
XL

éoc 1/d? Q)

DRRERFD. 771 1T 2w 7 ZORERIZRH & FEITHI
Kb E4, 5 0.1 705 1 um ORIEZAT5DONEETH
5. pEIEIR T 2%, ToMkitickD, €539/ X T
HER T CTRERI ) —TENERIND LD IR TE
7o ®AHESEM T TEERE 1 mm OEADNREI L TH
HET 5. TOEAEERL 72 EIRE 1| um DAEAZ AR
T&ERETHE, QRXITEDLE, 1000 FEMNTTED
HiiEE 1 HOENER TEERRLD EWS B THETE
HAREMET 55 2.

INETOEBREGFEIBNT, BEEOOEREZDY
PEHIEIIEZ <frbN T/ Ei I, mEER ICBn
T, B XOfEIMENKET, £, KROEAITIZ
7wl EEDEERNE<EENTVWS. LENST, K
ROEAZDOEEZEBRITHNDDIL, EkEOWIERIEIC
EAEY Th 5. @, BAEmKREL, ThzEEE - &E
T CHEEED 2 OB EROFEATHS. VL - 7IViEH



382 A

kOB ERVWDEAEHH D, Lnl, BBERESSOICHE
L72hif% 0.1 um LU 0¥ 2152 Z ENRE Ch - 7= Bl
HI73 BRI L 24 SRRV 2 15 2 FED TR W SRR
LTWe& A, EHEID, BT AHINAT T D EHER
RE RO & A EEEFEIZ 7 DT 72 (Sano et al., 2006).
WEMS —EBRE> TR, ZOTEDL, F /91 XD
B2 ER T RGBS, 74IVAT 71 Mafssd. oh
ZEKETXL Y MEL, Z0%, BEZERHEZTIETTH
5. HERBIEEIE, HESENEICHEICAS TWHDT, &
EFCERBGIEIZ2 G LTLES. E2ANaXMHEER
BRTHDMEERETIE, FHES U <VHMEE (HE29) Ffs 07
WMTHD. FTOREKNL, FRNOREIFIINF—% FFLD &
T HHFENSBEREFHLEZBDTHS. FLIZESTE
HBMOW I ETIED DD, TABMD TSI GIET, K
S RETZERE 0.1 vol% LT O LS RENE SN 5.
TH+IWAT T MEARORFEE THhL2FH<T U 7IVA -
RS A B K U E MBI ZEHAS - KABIERT S A DFRE %2
o, A IR A RICED AL, I ITARBERSTEDE
Lisotz. HSRENF -DOBMEFINZFRL DFEBRETSH,
TIWNFT ENERWEEE T CARES NSk % LA S5
BEkz2E LB TE DX D100z R 25
DI LT, ML ILEA GO DOl &
75 2 ENAREIC /2 > TE /= (Koizumi et al., 2010). 4
DOWIFEETIE, HOORBRITHERGEHE R S % % i
THON[T26H L] THS.

4. KRR EHHEE

R U2 BEisE, MR ARSI BT 5 % 7 O,
MNLAR T DIERL, L CTRY O 2 & CTRUBSRTERICE
5. BEEDEKAT—IIcBNT, kit - Tl ¥—%
BRE TR EDE E 2. EHZAHR DS, H—H (-5
EBLWHH) ORIENHE AR T OFEICE > THEI N
DEEME N, 2O TOREEF—E =2 T TN
MR OIS G LB 2 BT AN AL E L TEL D
FAMTONTE. FHRTBEICHT2E > = > J1ER
X Fig. 30X S ICET LI NS, Kift - Fii T xR F—
EyEBLE, EXZ2IREDE

F

b
LXRIND. ZIT, BT OREEZ r £B<. Fp D
BAMEIZO =45°DEETHD, TOBOE KT 1T
NBHZODEZ 2T, BRI EE R, B kT
DIE(E— F) f BR OB AR T OBINERE (Q) ZHNT
yigR @)
LERIND. ZONDPE—HRITRREDERE ) (0c2yQ, / R)
EDDHS T EMS, FE—HRER & MR & B AR
HEOROMG, Er—HIE5N5.

R B

w = 7sinOX2 mr cos® = yrr sin 20 3)

