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Abstract

Olivine is the main constituent of the upper mantle, and its phase transformation affects the rheology of the subduction zone.
It is crucial to reveal the kinetics of olivine ()-spinel (y) phase transformation under differential stress. To investigate the effect
of microstructural properties on phase transformations such as grain boundary energy and plastic strain, we conducted a phase-
field simulation using germanate olivine, an analog of silicate olivine. We conducted the simulations under various confining
pressures of 1-5 GPa, temperatures of 1000 and 1200 K, with/without plastic strain, and various grain boundary energy. Under
static conditions, the volume fraction of the y phase increases as the overpressure increases because the chemical-free energy
promoting grain growth dominates over the elastic strain energy, inhibiting grain growth. Under differential stress, at a slight
overpressure, the volume fraction of the y phase increases proportion to the chemical-free energy’s magnitude. Meanwhile, at
a significant overpressure, the y phase’s volume fraction decreases due to the sizeable elastic strain energy. Furthermore, the
volume fraction of the y phase under differential stress is more significant than under static conditions due to the considerable
shear plastic strain. The grains of the y phase under differential stress at low confining pressure are lens-shaped with a strong
preferred orientation normal to the maximum compression direction because of the shear plastic strain. Meanwhile, the grains

of the y phase at a high confining pressure are ultra-thin because of the considerable elastic strain energy.
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Key Points:

+ Germanate olivine («)-spinel (v) phase transformation was modeled by phase field
method.

+ The shear plastic strain affects the grain growth and the grain shape of spinel (v)
phase.

e The shapes of anticracks and nano shear bands composed of nanocrystalline spinel

are affected by large elastic strain energy.
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Abstract

Olivine is the main constituent of the upper mantle, and its phase transformation
affects the rheology of the subduction zone. It is crucial to reveal the kinetics of olivine
(«)-spinel () phase transformation under differential stress. To investigate the effect of
microstructural properties on phase transformations such as grain boundary energy and
plastic strain, we conducted a phase-field simulation using germanate olivine, an ana-
log of silicate olivine. We conducted the simulations under various confining pressures
of 1-5 GPa, temperatures of 1000 and 1200 K, with/without plastic strain, and various
grain boundary energy. Under static conditions, the volume fraction of the v phase in-
creases as the overpressure increases because the chemical-free energy promoting grain
growth dominates over the elastic strain energy, inhibiting grain growth. Under differ-
ential stress, at a slight overpressure, the volume fraction of the + phase increases pro-
portion to the chemical-free energy’s magnitude. Meanwhile, at a significant overpres-
sure, the v phase’s volume fraction decreases due to the sizeable elastic strain energy.
Furthermore, the volume fraction of the « phase under differential stress is more signif-
icant than under static conditions due to the considerable shear plastic strain. The grains
of the v phase under differential stress at low confining pressure are lens-shaped with a
strong preferred orientation normal to the maximum compression direction because of
the shear plastic strain. Meanwhile, the grains of the v phase at a high confining pres-

sure are ultra-thin because of the considerable elastic strain energy.

Plain Language Summary

Olivine is the most abundant mineral in the upper mantle and undergoes phase trans-
formation to wadsleyite (8 phase) and ringwoodite (v phase). This phase transforma-
tion under differential stress is essential as one of the causes of deep-focus earthquakes
and slab bending. However, the effect of microstructural properties, such as plastic strain,
on the transformation under differential stress has not yet been revealed. Therefore, we
conducted a phase-field simulation to simulate microstructure evolution and set microstruc-
tural properties. We used germanate olivine, an analog of silicate olivine, to compare our
results with a previous study using germanate olivine, and modeled the grain growth of
the germanate  phase. As a result, plastic strain promotes grain growth in the v phase.
At low confining pressure, the evolution of shear plastic strain is substantial, and the =

grains are lens-shaped normal to the maximum compression direction, similar to ”an-
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ticracks” reported by the previous deformation experiment. At a high confining pres-
sure, the elastic strain energy inhibiting the grain growth, the v grains are ultra-thin,
similar to the nano-shear bands composed of nanocrystalline v grains reported by the

previous deformation experiment.

1 Introduction

Olivine, the main constituent of the upper mantle, undergoes phase transforma-
tion to wadsleyite at 410 km depth and ringwoodite at about 520 km (Akaogi et al., 1989).
Its phase transformation affects mantle rheology, especially inside slabs, because its rhe-
ology is influenced by the physicochemical properties of the mineral phases (Rubie, 1984;
Karato et al., 2001; Yamazaki et al., 2005; Kubo et al., 2009; Tajima et al., 2015; Ishii
& Ohtani, 2021). The viscosity of mantle minerals in the cold slab can be reduced by
grain size reduction associated with the olivine-wadsleyite/ringwoodite (spinel) phase
transformation, leading to the domination of diffusion creep (Vaughan & Coe, 1981; Karato
et al., 2001). Furthermore, the phase transformation is presumed to be one of the mech-
anisms responsible for deep-focus earthquakes (e.g., Green et al., 1990; Burnley et al.,
1991; Tingle et al., 1993; Schubnel et al., 2013; Wang et al., 2017; Zhan, 2017). In ad-
dition, shear instability can occur at the fine-grained spinel phase nucleated by the phase
transformation of metastable olivine in the subducting slab (Ogawa, 1987; Hobbs & Ord,
1988; Karato et al., 2001; Meng et al., 2014; Zhan et al., 2014; Zhan, 2017). Therefore,
it is important to reveal the kinetics of the olivine-spinel phase transformation under dif-

ferential stress to understand better its role in the rheology of the subduction zone.

Two mechanisms of olivine-wadsleyite/ringwoodite (o« — /) phase transforma-
tion have been proposed: intracrystalline nucleation and nucleation at the grain bound-
ary (e.g., Vaughan et al., 1982; Boland & Liu, 1983; Kerschhofer et al., 1996, 1998, 1998;
Dupas-Bruzek et al., 1998). The intracrystalline nucleation has the following four stages:
(1) (100),, stacking faults form in olivine crystals, (2) thin ringwoodite platelets nucle-
ate on these stacking faults coherently; (3) the platelets grow semi-coherently; and (4)
ringwoodite/wadsleyite nucleate at the platelet interfaces incoherently (Kerschhofer et
al., 2000). Nucleation at the grain boundary is an incommensurate transformation and
has two cases: (1) the nucleation rate is fast relative to the growth rate, and (2) the nu-
cleation rate is slow relative to the growth rate (Brearley et al., 1992). Burnley (1995)

suggested that the growth rate of the transformed grains at the grain boundary were in-
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sensitive to pressure, whereas the intracrystalline nucleation affected the rate of the trans-
formation at high pressure because intracrystalline nucleation tended to occur at high
pressure. However, previous studies have not referred to the effect of microstructural prop-
erties on the grain growth rate of the phase transformation, such as the grain bound-

ary energy and plastic strain derived from the transformation and deformation. To re-
veal the effect, it is useful to conduct numerical experiments capable of controlling and

evaluating various parameters freely.

