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Correlation between Phase Transition Properties and Lattice-dynamical Instabilities

in Metallic Materials
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Abstract

Phase transitions can be regarded as response phenomena in which a phase having certain
characteristic stability and rigidity is broken against relatively large “external forces” such as heat,
stress, chemical potential and light. In this article, we report on the systematic investigation into
correlations between the typical first-order phase transitions (such as melting and/or martensitic
transformation) and the energetics as a function of lattice strains using the concepts of the Bain
path, the physically allowed lattice-invariant (PALI) strain, and the generalized stacking fault
(GSF) energy surface, within the framework of empirical potential and/or electronic structural
descriptions. We discuss the conceptual relations of the first-order phase transition behaviors with
elasticity, energetics, and lattice-dynamical instabilities found in our various atomistic simulations
and show that the lattice-dynamical instabilities along these paths might also be useful information
even for understanding the martensitic transformation in steels. In relation to these theoretical
concepts, our in-situ experimental studies on the elastic moduli in steel alloys measured during the
cooling cycle using the ultrasonic pulse sing-around method have been also reported. The correlations
between elastic modulus and austenite stability found in polycrystalline steel alloys are discussed
based on the theoretical concepts above.
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Schematic free-energy diagram as a function of reaction
coordinate during phase-transition

The reaction path is not always comprehensible for the
corresponding transition. If we find out the true reaction
path as nearly as possible, the stability of initial state (or
phase stability) can be estimated from the curves of free
energy. The approximate curves of free energy near the
initial state along the corresponding reaction coordinate
might be described by the lattice strain energetics which
represents the initial reaction for the transition.
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Thermodynamic melting points (7,,) as a function of C, .

for fcc transition metals

The C,* are evaluated using the first-principles calcula-

tions?.
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(a) Lattice energy increments from hcp structure and (b)

shear moduli of C'(=(C,,—C,,)/2) calculated for fcc and

bce in the 4d transition metals based on the first-principles
calculations?.
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Typical example of the temperature dependence of the

atomic volume (V) and shear moduli (C" and C,,) based

atom

on the NPT molecular-dynamics simulations based on the
Embedded Atom Method™.

T,/ and T, denote the equilibrium (thermodynamic) and
mechanical melting points, respectively.
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Schematic illustrations of lattice deformations under the
PALI strain defined by Eq.(4). (a) Change in the lattice
constant a produces a stress proportional to the bulk
modulus B, (b) Change in b produces a stress proportional
to C,,—C,,, and (c) Change in ¢ produces a stress propor-
tional to C,,.
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Contour plots of the total energy in the PALI strain (left
panels) and energy plots along the ¢=0 line (right panels)
computed by allowing for volume relaxation for EAM6 in
Ref.1).

The contours are shown in every 0.01eV/atom. In right
panels, we also show the volume change under distortion
by the dashed line. The energy plots via non-optimization
of volume are also depicted by the dotted line. Energy is
measured from the total energy of the equilibrium fcc
structure based on the corresponding potential. The saddle
point @ corresponds to the bcc structure, while the fcc
structure is located at the open circle points O.

X7



EBRMBOREBMYE CRTFNEFLEN

2.3 HEBEE LR FHERLEMN

fifE A% Bain BIEO L) ICKECEETEL L, HH,
F ORI BFEET AN F—IMFBUSBEIC R Z 2o 72
MDOE— D7+ Y A% 52 (phonon instability) K5
ANg25EME (elastic instability) &\ o 72ME T AN EMEDS
WHLTLEIEEDH S Y Mishin FEOFEH L 72 EAM
TV B 2R L CHNT L7z, Bain 2T IZBIT 5 fee-Al
AR TOFIFALEEOB 2R 8 1R D,

WP HBREOTEN 22T 5L, BiEMHIZIE
Brillouin V"= YN ® [1/2 1/212] FT7 # /¥ BWE DN E
{ %%V 7 bE—F2EHIEI (K 8(b), SHITKERE
Bazz3sE, F9, U—rdl 058 25T CH
WRDEFEN T2 B 7 + /  AN425EE (phonon instability)
MHEIND (M 8(c))o ERDASHIZHEMT L E, 4
(& Brillouin V' — ¥ H.ls (T 55) 25 TO, BB HERE
127 5 BEM oA L E N (elastic instability) 2SBEAL
T5 (M8(d). FfmETid, EFZFhiZERELREILR
if 2 S5NE, BIMREEDZ OBFFEAZEEICL -
T femIFHR SN,

9@ PNIR L7z (@K UO) 1X, WW{2H» D EAM-AI
ET MK LTI 8 L MR 2 T o 725 B 1R 55,
Bain £ N CT7 & / Y ANLEER AL E D FEA T
LRT VX VEMTONETH L, TOILINF—(LE
EENERTITRCEEERH ) Z ) Eh, FaAD
M2 HIZ RSN TS (F19(b)) Vo EREAHEEFS 121X

10

8+

>

Frequency (THz)
~ -

=

(a) b=0 (fcc) (b) I;=-0J7'

=0

Frequency (THz)
- > *®

%)

| A

V- \

(d) b=-0.20
[xxx]  [Ox0] T'T [00x][0xx] r

=

(c) b=-0.18
I |00x|[Oxx] T

8 BanETFTH T+ ./ HHEgehig

Phonon dispersion curves” as a function of strain param-
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model 33

