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First-Principles Interface Thermodynamics of

Core-Shelled Nano-Phase Precipitation in Alloys
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Abstract: The thermal stabilities of nano-precipitates are critical in determining the service temperature of metallic al-
loys. Taking the Al-RE (rare earth) alloys as an exemplary case, we performed intensive first-principles calculations on
solute segregation, coherent strains and formation energies of L1,-phase nano-precipitate interfaces. Based on the classic
nucleation theory, the first-principles energetics results were further employed to evaluate the precipitation thermodynamics
and relative stabilities of various possible structures of L1, nano-phases, including binary L1,-ALX ( X=Sc/Zr/Er) and
various complex structured ternary L1,-Al;(Er Zr,_ ) and L1,-Al;(Sc,Zr,_, ), under a certain aging temperature with an
equi-atomic ratio of RE solutes. Finally, all the results were combined to establish the thermal stability advantage of core-
shelled L1, nano-phases in Al alloys, which can provide the fundamental understanding of diverse experimental observa-
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tions in the literatures.
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Fig. 1  Schematic of the motion of dislocations and grain boundaries hin-
dered by dispersive fine precipitates in an alloy matrix.
Compared with the uni-structured precipitates, the core-shelled
precipitates may have higher thermal stability, in favor of the

high temperature strength and creep strength of the alloy
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top view _ [a]

(110),/(110), .

AV/ALSc interface [(101] [111]

K2 1 AI/AL Se (L1, ) S IR (a) Al 3+ AL
(100) /(100) 5., (b) Al &3+ fLALE(110) 41/ (110) 5. 5

(¢) AlySc i+ fLALAY (111) g/ (111) s,
Fig.2 AL/AL;Sc(Ll,) interface supercells: (a) Al-terminated and bridge-
coordinated (100) 5,/ (100) 5. interface, (b) Al-terminated and
hollow-coordinated (110) 5/ (110) 5, interface, (c¢) Al-termi-

nated and hollow-coordinated (111) 5/ (111) y g, interface
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Table 1 Calculated strain-free interface energies for Al/Al;Sc(L1,)

(100) 5/ (100) g5,

(110) 41/ (110) 45

(111) 4/ (111) 560

Interface Type Expt.
This work Other Calc. This work Other Calc. This work Other Calc.
DFT. 192[6%) DFT. 193034 DFT. 2260%!
DFT. 1763 DFT. 17813 DFT. 20313 (94+23) 7
v (mJ/m?) 154 DFT; 1653 244 DFT; 22617 164 DFT; 18913 21873
KMC; 118[% KMC: 160!% KMC: 196/ 23017
MD; 33[70 MD; 33[7 MD; 78[7]
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Table 2 Calculated interface strain energies for Al/Al;Sc(L1,)
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Fig. 3 Atomic interface structure of the (001),,/(001) . and the

possible substitutional sites for segregated Zr. Blue balls denote
the Al sites at both sides, and orange balls denote the Sc sites in
L1,-Al;Sc. Dashed orange circles denote the potential Sc sites in
Al as L1,-Al;Sc grows into the fcc-Al. All these type sites are

possible to be occupied by segregated Zr
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Fig. 4 Calculated segregation energies for single Zr atom at different
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F3 HEBBN AVALSc(L1,) # ALSc(L1,) /Al Zr(L1,) RERE & R EHRELE()/m?)
Table 3 Calculated strain-free interface energies for Al/Al;Sc(L1,) and Al;Sc(L1,)/Al,Zr(L1,)

(001)/(001)

(110)/(110)

(111) /(111)

Interface Type Expt.
This work Others This work Others This work Others
AL/ AL Zr 82 KMC:101[%! 141 KMC . 143[% 97 KMC: 176[%] 10017
Al,Se/ Al Zr -36 — -33 — -34 — —
x4 HEBBIE AV/ALZ(LL,) 1 AL Sc(L1,) /AL Zr(L1,) REH 16w y°
) ) ) AG(R™) = — o XH, EEUEMEE AG, =AG,,, +
HAE T (RY) =37 3¢@ PP V=46,

Table 4 Calculated interface strain energies for Al/Al; Sc(L1,)

and Al,Sc(L1,)/AlLZr(L1,)