We adopted the phase-field method (PFM) to simulate the phase transformation
using a diffuse phase model (Fix, 1983). In the PFM, we set the order parameter that
describes the continuous distribution of two phases, and the phase boundary is described
as a field where the order parameter continuously changes between two phases (e.g., Chen
& Khachaturyan, 1991; Steinbach & Pezzolla, 1999). Therefore, PFM is a powerful tool
for the simulation of microstructural evolution with complex morphological features such
as dendrites (Wheeler et al., 1993; Shimokawabe et al., 2011; Yang et al., 2021), marten-
site microstructure after phase transformation (Yamanaka et al., 2008, 2010; Yeddu et
al., 2012), dynamic and static recrystallization (Takaki et al., 2008; Takaki & Tomita,

2010), and crack propagation (Miehe et al., 2015; Schneider et al., 2016; Evans et al., 2020).

Although experiments must be conducted under relevant conditions for the olivine-
spinel phase boundary within the subducting slab, many previous experiments have been
conducted using germanate olivine (MgaGeOy) (e.g., Vaughan & Coe, 1981; Weidner &
Hamaya, 1983; Green et al., 1990; Burnley et al., 1991; Dupas-Bruzek et al., 1998; Schub-
nel et al., 2013; Wang et al., 2017; Sawa, Muto, et al., 2021; Sawa, Miyajima, et al., 2021).
This is because it is challenging to conduct deformation experiments on silicate olivine
under such extreme conditions. Germanate olivine has only « and « phases, and no 8
phase, unlike silicate olivine. However, it can undergo phase transformation at a much
lower pressure than that of silicate olivine, and the physical and mineralogical proper-
ties are similar (Weidner & Hamaya, 1983). Burnley et al. (1991) conducted deforma-
tion experiments of germanate olivine using a Griggs-type deformation apparatus at a
low confining pressure of 1-2 GPa and proposed that faulting occurred along lens-shaped
grains of germanate v phase ("anticracks”) with a strong preferred orientation normal
to the maximum compression. Anticracks are filled with nanocrystalline aggregates of
germanate olivine (Burnley et al., 1991; Green, 2007). Meanwhile, Schubnel et al. (2013)

and Wang et al. (2017) also conducted deformation experiments on germanate olivine
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using a D-DIA apparatus at a higher confining pressure of 2-5 GPa than that in Burnley
et al. (1991). They proposed that transformational faulting occurred on nano shear bands
comprising fine-grained +y grains, which were different from those in Burnley et al. (1991).
Its phase transformation is an exothermic phenomenon; hence, the formation of new ~
grains releases a small amount of heat that produces a slight increase in local temper-
ature, leading to an increase in the local nucleation rate of the v phase (Green, 2007).
Simultaneously, the negative volume change of the e — = phase transformation causes
the nucleation of the 7 phase owing to compressive hoop stresses that increase the driv-
ing force for the nucleation of additional crystals (Green, 2007). Majewski and Teisseyre
(1998) described the microphysics of anticrack formation using a theory of antidisloca-
tion leading to the faulting for the deep-focus earthquakes. However, they hardly referred
to how anticracks formed with a strong preferred orientation normal to the maximum
compression direction and the difference in the form of v phase derived from a confin-

ing pressure. Furthermore, a comparison of our results with those of two previous ex-
periments conducted under different pressures (Burnley et al., 1991; Schubnel et al., 2013;

Wang et al., 2017) shows the robustness of our simulations.

In this study, we simulated the growth of the v phase nucleated at the grain bound-
ary when the nucleation rate is slow relative to the growth rate because the PFM method
cannot simulate nucleation. Thus, we introduced the initial v grains in advance. First,
we constrained the grain boundary mobility in the magnesium germanate system required
for the simulation. Because the mobility has not yet been determined experimentally,
we conducted numerical experiments under identical conditions to those of previous ex-
periments in which the growth rate of the v phase has already been clarified (Burnley
et al., 1991; Burnley, 1995). We then determined the grain boundary mobility by com-
paring the grain area of the v phase in these simulations with that calculated from the
growth rate of the v phase in previous studies. Second, we simulated the phase trans-
formation under various conditions of pressure, temperature, grain boundary energy, and
plastic strain to reveal the microstructural growth kinetics of the @ — « phase trans-
formation and the difference in the formation conditions between anticracks at a low con-
fining pressure and nano shear bands comprising fine-grained  grains at a high confin-

ing pressure.
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2 Model setting

2.1 Initial geometry

(a) = (b) Crystallographic orientation

\2001]
B0°

Figure 1. Geometry of the initial germanate olivine aggregate. The origin is the lower left of
the aggregate. (a) 6 and 6" show the angles of the o and  phases between the global coordinate
system (x-y-z) and the local coordinate system (x’-y’-z’), respectively. The initial nucleation sites
of the v phase are indicated by arrows A, B, and C. (b) The numbers show the crystallographic
orientation of the o phase. The crystallographic orientations of the v phase are 50° at position

A, 25° at position B, and 75° at position C, respectively.

We set the geometry and coordinate system of the initial germanate olivine aggre-
gates, as shown in Figure 1. + grains were introduced in advance. The number of o and
~ phase grains is six (white grains in Figure 1a) and 3 (small red grains shown by ar-
rows A, B, and C in Figure la), respectively. For simplicity, we consider only the grains
of the a phase with one crystallographic axes normally oriented to the plane. In this sim-
ulation, we adopted a periodic boundary condition under plane-strain conditions. The
direction of the maximum principal compressive stress oy is vertical (Line-filled arrows
in Figure 1a), and the direction of the minimum principal stress o 3 is horizontal (white
arrows in Figure la). 6 and 0’ show the angles of the o and v phases between the global
coordinate system (x-y-z) and the local coordinate system (x’-y’-z’), respectively. Hence,

6 and 6’ represent the crystallographic orientations of the a and ~ phases, respectively.
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The crystallographic orientations of each grain in the o phase are shown in Figure 1b.
The crystallographic orientations of the « phase are 50° at position A, 25° at position

B, and 75° at position C in Figure 1b, respectively.

2.2 Multi-Phase-Field method

For the olivine («)-spinel () transformation, we follow the multi-phase-field method
proposed by Steinbach et al. (1996); Steinbach and Pezzolla (1999); Steinbach and Apel
(2006); Takaki et al. (2009). Assuming that a polycrystalline system includes N grains
(Figure 1), the phase field parameter is ¢;(r,t), where i = 1,2,...,N,0 < ¢; < 1. ¢;
indicates the probability of the phase with the i-th crystal orientation at the position
r and time ¢, and must satisfy Zf\il ¢i(r,t) = 1. The evolution equation of ¢; is de-

rived as follows (Steinbach & Pezzolla, 1999):

06 2 = N 0G0 06
DY Mij{z L(k““’“J"“)VQ‘?H(W““WJ"“W "0 04, } W
J=1, j#i k=1 Z J

where M;; is the phase-field mobility, k;; is the gradient coeflicient, W;; is the height of
the energy barrier, and G is the Gibbs free energy of the i-th phase. This was devel-
oped from the phase-field method using a time-dependent Ginzburg-Landau equation
assumed in irreversible thermodynamics (e.g. Fitts, 1962). The time-dependent Ginzburg-
Landau equation has also been used in various fields (e.g., Lyakhovsky et al., 1993, 1997;
Kawada et al., 2007; Muto et al., 2007). The first term in Eq. (1) indicates the gradi-

ent energy, and the fourth term is the penalty term that prohibits the growth of grains
with different crystallographic orientations at the same place (Steinbach et al., 1996).

