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Abstract: The final microstructure and property of metallic materials are determined by hot-working, in terms of phase
transformations. With rapid development of the non-equilibrium technology, the processing of hot-working is becoming ex-
treme and versatile, so that the thermodynamics and kinetics controlling the phase transformation is changed from the inter-
independence corresponding to brief near-equilibrium process to the highly correlation corresponding to complicated extremely
non-equilibrium process. Accordingly, the classical theory, basing on the independent treatment of thermodynamics and ki-
netics, has become unsuitable to describe the mechanism, predict the microstructure and control the process. This key prob-
lem needs to be solved urgently for high-end manufacturing industry, while brings challenges and opportunities for investiga-
tions of non-equilibrium phase transformation. The present review is focused on martensitic transition in Fe via Bain path,
microstructure regulation by martensitic transformation in low-alloyed steels, and GB migration and the thermal stability of
grain growth, quantitatively summarizing the correlation between thermodynamics and kinetics. On this basis, it is aimed to
discuss the intrinsic law between thermodynamics and kinetics of phase transition, and thus guide the microstructure design
for typical industrial alloys.
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Fig. 1  Microstructure of a thin film after rapid quenching of a liquid binary Al-35wt% Mg system that fast and slow quenching regions correspond to super-
saturated solid solution and eutectic, respectively (a) (3], Microstructure of a melt-spun ribbon of Ni-18at%3B alloy, with decreasing cooling rate,

transition from single-phase without solute segregation to dendritic patterns occurs (b) 4], Ferrite transformation mechanism of Fe-0. 01at%C, as a

function of the cooling rates of 5, 10, 15 and 20 K/min, changed from diffusion control to interface control (c) (7]
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Microstructures obtained by rapid solidification ( RS) combined with post-solidification heat treatment ( PHT) ( cooling rate upon RS: 96 K/

s)1171. () typical morphology of the solidification microstructure of A356 alloy; (b) SEM image of the A356 alloy processed by RS+PHT

route, the inset shows the highly dispersed nanoscale Si particles, a few Si particles are associated with rod-like B’ (MgySis ) phase; (c¢)TEM

bright field image of a nanoscale Si particle associated with a 8'( MgySis) phase, the upper and lower insets are the electron diffraction pattern

taken from the selected area circled by the white dash line and the corresponding image at higher magnification; (d) TEM bright field image of the

eutectic Si decorated by the nanoscale Al particles, the inset is the high resolution TEM image of an Al particle decorated in Si matrix
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Fig. 5 EBSD diffraction contrast(a) and orientation image map(b) of the martensite formed in Fe-0. 2C-1Mn-1Si alloy with a PAGS of (30+4) pm.

The white solid and dash lines in Fig. 5b highlight the prior austenite grain boundaries and packet boundaries of matensite, respectively
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Fig. 6  Martensitic transformation expansion curves and phase fraction
curves of Fe-0.2C-1Mn-1Si alloy after austenitizing under

different conditions with the same cooling path! %)

[62]

W 7b iR, BERS AT DARGF s flA R AR AL i A, B
Ly PG AACHH AR B RE D 2 — Bl T4 ) 27 3R 3l ) A8 4k
ALY o [, Bl o IR AR AR K 8y r o, G
A 1" ERE 2N X IE AR BL 1T 5 (R AR i A A
FUKEN 1 58 )12 E RE R AFAE A A
3.3 BmAITBHHMEXENE

A PLITAPE T R R AR S AR, e 2
At PRI T A e R B 45 ) 3 A oo o R S B A
PIOULE, A R i e i A /R R R
ER R RS R G At RE, 7 SR Y
JET BB W B By, T S R R B i AT RS
A RR N

- A A
enenl ) 2 Tl e



258 Hh BB i 95 38 4
1.0 1.0 T
' Experiment Fillling a Experiment l"illing |£
w— 1273K,Imin e | 273K, 1min
08} e |273K,2min J 08} — |27 .Jn\m_
“— e |323K,2min a e 1323K,2min
c c
2 S
© 06 < S 06} Temperature (K) i
(0] 3 (0] = 750 700 650
Iy e g
] 32 2 2w
% 04F = 4 s 04F o .. E
< = c Z 60 .
N ' e .
] & = s 40
S 02} % 1 So2ki fo |
Z 2 Qw—
500 600 700 800 900 1000 Z - - =5 =
Temperature (K) Driving force AG . (kJ/mol)
0.0 L L h 0.0 L L L
550 600 650 700 750 550 600 650 700 750