These calculations are carried out using the conventional
cell of the face-centered tetragonal (fct) structure. The
negative values are used to plot imaginary frequencies for
convenience. x denotes the value of 1/2 in units of recip-
rocal unit vectors.
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0.02 + -
(a) EAM4 ~
0.00 : - : : -

-0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1
b (=c/a-1)

1200 t t t O e }
- O Phonon instability| gAMe6
2 11004 | @ Elastic instability 4
2 EAMS
§ (]
< 1000 + - Bl
g M
<900 1 1
o0
|
S 800 O® EAM1 4
=

EAM4 (b)
700 } } + t
0.00 0.02 0.04 0.06 0.08
Energy (eV/atom)
9 (a)AI-EAM EFVICL D Bain /XX IRV —ghiR &

(b) ER VIR FHEARLTEMEDORER
(a) Typical examples of energy curves along the Bain path
calculated using some EAM models of Al"
We also show the location of instabilities for each poten-
tial model in the energy curve along the Bain path.
(b) Relation between the thermodynamic melting temper-
atures and the energy locations of phonon (O) and/or
elastic instabilities (@) in (a)

10 Ban EFCTRIAZRTID T+ / > AEEMEE—F D
Schematic of the phonon instabilities first appeared under
strain along the Bain path"

The unstable mode corresponds to the displacements in
approximately the <112>{111} directions.
ooH % £

o #4105 (2018)
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o 0.2
Unit Burgers vector

0.4 0.6

1200

sy : o8 } o o7
T T
£ 11004+ 0.05 0.10 0.15 0.20 -
E / o p
g 1000 + E
£ a EAM3
5 o0t / / EAM2]
= so0t © EAMIT

............... / / e

700 + + + 1 +
40 60 80 2 100 120 140
GSF energy (mJ/m’)
11 AIREAM KT > vILEFIAL - (@) —fR{LHEE

XTI %% — (y surface) O, (b)(111)Ey
surface M <112> ARIND I )L ¥ —KrmehigE & O
(c)y surface M <112> HRIHHRDIL S L A51) &R
EENFRILA & DERE
(a) Example of y surface for displacements along a (111)
plane in fcc-Al with the equilibrium lattice constant (a,)
The energy and displacement units are in mJ/m? and in
the unit Burgers vector, |bl=]a,[101]/2], respectively. The
energy surfaces exceeding the value of 500mJ/m? are
truncated. The corners of the plane and its center corre-
spond to identical equilibrium configurations, i.e., the ideal
fcc lattice.
(b) Projections of the y surfaces on the <112> direction
calculated using some EAM-AI potentials
(c) Relation between the thermodynamic melting temper-
atures and the GSF (Generalized Stacking Fault) energies
along the <112> direction, where the internal figures of
0.05, 0.10, 0.15, and 0.20 show the displacement values
expressed by the unit Burgers vector
All these figures are reproduced from the original data in
Ref.1).

Ebo THUL, fee b DREILIGA®, #5FPOREAL (dislo-
cation) DFELED L LT EIHGTAHILEERBL TV 5,
I, EmlIGERT 572012, — bR R v
¥ — (Generalized Stacking Fault Energy (GSFE) or y surface)
ERbE L OMBE 2 AT L7285 R b, KRETORKRICE LT
%o ysurface LIZFEH L7723 MIZEEES 5 TR F1H
BOMMZ TN Lo THELEIZAVF—RT Iy
VT T, Vitek 2 & o T OIEFEMAHEA S 7z (7

#roH & o4& #4105 (2018)

11(a)) ¥ Al REAM R7 > ¥ ¥ VvEFMM L2 111) My
surface O <112> JFINO T AV F — W 2 (4 11 (b) 12
Yo COMBRIBIT BEANDTA ) F—HEAfHIE, unstable
stacking fault energy & M-I, AN ORAL A OIRPLIE
BEL 7 ZEBELMEEME T D Z &A% Rice 12 & - TIRHH
ENTVD ¥, WIZHIND TANF —UMEDS, 85 OFE
JE /R BT 4V F— (stable stacking fault energy) & 72 %o

11(c) 1, y surface ® <112> FHALAHAR DO B LAY #6
SR, BRI E OROHTEAHBEAVE RIS NS
CLEERLIZODTH S N, FEAHIEE TIE, 2% 0IHL
MOt N OERRLFEEDS, BEAORFEBIRICEE 2N+ T
X7k BAEDYH 5 72 (Dislocation-mediated melt-
ing) ¥, AHEIMEEL L 7B MATAE RIT Y, RIS
BRI 25 /5 &, 203 ) BRALFHEE R O — KAHERFE 203
THHILERELTWDEEZ LI,

3. #HOBanEIRIF—ETIT YA NETE

HIZ Tl Bain £d 5 W3 PALI EO TRV F—iGm00 5,
bee-fee D & 9 A G DFFETE, ZIS DB )FRZE N
ERTNFARRERORE T2 SO L) ka4
TlE, IV T v A MERE (fec——bet) R ye——a K HE
(fecce——bee) D X9 A& F- M OMEAE DS FEBHAFAET
5o COFMNIEZ 728, RETIL, # (Fe) @ Bain /¥ A
IANF = (AE U 5i8R) OFETEALRE LE %
A0, NV RialElEE 7 )V (Stoner model) DOFEHH A
SIEFL L7222, FEZHLOHMAY VT A NEREICH
T 2 EERIE 2 /AT 5 417,