In Eq. (1), we set M;;, k;j, and W;; as the following matrices:

0 My --- M,
2 My 0
My = : 2
M, 0
0 v Yo
8 | v O :
kij = —3 : e (3)
Y0 0
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Here, §, My, and g are the grain boundary thickness, grain boundary mobility, and

grain boundary energy, respectively. My is calculated as follows:

VD

Mo = SR (5)

where V,,, is the molar volume, D is the diffusivity of the atoms, R is the gas constant,

and T is the absolute temperature (Hillert, 1975).

To consider the chemical energy G per and elastic energy Gy, we set

aG(z) o 8G(J) _ (aGchem + aGstr) _ (aGchem + 8Gstr)
0pi 0¢; 0d; 0¢; 0¢; o¢; )

Eq. (6) indicates the difference in the Gibbs free energy potential (chemical energy po-

(6)

tential + elastic energy potential) between the i-th and j-th grains. Gepenm is often ap-

proximated by

6CT(chem, aCTvchem o 8 B D
a(z)l - a¢] - ﬂ_EZj V ¢Z¢J7 (7)

where Ej; is the driving force for the phase transformation, and 8/7 is obtained from

[y Vdidads = [ /(L —d)d¢ = m/8 (Takaki et al., 2009). In Eq. (7), we set Ey;

as the following matrix:

0 0 —-Ey —Ey —E
—Ey —Ey —Ep
By - 0o --- 0 —-Ey —-Ey —-Ey 7 (8)
Ey Ey Ej 0 0
Ey Ey Ey
Ey Ey Ej 0 ce 0

where Ej is a constant corresponding to the driving force of the grain boundary migra-

tion between the i-th and j-th grains. Under the given external stress 0;‘}, Gt s cal-
culated as
1 el el A 1 c
Gstr = v Cijriggj(r)eg (r)dr — aijv gi;(r)dr (9)
1 =c c =C c =C
= o7 / Cigr{s; + 05 (r) — e (0) e + 0efy(v) — ey (v)Ydr — ofj25;, (10)
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where Cjji; is the elastic modulus of germanate olivine, £5; is the homogeneous strain,

def;(r) is the heterogeneous strain, egj(r) is the eigen strain in the v phase, and V is the

volume of the computational area (Eshelby, 1957). The homogeneous strain g7, is a uni-

form macroscopic strain. Assuming the free surface, £; satisfies

aGstr o
oze,

ij

Therefore, the homogeneous strain £5; is given by
=c -1 _A 1 0
&= Cijklaij + v g;;dV. (12)
1%

The heterogeneous strain def;(r) is defined as the deviation from a homogeneous

strain (Yamanaka et al., 2010). The heterogeneous strain satisfies:

/ §e5;dV = 0. (13)
.

In the elastic model (Koyama & Onodera, 2003; Yamanaka et al., 2008), the heteroge-

neous energy is calculated by
. 1 1 -0 .
def; = @ /. §{niQmj(n) + Qi (n) Yo, (k)n, exp(ikr)dk, (14)

where ;;(n) is the Green function tensor inverse to Q;(n)~* = Cijiun;jn;. k denotes

the reciprocal space vector. n = k/|k| is the unit vector along the k direction. &7; =
Cijklé?j is the Fourier transform of O',?j = ijklagj. The elastic equation of the system
is solved by a fast Fourier transform with respect to the displacement field (Khachaturian,

1983; Koyama & Onodera, 2003; Yamanaka et al., 2008).

Assuming an elastoplastic material, 5%(1‘) is defined as the sum of the transformation-

induced eigen strain ¢;(r) and plastic strain EZ{ (r) as (Guo et al., 2005),
0 () — 2t !
g4;(r) = &;(r) +f;(r). (15)

We assume that ef;(r) is proportional to the phase-field parameter ¢,(r,t) and calcu-

lated by
Nq N
e t) =D > Ri(0)Rju(0))e0 (b, q) g (x, 1), (16)

p=1g=Nqy+1

where R;;(0’) is the rotation matrix which converts the local coordinate (”intra-crystalline
coordinate system”) system into the global coordinate system (”aggregate coordinate
system”) and £%9(p, ¢) is the misfit strain between p and ¢ in the local coordinate sys-

tem of v phase (Wang & Khachaturyan, 1997).
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The evolution of plastic strain, 5?; (r) is calculated as the sum of a term governed
by the shear strain energy and creep strain when the differential stress Ao reaches a cer-

tain flow stress op (Tsukada et al., 2011):

e (r) = i(r) (Ao <or) (17)

ei;(r) +eP(r). (Ao >op)

sfj(r) is given by the following time-dependent Ginzburg-Landau (TDGL) equation (Guo
et al., 2005):
OeP. 5Gshear
) el
= —Kijui—"5—, (18)
ot I seh

where Kj;j; is the fourth-order kinetic coefficient tensor for the plastic strain, and 4 is
the functional derivative. Considering the relationship of the subscripts, Kj;; is linear
and given by K;jx = (KCyjr)~" with constant K. Gg?e‘” is the shear strain energy

(Guo et al., 2005), which is calculated as

1

G =5 [ Conte = ) - cav. (19)

where ef; and e?j are the deviatoric components of the total strain and total eigen strain
tensors, respectively. This study assumes that plastic deformation occurs when the shear

strain energy reaches a certain value determined by the yield stresse oy .
The evolution of creep strain, sfg’ (r) is experimentally calculated by

P = Ao" exp (_F?T) (20)

where A is a constant, o is the flow stress, n is the stress exponent, and @ is the acti-

vation energy (e.g., Kirby, 1983).

To test the numerical implementation, we investigated the case of a single spher-
ical particle. The details of the procedure and results are shown in the supplementary

file.

3 Parameter setting
3.1 Experimental conditions

The governing equations in Eqgs. (1) and (18) were solved using the finite-difference
method, as in previous studies (Takaki et al., 2009, 2014). We used a finite-difference
domain with 512x512 square meshes. When the length of one side of the mesh was set

to Al, the length of the model area L was 512 x Al. For computational efficiency, we

—10-
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Table 1. Experimental Parameters

Time increment At 0.004 s

Grain boundary thickness ¢ 5x Al®

Molar volume V 4.58 x 10~° m?/mol

Crystal lattice of a phase a=4.908 A, b=10.302 A, ¢ =6.025 A
Crystal lattice of v phase a=b=c=8254 A

Yield stress at 1000 K 1200 MPa

Yield stress at 1200 K 500 MPa

Gap of entropy AS, —13.340.6 [J-mol~! - K~1]

Heat capacity of o phase (Cp),  183.80 +5.79 x 10% x T — 56.44 x 1075 x T~% [J -mol~' - K~}
Heat capacity of v phase (Cp)a  156.11 +30.50 x 10% x T — 36.50 x 1075 x T~2 [J-mol~! - K]

®Al: length of one side of a mesh.

introduce the algorithm proposed by Kim et al. (2006). The time increment was 0.004

S.