Temperature (K)

B7 CYFTIFIEAEEL S Fe-0. 2C-1Mn-1Si &4 5286 T FRAE A28 i i s 1 1627

A1 AGC o EERBIEHILRY O, F1 Oy, 1AL

Temperature (K)

(a) R HHBOHIERE Q,, Al Oy, WAL (b) KRB FRLIK

Fig. 7 Comparison between the present model and experimental MT curves %) . The present experiment were calculated with constant Qy, and Q,,(a)

and non-constant Qy,, and Q,, that varying with AG

chem

Hobr, AG AT 220K 8 )3 (A TAE & SO A R T 2
MIAZ G AHEZ R 2ZES), Q MR TBMIERE,
M REFHERR, WE, AR NS A
SEFRR S S A ARAE JE 1, PR S AN A A () iR
BE LR IAE) TR, BRAERA AR i A RS Bl M 1T H
T ERMT, HXFREEHERR T 88 22/9K 8 ) Z [ ]
REMAHCHE . R B8R 8h ) B F AR 40, X FfAH ¢
PEQUIRASBIAGIA, DX & B I JE A KA T 2= MR
TR B AL B R S, VR IR R
A SRR MR R 4 Bl 1 E AR 25 6 R i 5T 9K 3l
F1 52 TR AR S PE ) R SR L AV 8 5K B
SR, BEIRRE T 29 R AR PR, W T TA
FRUNY S A CRIHHAG  XPRRMR) AT RRIBURHRNR & 41 5%
ARl o RN R A0 A B R AR A R A
JUfRTE5 48, FEARADLHh 43 i S5 D7 A4 AR L B — 2%
PP b A RGBS SRS LR, IR BE
BRIE, b b R R B i i B A K Bl A AL R
e 8 i, LL(100) 351010} LR RN &5 R F], 24
B y LB E v, (E, AR SN T T
T,, MBHESA A HBEN y(T,) Z4E] y(T,), AW
KW y(T) WY KT y(T,), MRS &R BAT ) b
PrE A RTIBR S, 1ERNIRsh TR, A TAEX ik
T EARIRESE , JEERMS T A B i BB RE IR A8 1k ) L
WEEER, MTRERES H AT, TR
F1 SRR B R R/ INRE G, g A TR R K e A A5
FR[E Y b ST R IR B g . A TTAE X A i it n
10 FORERIRIE S, K18 10 DA E S R % 3 )2
FECE 9t TREW ARG, S ST sl )2 ih Xk LA
X, XFFREBERT 5 K/A 48RP ARER)

GB Position (A)

in the relationships shown by the inset(b)

T
T Thigh
T
T/ Tiow
41 Y2 o y

100A

Cold GB Hot GB Cold
Pl 8 i B R B AT R A T L)
Fig. 8 Schematic diagram of migrating (100)%5{010} asymmetric tilt
GB driven by the thermal gradient in the current MD simula-

tions[ %!

¢ MD:1KA
—— Fitting: 1 K/A
O MD:2KA
—— Fitting: 2K/A
o MD:3KA
—— Fitting: 3K/A |
¢ MD:4KA
—— Fitting: 4 KA |
A MD:5 KA
—— Fitting: 5 KIA

Time (ns)
Ko AFREEMEE T, /73 12l S5 AT R 45 5]
Fig. 9 Evolution of the 35 twist GB positions under different thermal

gradients; MD simulations ( symbols) and fittings by the rate e-

quation (lines) (63]



3 1

HKEIRGE: SmARHEEEAAL B3 3 ) 2 D3 R

259

B 9313l A BN A B b RE X il A A2 Al
ST R A G, (RS AR M AT A Y fE
L, XHERY, BEHERS WS I, sheae s
W/ (P 10) ik — R DG M 7 AN T 256 2 5 v 3% 3 A7
15, HASCERARR B S A S5 5 . X — A SR
FEAE, TREEXT A T R B9 S A I T 2= bR Tt 72 v
AL AL R A 2