3.1 N2 RBEMEETILADRAHOBain ET XL
¥— HKEORE

FRRBILE L, ROBL O CHEEMEICH Y, L
bEE LM Z HOLEEMETH LA, 37 aYPrE
H DL, AL B MR T- T2 M0 U TR 722 850
TG AERTHH D, iU, FIZ, Fe ILEDEAMHIC
BIF LA U BEOBESIZHR L T 5o FRIZR o0
DS fee T D LEMET, ZOIRTHRBIKAF LT, JE
izt (non-magnetic : NM), i1 (ferromagnetic : FM), X
g (anti ferromagnetic : AF) A K » 2784 5 )b (spin-
spiral : SS) D & 9 AN G EVEIREE (non-collinear : NC) 7%,
¥ mRy/atom (IRy=13.6eV) FED T A F—ETHED
VIR T 2WERTH L Z LN TS ¥,

7272, SREEE (FM) K OFERGMEIREE (NM) 1281 %
bee-fee DIEFFIZEM AN 22 BIZHR) (22w Tid, #
LB %03 (Density Functional Theory : DFT) OFEFHATHD
T & AT ELR DR HHEA D H LTV 5 44D, Hsueh
S, bee-Fe |2t LT, M E— A MREEL2E—
HIEIE (fixed-spin-moment calculations) Z 1T\, & E—
AV IH p=22 FBED FM IREE T T T2l A5
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Magnetic moment (xp)

0.50

060 070 080 090 1.00 110 120

c/a c/a

c/a

M12 EERIE— 4> METEICLZHRO Ban EH I X —RUZOMAMGO R TESIE< Y 7

Two dimensional contour plots of (a) Total energy surface E(u,c/a) (in eV/atom), the energetic field surfaces for (b) (dE/
d(c/a))u, and (c) (dE/du) ., as a function of magnetic moment (u) and Bain-path shear parameter (c/a) along with the atomic
volume optimization

The energy contour lines in (a) are labeled relative to the total energy for NM-fcc with the GGA equilibrium atomic volume
(VE%"”‘fCC=1O.15/:\3/atom). The zero line in each contour is drawn by the thick blue line. The red dotted lines and the black
solid ones indicate the negative and positive values, respectively. The black circles show the configurations becoming the
local minimum and/or the saddle points in the energy map of (a), which satisfy the condition of. (0E/d(c/a))u=(dE/du),, =0.
The thick solid line depicted in each contour is the hypothetical reaction coordinate (RC), which has been numerically
searched by the steepest-descent method from the saddle point of (u,c/a)=(1.63, 0.92). For reference, the bcc and fcc
configurations are shown by the vertical broken lines (c/a=1/+/2 and 1) and the location of NM-fcc is denoted by the open

c/a

circle.

BH, NMARREIZIE VAT Tl AL EN (T M8
FRWE) BBNDZ L 2ELTWD 9, —7, fec-Fe
126 LClE, Zhang SRR BEGENT 205, bee HEF &1
BT 5 & 912 NMUIRBEL B Tl T 5L EZl s /3 5
B, 1=2.0 T D FM R TR L E M (T BT
MERWE) SHNDL 2 L 2IRRL TWw 5 4,

WO DM L TS FFEARLENIL O, Fe RD
Bain ZIED L AN F —< v TR EERKE— A~ MEHRT
BHTHILICED, HENCHBTLZENTES, £
OfF%, B1212R77, K 12()1E, AE—22 MEIE
TEPEIREE (u=0) 205 EFEMEREE (u=2.5) T TEILEE7-
KD, Bain ZEO AN F -z RL72bDTHS (eV/
atom HAV 1 NM-fecFe (O) % T AN F—HHEIZ L 5T b)),
SR RTE CIIRESUATE RN R (magnetovolume effect) 75%E
EWVEICH RELREBEG- 2 5720, RIRNICIE, Bain /82
¥ (c/a) ZEE L CHEFRREE REILT 277 =y 7 %
FIALT, &I ANVEF—<y 7ZEHLTWD (50 x50 14
). 72, LRETHIREIZIE, GGA (Generalized Gradi-
ent Approximation) Z FIF L T\ %, [ 12 AOHEREH TR
F c/a=1N2H% bee 57, and c/a=1 A% foc WIS 5o
12(b) U (c) i, FM2, Bain ZIEEE (c/a) KU
KE—AV D (W ITRHTE2ETANVE— EOWMGYi~y 7
£7%% ((b) (0E/6(c/a)),, (¢) (OE/oW),,) o TIEN DR
< FITRL, AR EME, BRITIEE FARIEEaHE
BT o 72, MANO®, (9E/0(cla)) =(0E/op) =0 DS
a7z L, AV F—RMED L I (#) &7

BT Do RGN OFALADFEIREE L, X 12(a)
OfE EJTIALE T 2050 (u,c/a)=(2.2,1/72) IZA0E T 558
g5k bee TH D 2,