Interface ¢ (001)/ (110)/ (111)/

nterface type (001) (110) (110)
AG, AVALZr 4.0 4.9 6.0
(meV/atom) Al;Se/ Al Zr 0 0 2.9

FEF LSS mT LTI, 76 A% AH R 58 AH R R 4 1Y)
FUFF, L1,-AL(Sc,Zr,_, ) AR AR AR SR G B IZR T
Pl ALSc(L1L,) #+AL Zr(L1,) 5252 458 (FRiC A L1,-
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Az mIy 22 5, eE T4tk AL Zr (L1,) #%+ Al Sc
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Bre it bl — BRI, BERSTE A% 58 Z A R 4542 2 T
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IR 221 W ge= & 1 NI = W 9 Rl O BN K2 T < B 1)
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Sy IR A G, WAl REIEAL T M Ae i A% ST 45 M
R AT ROR A, N — A, R B B AR i R AR
(001)/(001) Fif, 5T 4 MATE %28 53 R ilF —
AR —PERB B IE, PR Al-Sc-Zr & 4 T T RETE
RIS Tl L1, B RRATT H AH 0T iR ) 2 N2 # R
PEETER AR, A S AR AL TR A B R — 1
JRPRTFE, X AT AL — M £ v Al S PR AT L IR EE R A B
Mg,

3.3.2 A hARMIH A F

TS, Bik—1F5E R ek
L1, FHAIARL N fee-Al BT o T A% R X i 119 L e
AL S T T DTRR . — R ARG L1, AR
fec-Al FEAR ARG IR &L, — N2 B T AH L™ A 07 1 7t

NN 24 Py |==} / - 4
Eﬁﬁﬁ%%g,ﬁ%&mAG=§fMQ¢4wﬁm

> Al 2 78 o % -2
i Aoy P AR I TR A% K 4% R =Ag

Al A% L

v

V

AGe, HH AG,,, 72 LM A fee-Al FEAMT H X R AR FR
TEATEINRE, AG 2 AH N 1) A0 6 A% W AR BB,y TIDZR
A5 R TTIRAY PR BE . 24 L1,-AlL X (X =Sc 8¢ Zr) M &
PSSR (AL X) TP BB, ARE AL X—ALX+(n-3) ALY
AR B R O AG,,, B, B,

AG,. = G(ALX) + (n - 3)u, - G(ALX)  (4a)
5.

AG,.. = [AH(ALX) - AH(ALX)] - T[AS(ALX) -

AS(Al X)] (4b)

N (4b) KGR (AH) AR AR (AS) 43502 L1,-AlL X Al
fee-ALX (X=Sc 5{ Zr) M8 BORS FIOE B, 3895 T E B
&, TR R AR SR, R 2 — 0 Bl Ay
AT 2R, S I SRR AN Y 2

THEARIE L1,-Al,Sc AT H X0 R4S 22 (AH (AL, Sc)-
AH(ALSc)) H-0.776 eV/Sc, SEATLME(-0.77 eV/Sc ™)
FHE R DFT 244 (-0. 728 #1-0. 76 eV/Sc! ™) W14
R, RSB L1,-AL Ze FHT H 0TI 00945 2% 12
-0.831 eV/Zr, X FHMWE &SRV, AR —MBIEnT
VL), AR T A A X 3 IR T 2 mT DL 220 R
FREg 70 R R R B AG,,, B BTk, b T i
YRS, AR LR X L1,-AL X 1 fee-AL X (X =
Sc 8§, Zr) ¥R 3x3x3 BB R T A i, 1A
HEIEY 11,-Al, Sc AT H TR B3R 39 22 (AS (AL, Se) -
AS(ALSc))H 2.67 k,/Se, 5 LA DFT i 5 25 £
(2.66 F12.95 k,/Sc!™ ) 3L, WA AS 2 L1,-
AL Zr AT HEORE R AR B 258 2. 72 ky/Zr, 25 T= 673 K
B, FIFHE(4) T8 AVALSe (L1,) 1 AI/AL Zr (L1,) By
AG,,.. /751 -0.039 F1-0.050 eV/atom, %1 Al/Al,Sc
(L1,) FIAL/ AL Zr( L1, ) S A f 25 2 43 5124 0. 0038 Al
0.0029 eV/atom( W3 3), ATLLFEH, M fec-Al IEAMT
o BE AR 1Y L1,-AL S Bl AL Ze AHES, FLiH 1 A5 B 5 A AR
24T R RETE B A 22 24— AN B0 9. HE L 1503000 1) e
TR MR 6.6 F1 2.9 A, I FIEAZ N4> 5 N
~2.9x107" 1 ~2.9x107 J, Hr L1,-AL Sc 11l A8 %
1(~2.9x 107" J) 5 3CHk P ACA 19 T HE (1. 79 %
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107 JUYBEST, T L1,-AL Ze B FETE % 3 14 o WL A5 SC
kAR IE