In Egs. (2), (3), and (4), the grain boundary thickness is § = 5 x Al (Takaki et
al., 2014). Although the grain boundary energy =y, is proportional to the misorientation
angle (Read & Shockley, 1950), for simplicity, we set several different constant values vy =
0.5, 1.0, 1.4 J/m? independent of the misorientation angle. These values are within the
range of the grain boundary energy of the silicate olivine, 0.0 < 7o < 1.4 J/m? (Duyster
& Stockhert, 2001). In Eq. (5), Vi, = 4.58 x 107° m®/mol was calculated using the
Avogadro constant 6.02 x 1023 mol~!, crystal lattices of o phase: a = 4.908 A, b =
10.302 A, ¢ = 6.025 A, and the unit cell number of atoms of germanate olivine, 4 (Roy
& Roy, 1954). In Egs. (7) and (8), Ey is given by:

A
Ey = AS, AT — %AT{ (21)

e

where AS, is the entropy gap for the a—~ phase transformation, AT is the degree of
supercooling, T, is the temperature of the & — v phase transformation, and AC), . is

the gap in the heat capacity of the a and v phases (Kashchiev, 2000):
ACy, . = (Cp)v — (Cp)a- (22)

According to Ross and Navrotsky (1987), AS, = —13.34+0.6 [J - mol™ - K71], (Cp)n =
183.80 4 5.786 x 103 x T'—56.442 x 1075 x T=# [J-mol~' - K~1] and (C,,), = 156.11+

—11-
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30.50 x 103 x T —36.498 x 1075 x T~2 [J-mol~' - K~']. In Eqgs. (10) and (19), under

the assumption of an isotropic elastic material, we adopted the elastic moduli of the ger-
manate « phase (K = 125 GPa, u = 72 GPa, and v = 0.259, Liebermann, 1975). For
simplicity, we set the elastic moduli of the v phase to the same value as the o phase. In
Eqgs. (25) and (26), we used the crystal lattices of X, = ¢ = 6.025 A and Y, = b =

10.302 A as the a phase (Roy & Roy, 1954), Xy =Y, =a=b=c=28254 A as the

~ phase (Von Dreele et al., 1977). The yield stress of the aggregates was estimated from

the results of Burnley et al. (1991). We set 1200 MPa and 500 MPa as the yield stresses

of the aggregates at 1000 K and 1200 K, respectively. The flow stress of the o and - phases,

or, is calculated using the following flow laws (Shi et al., 2015).

441
hase : ¢ = 10°% 03! - 23
o phase : ¢ oF exp | —pm | (23)
228
hase : ¢ = 107> 403 -=]- 24
v phase : € OF exXp | — o (24)
After the differential stress reached the flow stress, we set €] = 2.0 x 107* s71. To

calculate the misfit strain in Eqgs. (16), 5%0 (p, q), we must convert the local coordinate
system to the global coordinate system (Figure 1(a)). First, the coordinate system of
the p-th crystal lattice parameters of the o phase L/ (p) are converted into the local co-

ordinate system of the v phase as follows:

Xa X/,
Ly(p)=r(0—-10) = , (25)
Y. Y!
where r(6—6") is the rotation matrix, and X, and Y, are the crystal lattices of the «

phase. The g-th crystal lattice parameters of the « phase L;(q) are given by:

Ly(q) = ; (26)

where X, and Y, are the crystal lattices of the v phase. Therefore, the misfit strain in
Eq. (16), 5%0 (p,q) is calculated as follows:

X,(a) = X (p)

00 X4 (p)
£ s = o . 27
559 Ya(a) — Ya(p) )
Y5 (p)

The kinetic parameter of Eq. (18) for the plastic strain is set to K = 90 as the stress-
strain curves are closer to those of the previous study (Burnley et al., 1991). D in Eq.
(5) is the diffusivity of Ge in germanate olivine, but it is unknown. Hence, we assumed
D in Section 4.1 by comparing our results with those of previous experiments by Burnley

et al. (1991). The details of the experimental parameters are listed in Table 1.
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Table 2. Experimental Parameters and results
Run Pe[GPa] T [K]  €[s7']  LC[um] 7o [J/m?] VL?[%]
SP1T1 1.0 1000 - 60 1.4 0.079
SP3T1 3.0 1000 - 60 1.4 0.079
SP5T1 5.0 1000 - 60 1.4 0.079
SP1T1.2 1.0 1200 - 60 1.4 0.77
SP3T1.2 3.0 1200 - 60 1.4 0.12
SP5T1.2 5.0 1200 - 60 1.4 0.21
P1T1 1.0 1000 2.0 x 10~* 60 1.4 0.079
P3T1 3.0 1000 2.0 x 10~* 60 1.4 0.079
P5T1 5.0 1000 2.0 x 10~* 60 1.4 0.079
P1T1.2 1.0 1200 2.0x 10~* 60 1.4 0.66
P3T1.2 3.0 1200 2.0x 10~* 60 1.4 2.02
P5T1.2 5.0 1200 2.0x 10~* 60 1.4 0.33
SP1T1.2NP*¢ 1.0 1200 - 60 1.4 0.082
SP5T1.2NP¢ 5.0 1200 - 60 1.4 0.079
P1T1.2NP¢ 1.0 1200 2.0x 10~* 60 1.4 0.079
P5T1.2NP® 5.0 1200 2.0x10~* 60 1.4 0.076
P1T1.2GB 1.0 1200 2.0x 10~* 60 1.0 0.67
P5T1.2GB 5.0 1200 2.0x 1074 60 1.0 0.33
P1T1.2GB2 1.0 1200 2.0x10~* 60 0.5 0.67
P5T1.2GB2 5.0 1200 2.0x10~* 60 0.5 0.34

?Confining pressure. *Temperature. “Length of model area.

4Volume fraction of  phase at e; = 9 %. ¢ without plastic and creep strains
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Figure 2. Phase diagram (after Ross & Navrotsky, 1987) and conditions of numerical experi-

ments.