RMIZHFEETSE, bee MU fee DGR E— A > M
XF§ B AR e E T SR I 53 B o bee (c/a=1/42)
T, u<12 DAY CHET, M7 (G IS/IET 5
Bain HI#RAS RI2 & 2 2 AR BN (O ANREH 22
HiZM) BN Tw5, —7, fee (c/a=1) T, u>1.6 D
EAY I TR BRSNS LIl D, Ihb
DKL, FRDT V53 S O T I FEAL 72 M
Hr 409 222 IR T 50 FELLOFMTHETIE, BA
UMD &9 R B EREOBEL®H 5 L9 T, bee
1 (<12, £>4.0), fecld (L.6<u<3.5) OEIL CTHIERL
SEVEDHIS

AT — AV MAT1.2<u<1.6 DFEBIIWFLAY B <
bee MU fee I ANV F =R B/IMERE & 1) (1T
RS S, M13@) u=14ZM]), W&
MO N F—FEEEDNIT & A ETHB L CLE )M E 2 5,
AE U REFIEL 72 < TRWIF 2 829 kR TIEFEE
DWEETH 20 b LIRS, MWEATE S EALERIC X 5
LOWHRELRELE-FNERTT IV EEROT LA
X, 2O X9 % bee- ERE (fee X hep) DT 157
FABCHEASH AL % FEIS (Ti SR Tl bee & hep DRSS L)
THERDPITO NI MESRTH B 449,

Bl 120zhEho~y FICERLIZERRIL oL
5 p=(u,c/a)=(1.63,0.92) Z 5 H L L, AR Ve ZFIH

ooH 8 E 4 & #H E410%5  (2018)
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2.4
2.2
2.0
18
§1.6
Eu
3 Ea“’ e
=08 044156 . §
0.6 opo8 ) e
0.4 4
5\l =
0.0 '\‘-“ ' y ' ' '
12 050 060 070 080 090 100 110 120 05 06 07 08 09 10 11 12

c/a ca

13 (@R 12(@)ic&H T3\ <Dh D u=const. DKEHRIE, (b) WKE—X> b () & Bain EEH (c/a) (X ¥ 3 EF{ATER
& (0, . (u.c/a): B foc DERFAMEEHEEIC L - HFHEIIRER), () (b) D u=const. DRTERHR
(a) & (c) ADFFR R RSHEEE (RC)
(a) Calculated total energies as function of c/a for the systems with the optimized atomic volume projected on the lines of
u=const. in Fig.12(a). Energy is measured from the total energy for the equilibrium NM-bcc with V= VE"C’?’V"fCC.
(b) Optimized volume surface (w,,,_,..(4,C/a)) as a function of magnetic moment (u) and Bain-path shear parameter (c/a)
The atomic volume is plotted by the increment ratio based on the volume for the equilibrium NM-fcc state.
(c) Atomic volume curves as a function of ¢/a projected on the lines of y=const. in (b)

The thick green lines depicted in (a) and (c) are the hypothetical reaction coordinates (RC).

LTl T (steepest descent method) (2 & > C, fece— 12 & BRI T fec DIETIFARLERME S, KT
—bec DA 7 FUSEEAE (RC : reaction coordinate) % 3K DR H T HEENE bee [T 5 &) g0
W7z DTH D “MRBRY A" OFRIE, BRE— A2 b (w) 5N b,
JeO¥ Bain 7S AZEH (c/a) DYH 2B R EE AT S < Rz Stoner 7 )V OMAIATIE, Eikd Bain 7S AIZBIT S
D728, EBEORIGRTIEZ ORI S 7 W REME D & W NFARENEBOER %, BRI L 2ETHED
LHTHA, K13 icid, K12 2Bl 50200 TALDROELET LI ENREE 2D, 1412, WTT1%
u=const. DI Z R L7z BEF T2, LikOTHi& TEM, NEEWDPBNLIHERE— AV ME2HFT 5 bee
THH5HNA RC DRI R L TWh, (@ u=1.00: RZ5E, (b)u=1.40:%%) KO fee ((c)u=1.40:
C DRI OB A TSNS fee—bee D RC DT 4 )b Z5E, (Au=185ANEE) IR LT, ik Bain BIEE) %
F— [ EE LK S0meV/atom TH V), bec—fee D Z IR AL 72358 @ Fermi L )Vl O FE T HEEZL OB % 7~
180meV/atom FEL 2%, K 13(@) 25 d, HSRE— AV 3 (/EIX : Majority spin, 77X : Minority spin)o S#i25E
FORIZONT, feec T AT AN F—MITREEIL R BEIOL WA, 71T — OMAN: Bain EIEE % 5.2
D, bee t&TF D LA F =BT HHT DA TWE DNy e 25, M14@BFDDEHIZ, E
TN D, T2, BEE— AL FO/NEWFTITIE, beets FEEIH L TT7 2V IHOTBRSRKECELLTLED X
T O T AV X — DS 1 & 7 BB AR E N I IR TR AL WAL L, X 14(b) U (c)
(Born instability) 2584, #IHEAE— X ¥ POKZVET D XA, FEEBNH LT T 2V I EOTRAA UL 7 55
Tl fec MBI ENED BN D Z L D50 5 72 BT HFEREREETLEVCHIERNETEZ ) TH
5o TDEHNZ, B DHVIIEIEEGETIE, bee-fec BT %o
W OB F L ENER A EEIZB LT, B KEI OB, MEBEOFETRONS 5-beec HDIETT
VERD A BRI E 2 o RO W TR RICAI TR o JEREME (u=0) ? bee
13(b) LU (e)1d, TR E— A ¥ b () OBERIZPED T X, PO L) ICHEALEREFLTLE)IDT, Fa
SHENROID I NER LD TH L, o, , 13, I ) — R xR 7omin TR e E LTINS §-bee &
WMk foe DE TR 2 B2 L 7R RIEIREZ R T, A NV FIEREEM S LTHER->TLE ) 01, W ET
RRERR L, RO 2 & 2 DR HEAE VOTIR WP EV) ETH S, Stoner E7 IV DFLHRIR
HERIZFLEVLGDSZAL T 28R 2L, FEMME fec— Az HEEL AHEICRSA Y Y OZEHTES X (specific
AT bec DEEFETHB L Z 10%REEOREREEZ RT 2 & spin configuration) 23 %, FT4F, HRLIEREE (paramagnetic
2750 BHAATIE, VbW Ny Nt HGH<h 5 states) ZELIR T H72012, AY 2R S X 2 AIIZHL
Stoner E7 )V ¥ #EZORFIEL L TW5EAS, LlhOFHZ NI FEDI N ODFIFE S, G bee TlE Bain /X
THE5MN5 RCIZBIT A fee—bee K, JRFTRHZEILEE I AN F = ICHEARZEEDI BN WG ERH Y 9, AR