PLEFE WoR, FE fee-Al ZEUR P AT LL,-Al Ze Al
L1,-AlL,Sc, HiI# HAT 5 /NP I A0 A% 2142 A A i 5
BT, BeiliEZ, WERAER:— 45 & R T R b —
JG L1,4H AL, Zr F1 Al,Sc, 7EARTE & s B R+ 3 B i ar i
T, miERARSE i, FEERBAS I ER
e,
3.3.3 MR M

ARSI T LL,-AL Se F AL Zr A I
T2, o L1,-ALZe AHITEAZAEIN D) 22 B ARG, XXt
NS 30201 R AN A AR A T il AERR VR AL-
Sc-Zr &4, B TAE L1,-ALSe Al Al Zr B9 0K H
ML, SCE A S T 0 2 se a1 O R T 4
PR L1, R =0T A FEAR T R o BCAE B TR
(T=400 °C) FEF IR F L (Se Al Zr B FEeoh 1) 64
T, FRIEAL =00 L1, AT AR 25 BT BESE #4 (1 AE X AR
PE, AL L1, -#7e 451 (Al Se #+ALZr 52451, KRN
L1,-ALZr(Sc), Al,Zr Bi+AlSc 76251, Fmh L1,-Al,Sc-
(Zr) ) MICIP 5] L1, 4548 (2R K L1,-Aly(Se, Zr, ) ),
IE 5 ZeHr Al L1,-Al Ze Bl L1,-AlSe #E47 HLH, XFAH
RESFFE R, AT TFRIE M, it
RN LA S F BT R T R

AG&EM&=i;(PAG§“+ﬁAGyh)+4w(ﬁywm&+

rz’y,u/,\\;zr) (5a)

4 .
AG\I‘Zr(Sc) = ?’IT( (R3 _r3 ) Acél‘zr_'_r} AG?I‘M) +

4 ( rz‘yl—\LZu’/.—\I‘S(:+R2‘)’.—\I/-\11Zr) (5b)
4 .
?;«RﬁqﬁAcy“ﬂﬂuxﬁ)+

4 ( rz’y,-\ler/AIISc +R2’)’AI/ALS[: ) (5¢)

4 Se Zr
AG.—\I‘(Sr‘Zr, = ?R}AGCW #) 4 4y RZ‘Y.—\I/AI‘(SU,ZU,\) (5d)

AG.—\hSr(Zr) =

ERATE LS 3.2.2 B, AGL N Al FfRk4
B L1 AH (i=Al,Sc, AL Zr 5 Al,(Sc,Zr,_,) ) BIREUE BLAE,
FEA2EIE B RE A LM AR iR, BIAGY = AG,,, +AGs.
v U A Rl I 8 AN B B AR Y TR . R 3R = JoAT i A
WORLAEAR , r s oo M ARIURL G 42, s sE 254
=TT ARAOR R AR

XFF e g kg = oA AR EORL, L R R ¢ {H HUER
TR T Se M Ze A X BT H &, X HE % R E
WA R T . S Ah, X TIEF A LL,-
Al,(Se Zr, ) AHITHERL, BT BB T S5 R ks
IRBHIAOMERE KR, MORBELIAG ™ A1 AG FUE Ik