Under the above conditions, we conducted the following four simulations in which
all a grains were metastable (Figure 2). (1) We conducted deformation simulations (Runs
P1T1-P5T1.2) at different pressures and temperatures, as shown in Figure 2, to reveal
the pressure and temperature dependence on the grain growth of the v phase. Further-
more, to reveal the effect of deformation on the grain growth of the ~ phase, we conducted
both static (Runs SP1T1-SP5T1.2) and deformation simulations (Runs P1T1-P5T1.2).
(2) To reveal the effect of plastic strain on the grain growth, we conducted simulations
with plastic strain (5% ) accompanied with the phase transformation in the static exper-
iments (Runs SP1T1.2 and SP5T1.2), without plastic strain in the static experiments
(Runs SP1T1.2NP and SP5T1.2NP), with plastic strain in the deformation experiments
(Runs P1T1.2 and P5T1.2), and without plastic strain in the deformation experiments
(Runs P1T1.2NP and P5T1.2NP). (3) To reveal the effect of grain boundary energy on

the grain growth, we conducted simulations at three different values of the grain bound-

ary energy: 1.4 J/m? (Runs P1T1.2 and P5T1.2), 1.0 J/m? (Runs P1T1.2GB and P5T1.2GB),

and 0.5 J/m? (Runs P1T1.1GB2 and P5T1.2GB2). These conditions are listed in Ta-
ble 2. All simulations were stopped after reaching an axial strain (1) of 9 % (450 s), ac-

cording to a previous study (Burnley et al., 1991).
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Figure 3. Area variation of v phase with . The solid line is a regression quadratic function:
y = 9.4427 x 107362 — 6.4926 x 107'¢ + 1.8594 x 10. The coefficient of determination was

R? = 0.9998.

Although the calculation of the grain boundary mobility My in Eq. (5) requires
the diffusivity of Ge in germanate olivine D, and D has not yet been experimentally de-
termined. Hence, we numerically constrained D using the flow law of germanate olivine.
The strain rate € is theoretically given by the following flow law of dislocation creep:

Dbo3

e (28)

&=
where D is the lattice diffusivity, b is the Burgers vector, o is the strength, k is the Boltz-
mann constant, and G is the shear modulus (Meyers et al., 1999). In the flow law of ger-
manate olivine, only dislocation creep was experimentally determined and is given by

Eq. (23). Given that the theoretical flow law (Eq. (28)) and the experimentally deter-

mined flow law (Eq. 20) are identical, we can acquire the following equation:

"\ kG?A
() ()
2
= §k6; A exp (—Q) (29)
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We set & = (0"/03), k = 1.38 x 1072 J/K. G = 70.3 GPa (Weidner & Hamaya,
1983). According to Shi et al. (2015), A = 105-°F MPa"s~!, @ = 441 kJ/mol. The Burg-
ers vector b is 0.4915 nm (Dupas-Bruzek et al., 1998). To determine the diffusivity of
Ge in germanate olivine D, we must calculate the undetermined constant ¢ in Eq. (29),

which depends on the strength o and the stress exponent n.

Thus, we conducted numerical simulations with several different values ¢ = 50,
75, 100, 125 under identical conditions to the deformation experiment GL299 (Burnley
et al., 1991; Burnley, 1995), and calculated the grain area of the v phase. By compar-
ing the grain area of the v phase in this simulation with that calculated from the result
of the deformation experiment GL299 (Burnley et al., 1991; Burnley, 1995), we deter-
mined the reasonable £. The numerical simulations were conducted at a pressure of 1.19
GPa, temperature of 1210 K, strain rate of 2.0x107% s™!, experimental duration of 450
s, L = 60 um, and 79 = 1.4 J/m, which are identical to GL.299 (Burnley et al., 1991;
Burnley, 1995). Three grains of the v phase were introduced in advance. The other ex-
perimental conditions are listed in Table 2. We also stopped the simulation at ¢y = 9
% (450 s) because the maximum axial strain (1) in GL299 was 9 % (Burnley et al., 1991;

Burnley, 1995).

The results are shown in Figure 3. We fitted the grain area variation of the v phase

to the following quadratic function:

y = 9.4427 x 107362 — 6.4926 x 107 1€ 4 1.8594 x 10, (30)

where y is the area of the v phase grown from the initial three grains of the v phase, and

the coefficient of determination is R? = 0.9998 (solid line in Figure 3).

We calculated the grain area of the v phase in GL299 (Burnley et al., 1991) from
a growth rate of 4.37x107% m/s. When we hypothesize that the grain is spherical, the
increment of the grain radius is 1.97 um at growth rates of 4.37x107% m/s and an ex-
perimental duration of 450 s. Because we introduced three grains of the vy phase in ad-
vance in the numerical simulation, we also hypothesized that the number of initial grains
of the v phase was 3 when we calculated the grain area of the v phase in GL299 (Burnley
et al., 1991). Consequently, the grain area of the v phase in GL299 was 36.4 um? after

the experiment.
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Substituting 36.4 um? into Eq. (30), we obtain ¢ = 89.8. Using this value, we can
obtain the stress exponent n = 3.2 from £ = (0"/0%), where £ = 89.8 and experi-
mentally obtained flow stress of 0 = 1224 MPa (Burnley, 1990). The stress exponent
(approximately 3.2) estimated from the calculation is consistent with the stress expo-
nent of the MgoGeOy spinel harzburgite of 2.941.0 reported experimentally by Shi et
al. (2015).

4.2 Volume fraction of v phase

Table 2 shows the calculated volume fraction V L of v phase after 450 s. v phase
does not grow at 1000 K in either static (Runs SP1T1-SP5T1) or deformation (Runs P1T1-
P5T1) simulations. At 1200 K, the v phase grows in both static (Runs SP1T1.2-SP5T1.2)
and deformation (Runs P1T1.2-P5T1.2) simulations. In the static simulations at 1200
K (Runs SP1T1.2-SP5T1.2), the volume fraction of 7 increases as confining pressures
increase from 1 GPa to 5 GPa. In the deformation simulations at 1200 K (Runs P1T1.2-
P5T1.2), the volume fraction of v increases as confining pressures increase from 1 GPa
to 3 GPa, whereas the volume fraction decreases as confining pressures increase from 3
GPa to 5 GPa. The volume fraction of v phase in deformation simulations (Runs P1T1.2-
P5T1.2) is larger than that in static simulations (Runs SP1T1.2-SP5T1.2), respectively.
This is also shown in Figure 4. The effect of plastic strain on the volume fraction of
phase is shown in Table 2. The plastic strain is generated by the deformation and the
eigen strain associated with the phase transformation. The volume fraction of the v phase
does not increase in static and deformation experiments without plastic strain. Although
the grain boundary energy changes from 0.5 J/m? (Runs P1T1.2GB2 and P5T1.2GB2)

to 1.4 J/m? (Runs P1T1.2 and P5T1.2), the volume fraction of v phase does not change.