0.5 T T T
o
©— Y5 twist, m=0.0006 A/fs
—— X7 symmetric, m,=0.0030 Alfs
04l ) o
—— X7 asymmetric, m=0.0025 A/fs
—e— X5 asymmetric, m;=0.0006 Afs
0.3} —e— X3 asymmetric, m=0.0030 A/fs
3 x #— 39 mixed, m,=0.0020 Affs
< *
0.2 0\ i
0.1 1
‘ ‘ . .
0 100 200 300 400 500
IAG] V)
P10 ST RS v 40 2 3K Sl 3 R 22 (A G L83
Fig. 10  Correlation between the energy barrier and the driving force

for different types of GBs!®

3.4 MARMBHRHRKARAREEEE

BT Cahn B FCHIMBTRY VR UBILL ) FAHE S

0.8
::\ 00O Activation energy:Al-Sm E]
180 000 Activation energy:Al-Ni
3 0.6
LE: 175 &>
X~ €
S 04>
@170 2
& -
° >
2 165 022
1w 2
c
2 160 w
© 008
2 ©
© 155
< N
000 GB energy:Al-Sm S -0.2
150 000 GB energy:Al-Ni s
N
0 10 20 30 40 50

Number of Solute Atoms in GBs

& 11
A (b) Lo

Fig. 11

Activation Energy Q (kJ/mol)

T AT TR P TR S U RO R, B
Q=(1-T'\) Qu+I"((H +0")= Qu+I'(H +AQ) (5)
NR(S) F W, W TAE A T 2 5 B T A MO
RefREA, B, MR Keill, W5 TR 2 S 805
FAR A .
iR (5) IR (6), W AT B0 B/ B Iy 2 4
ek IR LI S O
%szcngAQA(;B
Yooy  H, "
AQ=Q"-Q,, AS® JEE/REMATR, AR (7) BUITEL E
DOKAEZ (BB W RAIE SR AT H,,, 3%
TEV A G AR TR0 B QP FIVARI A AE B4, YV RIAE 5y
FATRBEOHHE Q,, AT y,), BEEIRR MR (y,
P BN, AT RBGEEE(Q, Bkt R,
BT HE—AE L, A F R E 4 T8
L, B ALNi R 35 GHFRISUN A FBFSE T 7655 Ni i
BEF A AL S R LU S BT BT e T8 1a B
o R WIBEETRAT, WRRE (y) BN, SR RS
BE(Q) K, BRI AR M) S ZE S, R
(e RSN 12 EGT RE) 22 [ EA HIEE (R 11h) Y

Y=y,-I (6)

(7)

175

[b]

170

160

155

150

00 0.1 02 03 04 05

GB Energy v (J/m?)

0.6 0.7 0.8

MEDMIAR i T RE 5 5 R RSO REREE 7 B IR AT I T (a) 5 RS SRR TR B 1535 507 3l ) S UL 5 2R (3 fiE-h AL B

The activation energy as well as the GB energy vs the number of solute atoms in GBs in Al-Ni and Al-Sm (a) ; The Thero-kinetic correlation

model and MD simulations in Al-Sm, the activation energy vs the GB energy in Al-Ni and Al-Sm (b) [

PRI, 8 i Bl A 4 ) - 20, 5 BE 19 i/ N L S
FoBIH RERY S R, BRI = A /3l 2 R e P, SR,
QSRR AR i s, BCE I R LI R, T REAT A
FRURL B B 21, BRI R R/ 3 %,
R B J 2 A1k, R B . 5 — AT i S

O BN LR G 25 R BT AR E PR OK SR AT RE, AR
SZSEBT G R R
3.5 ETHENNFEEXEREATN

PLEarAr 2], S8 07~2 38 3l 71 M8l ) 27 g 22 A A7
AR ARSI, MAE e e M A AR PE RS, AAEY



260 Hh A i

538 &

T FIRSN Ty Bl T2 e 2 FHAR AR 2H 2 [R] o A7 AR G HK
PEXTaE S 4, Al TR AR S R A AR Bl s R RE 22
GG LRI, BN AR T TS T | g
J15HE 22 SRS URFE T X OC&R , BIVAHAZ i+ 3)) )
PRI TESRERFRRIT, FIHIZOC R ] 14 3 A8
PRI S HLURRE 255 A B R TH A B 4 SURMIE S 4
MPs ( microstractural parameters ), Bl 5% 8 28 25 2 40 ) T
W Rz, #HOHE BirrEae e B4y, wa54 4
HIF Bl 7 2 DG KA AR AR TR RS H AR 4 2 5 1Y
AR S5, PR AR R T A S, 5
B ] HAR 2R i T ARt L T 2wk,