PERMEFEAG ) 5 TR HE, Phy s BTV B ST
ﬂéifi{u’fﬁﬁ%\musczn Do

& 5 W1E T=673 K, Sc #l Zr JRFIL 1 544, 3
BASHN Y 4 BT BE A BT H AR 4548 A S TE B RE S5 AT A 2k
BIEFR, o B a2 R AT i L1,-AlL Ze A1 AL Se
ORISR B EMZ b i L1,-AL Sc (Zr) B 5a 45
Hy, g2 T B IEF 5] LL,-AL(Se, Zr, ) 451, 41
Ch & BT L1,-Al Ze(Se) e85 i H R 45 5, it
XA LRSS . O T a5 A X R e o . Bt
¥ L1,-Al,Zr(Sc) > TP 5] L1,-AL( Se, Zr,_, ) 4540 > #ise
%5 L1,-Al, Se (Zr) > L1,-Al, Sc #l AL, Zr 9 2[5 B7 i,
@ TEFT LA, 40T AR5 A 1 BT B R B
PRI R, RFF2EA42 1~2 nm DLNAYHT HB0RE, 4
FRE5 K TE BBEJL-F-AH TR, D8 BHAR AR RUBE T 45 Fh 4 4
ARESLAE . O BEE T AR AW, BA ALSc B+
AL Zr FEZEMINY L1,-AL Zr (Sc) AR TE ALRE A B A%, i
THAS R E YRR A X DL B i, FE A KA AT Hh AR AR
ARz s S TR R L R GOR AT AR R
SEE R AR PR R I D) 2 O, AR T R SE g
HREM J{%" Fn APT WRZE ™ 1 W g g 2R . Rl
SCEFRAEXS Al-Sc-Zr &4 L1 M AR BB 98 45 S A [
ATRES AR A &, WA &b rRF#
SRS E R, tdn, XFREFP RS> Al-Se-Zr A 42t
Tk 2412 h SRR S 00 S5 R I, BT H A TR)AS
TER, LKA S Se A%+ 5 Zr 72 MA% 72 45 46 B FR1E
SR AR 5 TSR O A 2 R P A AR T
RS, UE SR RAWEEE T SRS,
AEXT T A AT BEAAT RS54, 545 L1,-AL Zr (Sc) A

AR RE PEAL 3508 A W 4
T=673K

Zr=1 I-Elaf.Sc AlsZr
Sc/ "

8

g

Total formation energy (eV)

R (nm)
KI5 #& T=673 K, Sc Ml Zr [T HN 1 AT HHAEIN 4 Fh
L1, AT H R 45 4 19 808 iUBE (0B %) 58T ih R4 iy
Fig. 5 Predicted total formation energies (or nucleation energy) versus
the precipitate radius for the four precipitation structures under

T=673 K and the iso-atomic ratio of Sc to Zr is 1
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4 Al-Er-Zr §& PRI &K BN H

B TEMTH B W] T Se A1 Ze BRI A TE B
HA AL Se #+AL Zr Fe85H 1) 11,-AL Zr (Se) 99K #r A
B TIZEAR T, T Sc TTRERMAK R, FRBITEK
AP PR L1, B ST S5 9 RAT AR, R Bk
WA Rsh 71, RS 3 Wi & R M5 7
B, A ALE-Ze 5 & A REAT 2 A 45 L,-AL-(Er,
Ze) BT AR T TOF5E . BRI R ik, X H
S5 R R TR R

4.1 AVALEr(L1,)RER Zr R 3

5 F3R 6 41 AR BIR A/ALE(LL, ) ST
S REFN AERE . AHLL T L5 AY Al/AL Se(LL,) AT A/
ALZr(L1,) %0, AV/ALEr(L1,) FmGeR &, 0 7E 7
SRR SRR, ALEr FTREEE SR R, TR
XA R AE 0 Fo ok, [ RE L, 76 B A 9 I35 50 Al
ALEr(LL) #uir, (001),,/(001), , AEfERRAL, X
SHAM A/ALX (X =Li, Sc, Zr) Rtk R H2 0,
X Al/ALEr(L1,) S RE A E, ST 5 T AR
SIS RIRIHEE H (400+200) m]/m>E0fH 6 FE Y

®5 HHBIMAEEMER A/ALE(LL,) FRE#E(J/m?)