4.3 Microstructure

The microstructural development of the a—~ aggregates with plastic strain at 1
and 3 GPa and 1200 K is shown in Figures 5 and 6, respectively. v grains grew around
the initial v grains and along the grain boundaries. In particular, lens-shaped v grains
grow perpendicular to the axial stress in the deformation simulations (black arrows in
Figures 5 and 6). The von Mises stress increases around the grains of the v phase and
inside some of the « phases (Figures 5b and 6b). The shear component of plastic strain

(called shear plastic strain, e75) increases around v grains and inside of « grains in the
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Figure 4. Volume fraction of 7 phase as a function of the experimental duration with plastic

strain. (a) SP1T1.2: static simulation at P = 1 GPa and 7" = 1200 K. P1T1.2: deformation sim-

ulation at P = 1 GPa and T" = 1200 K. SP3T1.2: static simulation at P = 3 GPa and T" = 1200

K. P3T1.2: deformation simulation at P = 3 GPa and T" = 1200 K. SP5T1.2: static simulation at

P =5 GPa and T = 1200 K. P5T1.2: deformation simulation at P = 5 GPa and T" = 1200 K.

deformation simulations (Figures 5¢ and 6¢). In deformation simulations, the shear plas-

tic strain developed sub-horizontally (almost perpendicular to the maximum compres-

sion direction). Therefore, in Figures 5 and 6, the eigen strain also develops sub-horizontally

because of Eq. (15). The microstructural development of the a—v aggregates with plas-

tic strain at 5 GPa and 1200 K is shown in Figure 7. The grains of the v phase are rounded

in the static simulations (shown by the black arrows in Figures 7a). The grains of the

~ phase are elongated like an ultra-thin tail in the deformation simulations (shown by

an orange arrow in Figure 7c¢). The horizontal evolution of the shear plastic strain in the

static simulations was weaker than that in the deformation simulations (Figures 7b and

d).
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P1T1.2 (P=1 GPa, T=1200 K, deformation experiment)
(@ t=1s t=400s t=450s

¢2

M ophase M yphase

P =1GPaand T = 1200 K (Run P1T1.2). (a) Grain growth of the v phase as the experimental
duration increases. Only the v phase with ¢ > 0.8 is visualized. The phase-field parameter ¢ was
multiplied to visualize the grain boundaries. The black arrow shows the lens-shaped grains of the

~ phase. (b) Von Mises stress evolution. (c¢) Shear plastic strain evolution (d) Shear eigen strain

evolution. Animations are shown in Videos S1-S4.
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P3T1.2 (P =3 GPa, T'=1200 K, deformation experiment)
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oM

Figure 6. Microstructure development of @ — 7 aggregates in the deformation simulations at
P =3 GPaand T = 1200 K (Run P3T1.2). (a) Grain growth of the « phase as the experimental
duration increases. Only the v phase with ¢ > 0.8 is visualized. The phase-field parameter ¢ was
multiplied to visualize the grain boundaries. Black arrows show the lens-shaped grains of the
phase. (b) Von Mises stress evolution. (c¢) Shear plastic strain evolution. (d) Shear eigen strain

evolution. Animations are shown in Videos S5-S8.
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SP5T1.2 (P=5 GPa, T=1200 K, static experiment)
(@ ¢=1s t=400s t=450s

W ophase M yphase

(b)

p/

€12
HE 2

-0.1 0.0 0.1

P5ST1.2 (P =5 GPa, T= 1200 K, deformation experiment)

(©)
§b2

I aphase M yphase

(d)
p/
€12

¢2

B .
-0.1 0.0 0.1

Figure 7. Microstructure development of @ — 7 aggregates in both static (a, b) and deforma-

tion (c, d) simulations at P = 5 GPa and T' = 1200 K (Runs SP5T1.2 and P5T1.2). (a, ¢) Grain

growth of the v phase as the experimental duration increases. Only the v phase with ¢ > 0.8 is

visualized. The phase-field parameter ¢ was multiplied to visualize the grain boundaries. Black

arrows show rounded grains of v phase. The orange arrow shows the 7 grains like a tail. (b, d)

Shear plastic strain evolution. Animations are shown in Videos S9-S12.
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5 Discussion
5.1 Effect of deformation, overpressure, grain boundary, and plastic strain

As Table 2 and Figure 4 show, the volume fraction of the + phase under differen-
tial stress (Runs P1T1.2-P5T1.2) is larger than that under static conditions (Runs SP1T1.2-
SP5T1.2). Generally, the elastic strain energy around the + phase (precipitated phase)
inhibits the grain growth of the v phase (e.g., Liu et al., 1998; Steinbach & Apel, 2006).
Thus, the volume fraction of the v phase decreases as the elastic strain energy increases.
The elastic strain energy under differential stress is larger than that under static con-
ditions because of the deformation; therefore, the grain growth of the v phase is inhib-
ited under differential stress. Nevertheless, in this simulation, the opposite results were
obtained. This was caused by the shear plastic strain. Figure 8 shows the plastic strains
(e, eby, and %) distributions of the modeled area with 512 x 512 square meshes in
both simulations at 1200 K with plastic strain. The plastic strains (¥, eby, and €%5) dis-
tributions under the deformation conditions are different from those under static con-
ditions. Compressive (positive) plastic strains (¢¥] and €5,) governed by the shear elas-
tic strain energy (Eqgs. (18) and (19)) are generated by compressive stress, whereas the
extension (negative) plastic strain (511’/1 and 5127'2) is generated by the transformation-induced
eigen strain derived from the negative volume change of the @ — v phase transforma-
tion. The shear plastic strain (511”2) was also generated by the transformation-induced
eigen strain. As the extension plastic strain increases with the grain growth of the + phase,
it locally reduces the elastic strain energy, and the volume fraction of the v phase fur-
ther increases. The reduction in the elastic energy associated with plastic strain due to
a phase transformation is also known in metals (Yamanaka et al., 2010; Ammar et al.,
2011). However, the compressive plastic strain (¢!} and e5,) dominate over the exten-
sion strain derived from the transformation-induced eigen strain under the deformation
conditions (Figures 8(j), (k), (m), (n), (p), and (q)). Therefore, £} and €5, do not pro-
mote the grain growth of the « phase in the o« —  phase transformation. Meanwhile,
the shear plastic strain distribution under differential conditions (Figures 8(1), (o), and
(r)) is different from that under static conditions (Figures 8(c), (f), and (i)). Further-
more, the average magnitude of the shear plastic strain in the differential conditions was
larger than that in the static conditions. The shear plastic strain promotes the grain growth

of the v phase in the o —  phase transformation. Without plastic strain, the volume
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Figure 8. Effect of plastic strain on the volume fraction of v phase in both simulations at

1200 K with plastic strain. The plastic strain (¢}, eb,, and €%5) distribution of the modeled area

with 512 x 512 square meshes and the volume fraction of the v phase (right next to the plastic

strain distribution). The red and blue bins represent positive and negative plastic strains, respec-

tively. The blue ”Count (C)” shows the sum of the absolute frequencies of the negative strain.

The blue ” Average (A)” shows the average magnitude of the negative strain. In contrast, the red

”Count (C)” shows the sum of the absolute frequencies of the positive strains. The blue ” Average

,23,

(A)” shows the average magnitude of the positive strain.
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fraction of the  phase does not increase (Table 2 and Figure 4). This also indicates that

plastic strain is essential for the grain growth of the  phase.