#roH & M o4& #4105 (2018) — 10—
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(d) £~1.85 (fcc: unstable)
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Bain E1BE)Z & B Fermi LNJVEEOEFiEENZE1L

Electronic band structure response around the Fermi level perturbed by the small Bain-path distortion

We show the responses for (a) 4=1.00 in bcc with the lattice-dynamical instability, (b) 4=1.40 in bcc with the stability, (c)
1=1.40 in fcc with the stability, and (d) ©=1.85 in fcc with the instability

The left and right panels show the band dispersions in majority and minority spin states, respectively. The black and color
lines depicted in each panel indicate the electronic structure unperturbed and perturbed by the small Bain-path distortion,

respectively.

HE (T=900C) DM bec DT+ / V5 i Ch 74+ />
NEFEEDRHN N T EDHEDD HILT WS 4,

32 Bain/ NAI XX —EXIT ¥ 1 NEREERE
DM 7 DSEIE
SO REREE L0 A RO IZ DOV T,
WFZEDIE S & 7k Kk 4 R ERASR EMTv b, BIZ IR,
~ VT A NERERIGIERIEICT A b 0L LTIE, TR
DENRLON LTSN ),
Ms(K, at%) = 818 — 71C + Al + 7Co — 14Cr — 15Cu
—23Mn — 8Mo — 6Nb — 13Ni — 4Si + 3Ti — 4V + OW (6)
EUE, BRI A — AT F A M (fec A7) OARIRMA
DILELEZRTIRE L 2 5 0 DTH LA, ZERENEE 0
FTHRLEEDEIMIER M FIZOVTORT L)L
B 70 IR RCHERE I Z DWW TIZITE A &0 H o T eV, BTl
THRAR72EHIZ, BHAETIE, SRR IFRERE

H 5 fec IREEDS, IRALICHE D BESHE/EMIC L - T
bee IREEDIE T TIF AL EWDTER L, B 5 i & THARE
WCELLDTHA ) TEPEEMIITFEINS, LAl
D, INETIDL) B TFEIANF —FHOBI D
5, SO~V T A MERRBEOFERNEZEEITE) &
FLWMEDORAIID ol L) IZE b,

X 1512, JEWME Fe(NM-Fe) 12817 % Bain /S A T4 )b
F— KT T A ORE (@ RFE D, G)TIVI="
L) FRy (RHETEIESCHRT) 22 08) o RERIRE OB
DT, bee DT AN F = REEMEIZHFT AL (M
15(a)), 73 = ATld bec DI I F—Ay % RNEEE M
DSHFNA L T CRRF (K15(b)) 23RTHUILS . K15
(e)121E, bee & fec DET RN F—3E <AEEENM4,“_ENM4M>
DA I BEARSFE R R L 720 BRFRICHEIL bee I2H T 5
fec MEB DR O ZEEZ EWD, WIZT IV I =7 L1 fee D
R L ER LT EELICRTH LT 25 052 5,

ooH 8 E 4 & #H E410%5  (2018)
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I e Attt 0.40 +———+———+——————+—+ - 0.90 } } } } } } }
0.9 4 1 L he £ r Non-magnetic
Mk H 0351 1 i H S 080t -
0.8+ x(C)=113 L : \ A xAD=1/12 & |
x(O)=121 | 0304 A x(AD=1/20 >
~ 071 % x(C)=1/33 + B xAD=1/32 @ 0.70T Carbon T
£ x(©O)=1109 [ 554 o\ O x(AD=1/108 5 . X
£ 0.6 x0O=0 T ® x(AD=0 & 0.60 T
> < 0.
ONE 5 k,z L
i i 4
B Gl \ é&m
0.3 T LQZ 0.40 E -+
02+ 0 &
i 0.30 ] T
- : S 1)
0.0 +—+ H— b+ —— 0.20 t t } t t t }
0.50 0.75 a 1.00 01 2 3 4 5 6 7 8
X (at. %)