THRAEPROMALSE(BIIRST IR PR
IRy R A5G 4 23 [F] HE SRR ) 38 %t AT R I g R v 5 AR
oI, hE TAEHALBTERE, PO B R RS
AR, TR o R 1 T A0 2 A8 OO0 0 4 ot R 722 b ) RO 2
SUHAS , ZARETANC G4 T & R ISR ({51 anfig Ay
TR AL ARk T O A 2L Ak ) o (LA B A 26 3
TamETr i, REMRMAES YRR, Raeiiik
LA ; A E T A AR B A R rh AR A 2
A EAE T, X 28 A L A S 750 SR FHME 52 19 FI #h g
PRI, AT kbt 20 1 ROEE ) BEALER I 5 | AE LA
W BRI SR, R, R TCIE R TR G 4 m b i
HATHALLA i B4

1 Bz A 2 /B R RUBE B RO 6] BLAE
RO SRS R AR PRI BT DLl i Langevin J5 2o 4558017
Fokker-Planck'® 5 A A, Horb P Bomifi R 7 7 R g
EBEAIL ELPREAE A 1R B T, A A BEORL T Y W
PiZ23ll, 5 Langevin 7 #4H [k, Fokker-Planck 77 {8 FH

Microscopic system

Microstructures:
single new phase

(@.6.7)
B2 WA SRR | e RIS (g, pU ) MR MR E A . R R (0, £, 7) (f
e B, PEEEAURS) HREA IR KR 4. SR Z AL A OSSR | R 1, ay 1)

Dynamic trajectories

(q(ﬁ),pm)

Fig. 12 Schematic diagram of a multi-scale system with the atomic scale clusters described by positions and momentum of the atoms( g

A2 [ AR 30 5 8 ) - 4687 30 T Of i A hE 1 i SR Ak
i (collective motion ) , #Ef T IR EE KR F, Ei#idss
FARZAS B0 1 BAR 7 s, IR AT B ) 22 0 £ 2R R
ZA TR A AR S R T DA 3 S S R 3R AN [ FE
RN, FAFEHURAR th TR E B 5 A2 LR ) LA [R]
M ECRFER A HRE, PN EA 22 5 A i AR 4 A AR 14
FR T A 0] 850 A 8 Ay U A B AR ) R, e RO 7 A B
(maximal entropy production principle ) ™ *" 3% B 4| - ff 44
RIS TELS E I 200N e PR AL AR, DA
AR KA, PRTZ S By 22 A0 5 4 1 2R T AL BRAE 1Y
I T H,

BT, RO TR RSO A B a DI 5K
VEH TR X T AR 5 4 45 0 A2 1 52 2 o 40 2R 1k
(R, M RUBE () #8/3) Jg 2 e, SR HTHLRL AR O 122
(coarse-graining) ¥ JRF R S5 A WR BEAHIE R, #2133
TR RICFEIKFIIC RVESs (representative volume elements )
WEARE FE AR GETH IR, I A R R 7 A it B ST
R R AR £ 748 8 Fokker-Planck J7 2, [RIBHEE& IR TR
JEBRAT 1) S8 BOAR AR AR L 1) T Ak Bl ) 2 A B, R
ARAA R F R AR R AR ORARE 561 3 2 o A R A (I’ 12) Y
FIABGT (n) o HARRR (o) R (L), F Rk
RALFAES BN R E 2] (), X THEEIRN
TTRERARE, AR R 2 2 A8 B ] LR TG E b
ATESHTH AR B2 I (1B 12) ™ AR RUE, R
FH SRR LA A B R A R (o, £, n), TFUED]
KZ A MRENIZ T A W ME—Z eR, I B — AR P A 43
TiME—ihE AR H HBE2E ., R Gibbs-Boltzmann 4
HEIER R, BRAR A hRERAR.

Mesoscopic system

© Radius(r);

Length (/) , aspect ratio (a);

Competitions among
multiple new phases

(i Ry 1, a;r}

o)
V2R

and the mesoscopic system described by the MPs for RVEs (w, ¢, 7), and the MPs of typical microstructures {n; R; [, a; r} for the

competition among the multiple product phases of different morphologies
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