As the confining pressure increased, the elastic strain energy that inhibited the grain
growth of the v phase increased. At the same time, the chemical-free energy promoting
the grain growth of the « phase also increases because of the large overpressure. Hence,
the volume fraction of the « phase is determined by the competition between the chem-
ical energy that promotes grain growth and the elastic strain energy inhibiting grain growth.
As a result, as the confining pressure increased, the volume fraction of the v phase de-
creased or increased depending on the magnitudes of the elastic strain energy and the
chemical-free energy. As Table 2 and Figure 4 show, under the deformation conditions,
the volume fraction of the v phase at 3 GPa is larger than that at 1 and 5 GPa. This
indicates that the chemical-free energy dominates over the elastic free energy at less than
3 GPa, whereas the elastic strain energy dominates the chemical free energy at more than
3 GPa. Meanwhile, under static conditions, the volume fraction of the v phase increases
as the confining pressure increases. This indicates that the chemical-free energy dom-

inates the elastic strain energy over a wide range of confining pressures.

As Egs. (1) and (3) show that the grain boundary energy is related to the gradi-
ent energy that promotes the grain growth of the v phase: a large grain boundary en-
ergy indicates large gradient energy. Nevertheless, the volume fraction of the v phase
did not increase with the grain boundary energy. This indicates that the gradient en-
ergy is smaller than the elastic strain energy and chemical energy, and it hardly affects
the grain growth of the « phase under these conditions. Therefore, we can assume that
the volume fraction of the v phase is independent of the misorientation angle of the «

phase.

Most of the v phase is lens-shaped under differential stress at low pressure with plas-
tic strain (Figures 5a and 6a). Meanwhile, most of the v phase is ultra-thin under dif-
ferential stress at high pressure (Figure 7c¢). This difference was caused by the elastic strain
energy. The stable shape of the precipitated phase, such as the v phase, is determined
by the balance between the elastic strain energy and the gradient energy (Nabarro, 1940).
When the elastic strain energy and the volume of the precipitated phase are large, the
stable shape becomes thin, which can reduce the elastic strain energy, as revealed by the

calculation of the elastic strain energy of the precipitated phase using the axial ratio of
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its geometry as a variable (e.g., Pineau, 1976; Miyazaki et al., 1979). Therefore, under
differential stress, the 7y grains become thin. Furthermore, as the confining pressure in-
creases, the elastic strain energy increases; thus, the thickness of the ~ grains becomes
even thinner. The horizontal elongation of v grains is caused by the evolution of the shear
plastic strain in the horizontal direction. Under static conditions, v grains are rounded,
and the shear plastic strain does not develop strongly in the horizontal direction (Fig-

ures 7a and b). Meanwhile, under differential stress, most of the + grains are perpen-

dicular to the maximum compressive direction, and the shear plastic strain develops strongly

in the horizontal direction. In other words, the elastic strain energy and shear plastic

strain would control the shape of the v grains.

The distribution of shear plastic strain developing sharply in the horizontal direc-
tion (perpendicular to the maximum compression direction) is similar to that of shear
stress by wedge disclination (e.g., Fig. 2a Capolungo & Taupin, 2019). A pair of pos-
itive and negative shear plastic strains developed horizontally with v grains at the core
(e.g., in Run P3T1.2, Supplementary figure S2). Disclinations are line defects charac-
terized by a rotational misfit (e.g., Volterra, 1907; Hirth et al., 2020). The eigen strain
generating plastic strain has shear components owing to Eq. (16). Although the bound-
ary conditions assume that boundaries are not constrained, the eigen strain that can-
not be resolved on the boundaries would generate the disclination derived from the ro-

tational misfit.

5.2 Comparison with previous study and the implication for metastable

olivine wedge

Many previous studies conducted deformation experiments of metastable germanate
olivine (a phase) under conditions (P = 1—5 GPa, T = 900 — 1500 K), similar to our
numerical conditions (e.g., Green et al., 1990; Burnley et al., 1991; Tingle et al., 1993;
Schubnel et al., 2013; Wang et al., 2017; Sawa, Muto, et al., 2021; Sawa, Miyajima, et
al., 2021). The partial & — v phase transformation resulted in faulting with a large stress
drop and acoustic emissions (AEs) called transformational faulting (e.g., Tingle et al.,
1993; Schubnel et al., 2013; Wang et al., 2017). Faulting occurred at a limited window
of temperatures (approximately 1100-1300 K at 1 GPa), where the o and « phases could
coexist. At lower temperature than the window (<1100 K), the samples behaved duc-

tile with differential stress > 2.0 GPa (called strong ductile in Burnley et al., 1991) be-
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cause « phase did not undergo the phase transformation to v phase. At a higher tem-
perature than the window (<1400 K), the samples behaved ductile with differential stress
> 0.5 GPa (called weak ductile) because « phase completely underwent the phase trans-
formation to v phase. In our simulations, we set the temperature dependence on the grain
boundary mobility M;; as Egs. (5) and (29), respectively. Therefore, we reproduce a sim-
ilar temperature dependence of the e — = phase transformation such that the v phase
did not grow at 1000 K but at 1200 K (Table 2). However, we did not set the temper-
ature dependence of the plastic strain in Eq. (15) and (19), respectively. Therefore, it
was not easy to reproduce the mechanical behavior during phase transformation fully

in this study. The experiments conducted at high confining pressures of 2-5 GPa reported
that faulting occurred on the nano-shear bands of fine-grained 7 grains (Schubnel et al.,
2013; Wang et al., 2017). On the other hand, the experiments conducted at a low con-
fining pressure of 1-2 GPa reported that faulting occurred at lens-shaped anticracks com-
posed of fine-grained ~ phase with a strong preferred orientation normal to the maxi-
mum compression direction (Green & Burnley, 1989; Burnley et al., 1991). As discussed
above, under differential stress at a low confining pressure, shear plastic strain develops
sharply in the horizontal direction (normal to the maximum compression direction). Fur-
thermore, when the elastic strain energy and volume of the v phase are large, the sta-

ble shape becomes thin. Therefore, lens-shaped v grains grow with a strong preferred
orientation normal to the maximum compression direction in the simulation. Although
the anticracks in the previous study are composed of fine-grained ~ grains, and we did
not simulate the nucleation, if the anticrack can be considered as a single crystal, these
lens-shaped vy grains are similar to anticracks reported by previous deformation exper-
iments at a low confining pressure (Green & Burnley, 1989; Burnley et al., 1991). Un-
der differential stress at a high confining pressure, the elastic strain energy is large; there-
fore, the grain shapes of the v phase become even thinner. These ultra-thin ~ grains are
similar to the nano-shear bands reported in previous deformation experiments at a high
confining pressure (Schubnel et al., 2013; Wang et al., 2017). Nano shear bands are com-
posed of nanocrystalline spinel nucleated along the (010) and (110) dislocations in the
host « grains (Riggs & Green, 2005). Although we did not simulate the nucleation, the
formation of the ultra-thin v grains means that the thin forms are stable for the energy
under high confining pressure, and this would be applicable even in the nucleation along