X 15 FERLE Fe O Bain /XX TV —fIRICX§ 2R DO%IR ((a) FE 17, (b) 7V =7 L), (€)bee & fcc DEI RIVF —
% (AE=E,, , —E,, ) OFGmSERE
REIL fecc DHEMMELEMES D, FICTIVI =Y L fec DEMNELEMEZET S5,
Impurity effects of (a) carbon'™ and (b) aluminum on the Bain-path energy curves in non-magnetic Fe (NM-Fe), (c) Structural
energy difference between NM-bcc and NM-fcc (AE=E,,, , —E,,, ...) as a function of impurity contents
The Energetic stability of fcc is monotonously increased and decreased with the contents of carbon and aluminum,
respectively, which qualitatively agree with the physical meaning for the plus-minus sign of the coefficients of C and Al in

Eq.(6).

XHIZZOREIL, FNENOREE I L TRIBAIIR REIRE (M, b %\ & B, ) LU ORISR O FE IR,
CENHEMRA D, A — AT F A M (fee M) DRIEHI D o LA @A S OFMEER & ) SRR L, #
MWZEMEEZRTIREE 226 IZBVT, RERLT VI T2 M2 D 5 (Excess shear modulus) 2SERHI S 41 1517,
=7 K DOE LIS = 155 OB 7 B % 2 R I3 BIRALIZPED = AT F A b (fee) DIEFIFARZEEE
BTN AT T s o WiF b &9 RIRD BV EIRT

22 FiCIiR72 £ 912, Bain O AV F —iifFI2I, B 16(b)121E, RFREICH T HEREEOWER L EREN
ERMIRIEROIRLFAD DL, Lizh > T, BREEE 2B BRMEZROZALZ IR LT ze B LT IX I 22 3 AH R A%
D fee ¥F DRI D TCHRKAFEAZ OBl TE UL, BB LD DD MIMEREDPHLEE D L &)
F—=ATFA M (p M) OHEEEOIRE L 72 2EREM O Bain 7S AT AV F—5 (X 16(a)) DFEERAGZMEE & 7 D #k
Wy T AV F — MO —IIIER A 2 L AT & AT REN: RTHb, KRBT HEEITLAIEROBBRE 16(c)
Wdrbo ZIT, HHI2HIL foc DXL ENEZ BEEIC RS o M IIEEE VETEAHBI DRI ZE 2 S 1 3B S I T
EOLIKFICRICERL, KEZEZES 540 % i Wb REIHTIZ LS Bain B O T AL X — i o i ==
ML, F—AFF A MLtk VT oA NERETLET ZALDS, *— A7 A MAOKIRM O E I EE 2 FiH
OFEREL BEW OV AR AW CEEEOSIET % BEBoTVLIEDPHMRAZ 2R TH L. RADEFEE
FEREAT - 72 1517, EOMZETIE, RFEILHRIZE D ZORIMEROELA, <V
FEEROFEMIZ, FEE G S ICERY, TOMEE K16 T A MEREBRICBI A EHERICEEY RITL, <
IR REBRTIEZ, K16 D EFIRT LI, RES VA MR OSSR N 7 2 MR L A G
AL S 72 5 BRSO 9N il & #E4i L, 850C TA— AT A BTEEED S B T ESFERRIINIRIZ S AL T WD 9
F 4 MEf, 200C FT2TC /5, 140CFETIT /s DEHLEFE
O o720 £ 72, HPERERFEE (M, 215 L < 4. FED

E B, ) 1, BUEIREIEIC X D IUEL T b MRS RECTIL, #ESEERDSFEOMIED X9 2 )7 kss, #
i, TI R T2 @ NA F A b, T3-T5 E< VT 23 A T DML EECET 2k E, I 7ulBlurs o L)
HDZENFENPDOLNTND 9, OB DDONE, HEEHEZEOHERIIE L N— 28 L,
X 16(a) 7%, T1, T3 KOS T5 OREHIAF T 5 400C 205 NS OMEIFZEICBEE S 2 EEfsE L LT, o~ T
FZEREIRE  COREEDOZLTH %o RADZDHE YA NEREEFE O MEYIVEZ OBl E BT AIFZEIC D
THE SN D HEWYEL, BIRERESERO~IVT V1 WTHAAT L7z REnEROMAZREBIRIE, LR OKT
MERET LIE LIZE SN AT FERLEME (V7 b TFARGENE RERDSTIIFMIAREE L 7 ) F Of %
E— FRMEMERIAL) 22 DF IR 2R 2 Ey 050 (LT ThBDHR) ICHGTLILDLVEELNLY, &
ST, IR L CRlME SR L AT 5. AHA TRmf R B E R A A8 R R, Zo X)) R E R
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C (Mass Si (Mass Mn (Mass Ni (Mass
Specimen Percent) Percent) Percent) Percent) Fe
Tl 0.016 0.25 1.0 9.03 bal.
T2 0.1 0.27 1.0 9.28 bal.
T3 0.2 0.25 1.0 8.98 bal.
T4 0.31 0.26 1.0 9.25 bal.
TS 0.45 0.25 1.0 9.03 bal.
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Top panel shows the chemical composition for each specimen analyzed in the experiments'®'"

(a) Shear modulus measured in T1, T3, and T5 steels in the course of cooling cycle!®®

The arrows indicate the locations of transformation temperature measured by dilatation method for T3 and T5.