AC;]:Ain =

;= (5)
TIT, PRERTHS. £, AMENA | um OB

HE 2017—6

Grain 1

- 00!
20

cf Direction of grain

boundary migration

Direction of grain
boundary migration

Grain 2

Fig. 3. Force balance at a grain boundary containing a par-
ticle of a secondary phase. v: grain boundary energy; 6: di-
rection of grain boundary
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Fig. 4. Scanning electron microscope (SEM) secondary electron images (SEI) of olivine-bearing aggregates. (a) Synthetic
forsterite + enstatite aggregates. Grey: forsterite (FO); blue: enstatite (EN). (b) Oman peridotite ultramylonite. Grey: olivine
(OLV); dark green: orthopyroxene (OPX); yellow green: clinopyroxene (CPX); red: spinel.
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Fig. 5. Plot of olivine grain size (dov) against grain size of
secondary phases (d;) normalized by f*°. Peridotite ultr-
amylonite data from Linckens et al. (2011) and Tasaka et
al. (2014); synthetic forsterite + enstatite data from Tasaka
and Hiraga (2013).
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Fig. 6. Tensile deformation experiment results (a) Sample
of forsterite + 10 vol.% periclase before tensile deforma-
tion. (b) Sample of forsterite + enstatite + diopside after
315% elongation. (¢) Sample of forsterite + 10 vol.% peri-
clase after 515% elongation. Results modified from Hiraga
et al. (2010a).
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ZER CECLE >/ (Fig. 6) (Hiraga et al., 2010a). 40
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n5.
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THEOMAEA L. M), FEORENS T AR SO
MEREEEO CLEo k. HOF CIAEBARIZSMMIN AT
BNG, EWIEBRINDN TSNS THD. THIVAT
T4 MRIFOEIEI OO LA —HL TN DD T,

HE 2017—6

Fig. 7. Microstructure of a deformed sample of forsterite +
enstatite + diopside, with tensile strain of 0.8. Tensile di-
rection is shown by the arrows. False colors: green, forst-
erite; blue, enstatite; pink, diopside.
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Fig. 8. Schematic illustration of grain-switching plus
phase-bonding model under the presence of a secondary
phase. Pairs of arrows indicate deformation direction. Pri-
mary mineral grains are colored green, and secondary
phases are blue. (1—2) A single switching provides colli-
sion of two grains of secondary phase. (2—3) Collided
grains coalesce to become a single grain during subse-
quent switching. (2—4) Collided grains are bonded with-
out coalescence during subsequent switching, resulting in
the development of an aggregated microstructure. Diagram
modified from Hiraga et al. (2013).

EEINIEL WS ENn 5. SARTHD &, BEBIEEREZD
Bt I Iy I APT, FERFEEET CICREENT
V7= (Maehara and Ohmori, 1987; Yang, 1992; Hiraga et
al., 2002a). Z#U3, Fig. 8 ® 1-2—4 TR N7 0t
A THEREIN D &EFE X 515 (Wilkinson and Caceres,
1984). HYAMAT FTIE, RS ITRDICKDKTF A1 v F
SUMNERITEC TS, FNE TN L TOZ Ak 7
IRl D EME A M CHWITE D EHEMICERT 2. E1
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Fig. 9. Mineral arrangements in ultramylonite reported by
Fliervoet et al. (1997). (a) Quartz. (b) Plagioclase. (c¢) K-
feldspar. (d) Biotite. Each mineral phase (black) tends to
be clustered with several grains at an angle almost perpen-
dicular to the rock foliation (modified after Hiraga et al.,
2013)
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Fig. 11. TEM and HRTEM images of a tabular (anisotro-
pic) forsterite grain, and its grain boundary. (a) TEM im-
age of a tabular forsterite grain with a straight grain
boundary. (b) HRTEM image of the forsterite grain bound-
ary indicated by the arrow in (a), showing that the straight
grain boundary corresponds to a low-index crystallograph-
ic plane grain boundary (GB) parallel to the (010) plane of
the forsterite grain. Figures modified after Miyazaki et al.
(2013).

STHIRL TLE > 72D Tdh 2 (Miyazaki et al., 2013).
IKFE SR AR A EN S N CWAUTIEE Y U — 7 F C CPO
MFEET 2 TR, KIEBIRL RN ET 2 KA (RRE
T=)BRUOLT v I AMEIDT V2 FTHENDILE
Z71)—7 T CPO FEDHR S 5 £ < BT % (Yoshiza-
wa et al., 2001). {KFEEUmKLR O FE DL NI O H
FBTH2OT, [KIEEUTKL R OFEEITR AR KR S 1
<, ZORER, TBIRELA (SPO : shape preferred orien-
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Fig. 10. SEM backscattered images
of reference and deformed (tensile
strain, €, of 0.6) samples of forster-
ite + 20 vol.% diopside. Reference
sample KS-8 was synthesized at
1200°C and sample KS-14 at
1350°C; both reference samples
were annealed during the tensile
experiment. Dark grey grains are
forsterite and light grey grains are
diopside. White arrows show the
direction of tensile strain for the
deformed samples. We show lower
hemispheric projections of the
[100] axis of forsterite grains for
the deformed samples. The lower
temperature sample, KS-8, exhib-
its equiaxial forsterite grains. The
higher temperature sample, KS-14,
displays forsterite grains with a
tabular (elongated) habit; this char-
acteristic grain shape is preserved
after deformation through the
strong alignment of the long-axes
of the grains. Diopside grains are
weakly aggregated perpendicular
to the tensile direction after the de-
formation. (modified after Miyaza-
kietal,2013).
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pfl=2.44

pfl=1.41

Fig. 12. SEM-SEI image of a magnetically aligned Fe-free
olivine aggregate and the lower hemispheric projections of
the olivine crystallographic orientations (modified after
Koizumi et al. 2016). The a-axis of the olivine is aligned
with the magnetic direction (arrow).
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