the dislocation forming nano shear bands.
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According to Mosenfelder et al. (2001), when the intracrystalline transformation
of B and ~ phases is considered, the depth of metastability of olivine is reduced by as
much as 100 km, owing to the large increase in the density of nucleation sites for the in-
tracrystalline nucleation at the deep part of the subducting slabs with a large overpres-
sure. Inhibition of growth by transformational stress can increase the depth interval over
which the phase transformation takes place, but this is unlikely to be a dominant fac-
tor if intracrystalline transformation occurs (Mosenfelder et al., 2001). This previous model
was based on the results of static experiments considering only the eigen strain owing
to the phase transformation in the static condition and did not consider the effect of de-
formation in the subducting slab. As discussed above, the deformation increases the elas-
tic strain energy, inhibiting the grain growth of the v phase. However, the shear plas-
tic strain promoting the grain growth of the v phase under differential stress was larger
than that under the static condition. This indicates that the « grains under differential
stress grow more easily than those under static conditions. However, at large overpres-
sures, the elastic strain energy inhibiting grain growth and the chemical-free energy lead-
ing to grain growth increase simultaneously. At pressures larger than 3 GPa, consider-
ing our simulation results, the effect of the elastic strain energy on the grain growth is
larger than that of the chemical-free energy. The transformation rate is determined by
the combination of nucleation and grain growth, and this simulation does not consider
nucleation. Nevertheless, at a slight overpressure, we assume that the depth of metasta-
bility of olivine is decreased more than that in a previous study that considered intracrys-
talline nucleation (Mosenfelder et al., 2001). Conversely, at a large overpressure, the depth
of metastability of olivine increases. The deformation also increases the density of nu-
cleation sites (e.g., Dupas-Bruzek et al., 1998). This indicates that phase transforma-
tion is promoted by an increase in the density of nucleation sites during deformation. Thus,
we need to build a model that considers nucleation and grain growth to reveal the ef-

fect of the deformation on the phase transformation more accurately.

6 Conclusions

We simulated the growth of the germanate v phase under various mechanical and
microstructural conditions using the phase-field method to reveal the microstructural
growth kinetics of the @ — = phase transformation and the difference in the formation

conditions between anticracks at a low confining pressure and narrow bands comprising
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fine-grained - grains at a high confining pressure. The volume fraction depends on the
magnitude of the confining pressure due to the competition between the chemical-free
energy promoting grain growth and the elastic strain energy inhibiting grain growth. Un-
der static conditions, the chemical-free energy controls the grain growth of the + phase

over a wide range of pressures. Under differential stress, at a slight overpressure, the chemical-
free energy controls the grain growth of the 4 phase. Meanwhile, at large overpressures,

the elastic strain energy controls the grain growth of the « phase. Furthermore, the shear
plastic strain promoting the grain growth of the v phase develops under differential stress
more vigorously than under static conditions and conditions without plastic strain. There-
fore, the volume fraction of the v phase under differential stress is larger than that un-

der the other conditions. The grains of the v phase under differential stress at low con-
fining pressure (1 and 3 GPa) are lens-shaped with a strong preferred orientation nor-

mal to the maximum compression direction because the shear plastic strain accompa-

nied by the phase transformation develops sharply in the horizontal direction, and the
elastic strain energy and -y grains are large. These lens-shaped ~ grains are similar to

those observed in previous deformation experiments at low confining pressures ranging
from 1 to 2 GPa (Green & Burnley, 1989; Burnley et al., 1991). Meanwhile, the grains

of v phase at a high confining pressure (5 GPa) are ultra-thin because the elastic strain
inhibiting the grain growth is larger than that at low confining pressure These thin 7 grains
are similar to the nano-shear bands observed in previous deformation experiments at a

high confining pressure of 5 GPa (Schubnel et al., 2013; Wang et al., 2017).
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shear plastic strain evolution in the static simulations at P = 5 GPa and T = 1200 K
(Run SP5T1.2), respectively. Videos S11-S12 show animations of the grain growth of ~
phase and shear plastic strain evolution in the deformation simulations at P = 5 GPa and

T = 1200 K (Run P5T1.2), respectively.
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Text S1.

To test the numerical implementation of the elastic model in this study, we investigated
the case of a single spherical particle € such as Steinbach and Apel (2006) and Ammar et
al. (2011). The analytical solution for isotropic elasticity in z; direction from the center

of the particle is given by Eshelby (1957):
—0y inside Q; x; < 7))
3
—ao(rp> fori =121 >,
roN3
%0’0 (p) fori=2=3;21 >r,.
I

Here, 7, is the particle radius. oy is calculated by
0o = — 04 = —Ciikl(é’:?kl - 521) = Ciikl(Sklmngmn - 5;;1)7 (2)

where Cjji is the elasticity moduli, €;; is the total strain, gj; 1s the eigen strain, and
Siji is the eshelby tensor. At the plane strain condition (elliptic cylindrical inclusion),

considering isotropic elasticity of €2, S;;x is specifically given by Eshelby (1957) and Mura

(1987):
5 — 4y
St111 = Sazee = ma
g _g B v — 1
1122 = 02211 = 78(1 — V)7 (3)
v
Sa233 = St133 = m,

53333 = 53311 = 53322 = 0.

Here, v is the Poisson ratio. According to (2) and (3), we obtain

0p = —011 = —022 = 1 ﬁ V€*7 (4)

where p is the shear modulus. We used the shear modulus @ = 72 GPa and the Poisson
ratio v = 0.259 of « phase (Liebermann, 1975). The eigen strain £* and the particle
radius 7, is set to be 0.365 and 0.586 pum, respectively. The numerical simulation was

conducted in a square domain of 60 x 60 pm? with discretizations Az of 512 x 512
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square meshes. The grain boundary thickness ¢ is set to be bAx = 0.585 pum because
d = 4Ax ~ TAx is generally used for stability of the calculation (Takaki, 2014). Figure
S1 shows the numerically simulated tangential (o1;) and normal (o9) stress components
and the analytical solution of Eq. (1) in a radial direction (z;) from the center of the
particle. The positive value of stress and strain means the compression of the material
in this study. Calculated tangential and normal stresses correspond to the analytical
solution inside 2. However, both calculated stresses slightly shift to the outside from
the analytical solution because we set a bit large grain boundary thickness of 0.585 pum
caused by a square domain of 60 x 60 um? with discretizations Az of 512 x 512 square
meshes. Therefore, we have to pay attention to overestimate stresses slightly near the
grain boundary.

Figure S2.
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Figure S1. Calculated tangential (o1;) and normal (o9;) stresses components in a radial

direction from the center of the particle in comparison with the analytical solution of Eq.

(1)
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Figure S2.  Enlarged view of Run P3T1.2 (P = 3 GPa and T" = 1200 K) at 35 s.
Red- and blue-colored pixels show postive and negative shear plastic strains, respectively.
White-colored pixels shows v grains. Pair of positive and negative shear plastic strain

develops horizontally with + grains at the core. Black line is a grain boundary of « grains.
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