(b) Shear modulus at the (Martensitic: M, and/or Bainitic: B,) transformation temperature (left) and the corresponding
transformation temperature (right) as a function of carbon contents's'”

(c) Shear modulus at the M_ and/or B, temperature as a function of corresponding transformation temperature's'”

(2R B SEET BIFRIR T 58I oV EHhh L b
N5,

VEAE, MOEMIERFZE ISR LT b N AR, HAEE 0f
HAEDFEDOENDODH 5, ZOHMIIIERIIZKED T —
SO RENREN 2N T LI TH D, ZOERI,
EIE, TNFEFTOHRBEZDOLODEALELF 2 %D
R\, REIZBR7HZEIE, &6 52 & T 2 X ERY LA
FFD L N7 — 8~ A v =2 FOEEHTER
W7 TU—FFETH o7 b LIES UL, MR 2
B RE L TWZEIZRAEDTHA )N, TRV F—
Al O CEHEA AR ZEIE, — AR AMAICRZ D
HRLWI L, LIS LIZEESHE M Tdins &)
KRERBEDDHDLMFETLD L. “ T & L COBSHE

-

OWREEEA MR F THI XS 7 22D, YF%M R F
SEHICELES T S EP VOO TCLEETHS I, 4L
VT EERTRFE DM A A N— 2L, At arYa—%
ORI ST S SNRHEM BRI, 2 2ICHTE
5 ERBVOOREE D %o

B
AFERCE, 3RS ) T RE RN, &
IR T Sl > & — ISR, KIRE A A
Ak £ OIFIFIEHRE BATEY, BRAILICE
AL E T

i

ooH 8 E 4 & #H E410%5  (2018)



EBRMBAOREBMYE CRTFNEFREN

SRR

1) Moriguchi, K., Igarashi, M.: Correlation between Lattice-strain
Energetics and Melting Properties: Molecular Dynamics and
Lattice Dynamics Using EAM Models of Al. Phys. Rev. B. 74,
024111 (2006)

2) AORE, LIRS - SR OMER Y L% FET A
V¥ = Av— b7 AFEEEE 2(3), 102 (2013)

3) Raabe, D.: Computatinal Materials Science. Weinheim, Wiley-
VCH, 1998

4) Provatas, N., Elder, K.: Phase-Field Methods in Materials Science
and Engineering. Berlin, Wiley-VCH, 2010

5) /NEEERG, BRASE, ADNAE vV F 72 —=X7 1=V F
EERHWE = AT A FRAT VL AREREREIE T
W, BEFSEEREAFEMZ. 2009, 316 (2009)

6) /NEFEA, HRIORG, BR, THIME NI 0 72 —2X
74 =V FigEE Tz Cr R O & H % 1 & PG
BB IR OBEEFINB LR O, A S S E RS
BEZE. 2012s, 114 (2012)

7) Kaido, H., Moriguchi, K.: Simulation Studies on Cottrell Locking

Using Phase-field Method. Proceedings Book of the 3rd Inter-

national Symposium on Steel Science. ISSS-2012, 2012, p. 187

Meh%EE: : Phase-field IRIC K BHIE Y 32— a v, #

H#F3k. (392), 19 (2012)

9) BI%, EEHIESE, HORG, AHEA 72—X714—VF

BICLBF 8 Yy BLURT Y L ARORE SRR 321 —

Ta v, FrHEEEEER. (396), 43 (2013)

Wbz TV VERETNE T 2= AT 4 — )V R

LA E DR SR T, T HBMESECL (404), 18

(2016)

11) Lindemann, F.: Z. Phys. 11, 609-612 (1910)

12) Born, M.: J. Chem. Phys. 7, 591-603 (1939)

13) Ostwald, W.: Z. Phys. Chem. 22, 289-330 (1897)

14) Terasaki, H., Yamagishi, H., Moriguchi, K., Tomio, Y., Komizo, Y.:

8)

10)

Experimental Determination of Elastic Modulus during Marten-
sitic Transformation of Low Transformation Temperature Steel.
ISIJ International. 51, 1566-1568 (2011)

15) Terasaki, H., Yamagishi, H., Moriguchi, K., Tomio, Y., Komizo,
Y.: Correlation between the Thermodynamic Stability of Austenite
and the Shear Modulus of Polycrystalline Steel Alloy. Journal of
Applied Physics. 111, 093523 (2012)

16) Terasaki, H., Yamagishi, H., Moriguchi, K., Tomio, Y., Komizo,
Y.: Erratum: Correlation between the Thermodynamic Stability of
Austenite and the Shear Modulus of Polycrystalline Steel Alloy. J.
Appl. Phys. 111, 093523 (2012); Journal of Applied Physics. 112,
079901 (2012)

17) SPIEFAC, ARG, RSl N —, BREER gkl
VT YA NMEREIZEE S 2RI AR 2B AT A —
M7 O ARk 2, 128 (2013)

#roH & M o4& #4105 (2018)

18) Fine, M.E., Brown, L.D., Marcus, H.L.: Scr. Metall. 18, 951-956
(1984)

19) Andersen, O.K., Madsen, J., Poulsen, U.K., Jepsen, O., Kollar, J.:
Physica B+C. 86-88, 249-256 (1977)

20) Mehl, M.J., Aguayo, A., Boyer, L.L., de Coss, R.: Phys. Rev. B.
70, 014105 (2004)

21) Grimvall, G. Magyari-Kiipe, B., Ozolin$, V., Persson, K.: Rev.
Mod. Phys. 84, 945-986 (2012)

22) Jin, Z.H., Gumbsch, P, Lu, K., Ma, E.: Phys. Rev. Lett. 87, 055703
(2001)

23) Wills, J.M., Eriksson, O., Soderlind, P., Boring, A.M.: Phys. Rev.
Lett. 68, 2802-2805 (1992)

24) Mehl, M.J., Boyer, L.L.: Phys. Rev. B. 43, 9498-9502 (1991)

25) Bain, E.C.: Trans. Am. Inst. Min. Metall. Pet. Eng. 70, 25-35 (1924)

26) Kittel, C. : ¥ 7 )VERY A A, 5 8 ML 3, 2005

27) FAK—  TATIVT VA NOBEHKRIC B JIT T E T
FEOWE. A~ — 7O AEAEE 2, 110 (2013)

28) Cayron, C.: One-step Model of the Face-centred-cubic to Body-
centred-cubic Martensitic Transformation. Acta Cryst. A69, 498-
509 (2013)

29) Cayron, C.: Continuous Atomic Displacements and Lattice Distor-
tion during fcc-beec Martensitic Transformation. Acta Materialia.
96, 189-202 (2015)

30) Boyer, L.L.: Acta Crystallogr. Sect. A: Found. Crystallogr. 45,
FC29 (1989)

31) Mehl, M.J., Aguayo, A., Boyer, L.L., de Coss, R.: Phys. Rev. B.
70, 014105 (2004)

32) de Waal, B.W.V.: Acta Crystallogr. Sect. A: Found. Crystallogr.
46, FC17 (1990)

33) Mishin, Y., Farkas, D., Mehl, M.J., Papaconstantopoulos, D.A.:
Phys. Rev. B. 59, 3393-3407 (1998)

34) Vitek, V.: Cryst. Lattice Defects. 5, 1-34 (1974)

35) Rice, J.R.: J. Mech. Phys. Solids. 40, 239-271 (1992)

36) Nelson, D.R., Halperin, B.1.: Phys. Rev. B. 19, 2457 (1979)

37) Dash, J.G.: Rev. Mod. Phys. 71, 1737-1743 (1999)

38) Burakovsky, L., Preston, D.L., Silbar, R.R.: Phys. Rev. B. 61,
15011 (2000)

39) Tsetseris, L.: Phys. Rev. B. 72, 012411 (2005)

40) Hsueh, H.C., Crain, J., Guo, G.Y., Chen, H.Y,, Lee, C.C., Chang,
K.P, Shih, H.L.: Phys. Rev. B. 66, 052420 (2002)

41) Zhang, W.: Journal of Magnetism and Magnetic Materials. 323,
2206-2209 (2011)

42) Leung, T.C., Chan, C.T., Harmon, B.N.: Phys. Rev. B. 44, 2923
(1991)

43) Saito, T., Furuta, T., Hwang, J.H., Kuramoto, S., Nishino, K.,
Suzuki, N., Chen, R., Yamada, A., Ito, K., Seno, Y., Nonaka, T.,
Ikehata, H., Nagasako, N., Iwamoto, C., Ikuhara, Y., Sakuma, T.:
Science. 300, 464 (2003)



EBRMBOREBMYE CRTFNEFLEN

a4y HHEEE 13 HREEZEAFE 70, 579 (2006)

45) Ashcroft, N.W., Mermin, N.D.: Solid State Physics. Philadelphia,
Saunders College, 1987

46) Okatov, S.V., Kuznetsov, A.R., Gornostyrev, Y.N., Urtsev, V.N,,
Katsnelson, M. L: Phy. Rev. B. 79, 094111 (2009)

47) Kiirmann, F., Dick, A., Grabowski, B., Hickel, T., Neugebauer, J.:
Phys. Rev. B. 85, 125104 (2012)

48) Palumbo, M.: Calphad 32, 693-708 (2008)

49) Terasaki, H., Moriguchi, K., Tomio, Y., Yamagishi, H., Morito, S.:
Metall. and Mat. Trans. A. 48, 5761 (2017)

50) Wuttig, M., Liu, L., Tsuchiya, K., James, R.D.: Journal of Applied
Physics. 87, 4707 (2000)

51) Xiao, F,, Fukuda, T., Kakeshita, T.: Acta Materialia. 61, 4044-4052
(2013)

FHOFIE  Koji MORIGUCHI
Jeo IR ZERT BRI R SR
R FERZEE i (TR)
TIEEFENHE20-1  T293-8511

F5F54  Hidenori TERASAKI
REAKRT T
S C A e WY

BRIKZE  Yusaku TOMIO
RIS /1 A&~ — iR
EeppisE R (T

ooOH % fE & #4105

(2018)