Table 5 Calculated strain-free interface energies for Al/Al;Er(L1,)

(001)/(001) (110)/(110) (111) /(111)
Interface Type Expt.
This work Others This work Others This work Others
AL/ALEr 183 — 308 — 197 — (400+200) %/

£ 6 TEBEW AVALE(LL,) RELRE I E

Table 6 Calculated interface strain energies for Al/Al,Er(L1,)

- (100) ,, (110) , (111)
ntertace €

WO 100) gy /(110) g /(D)
AG¢(meV/atom) 9.0 3.6 9.2

P W Ze BT AE AL/AL Ex (L1, ) 5t i b 3T
AR F 2 B RAT N, 2R WE 6, Al AL/ALSc
(L1,) FEZEML, Ze XF A/ALEr (L1,) ST 049 E 47 A R
PR Z B 37 A 2R 1) S R 454, (R ICIS WAl AL/
ALEr(L1,) S, Ze SUR 0w T 2R 2 S5 AL 5 —
JRF)2, JFSIEIZZR B A& S0, X R Zr TR
T it 58 (R REAA T RE B0 i — MR 2 L1, -AL Er 6T Al
BIANTE, DT A BY T4 AL Er (LA, #rT R
# Al-Er-Zr &4 TIE BUZ5E 4548 =T L1,-Al (Er, Zr) AH,
0T e HAT A 2E R MR
4.2 L1, BKENERZSERREY

Bt — 29 B S ALEr (L1,)/ALZe(L1,) H1,
SEZMIBEIE, A S AIFAG L1,-AL (Er, Zr) #
BOAT A, BE X B B RS, AR SCHR R R L
HiE

5 ALSc(L1,) /AL Zr (L1, ) F-i 2L, H5 i (4
AL Er (L1,)/Al, Zr (L1, ) F- 16 fif th 2 4E % /N 59 faf,
(100)/(100), (110)/(110)FI(111)/(111) F) 711 RE 53
B Jg-46, —47 F1-34 mJ/m*, FEIHEACSAY R 22 35 [
P, BRI 0, HXE . 0 A% N AR BE RS &5, 4k
5.0, 5.1 fll 4.4 meV/atom, 5K, Al,Zr(L1,) Fl Al,Er

5 4 3 2 -1 0 1 2 3 4 5
Number of Layer (relative to the interface)
K6 XtiiAIE AL/ALEr(LL, ) $HAR R R F 2 LRSS S

FEASENHY A Zr JET 1 2R g

Fig. 6 Calculated segregation energies for single Zr atom at different

§2- 1 = Ersites (100)/(100)
g 1l 1 e Al sites

%0 ﬁl\;ﬂﬁ': N

c

w o -

§ -1t . I :

® 2F

8 1} \ e
% 0 \-/_’__;—n—
n 1t . 1 - .

N

sites on different atomic layers of various Al/Al;Er(Ll,) in-

terfaces

(LL,) PItHZ BB FIRE RS 58 it . WM i, T
AVALZr FLHRE . AVAL Er AR, fee-Al JER AP T H
L1,-AL(Er, Zr) 58K AT GEJ& LASR IR AL R BEAY AL Zr N 5E
ALEr WEMNEZFEEE R, BT Z RREE AR — AN T i
ARSI,

B FHSCHkARAE 39 DFT 8™, #A3 (4b) ATLI
NG 25 (AH(ALEr) —AH (Al Er) ) }3-0.867 eV/Er, Xf
AR S48 2% (AS (AL Er) —=AS (Al Er)) & 3.528 k,/Er,
EVAT AL/AL Er( L1, ) (3648 13 45 G843 51 24 0. 009 eV/atom
(%6), WUHERE 1=673 K &, ALEr(L1,)E Al FE{k
A FIEAZ 428 0. 84 nm (5 3CHkH HAl DFT 31548
0. 87 nm"*"VHET ), AHR B A I AT N ~5.4%1077 ],
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SHAl DFT 14548 3. 52x 107" J™ HE3, o WL, 7E[REE
BT, LLL-AlL Ze 38K U L1,-AL Er B B /NI 5
KB MIG R, WHERESE,

eI, AT A BT RiRE, DI HET 4 Fhas
PR R, BRI L1, #7450 (AL Er A% +Al Zr 7545
F, "N L1,-ALZr(Er) , Al Zr B+ALEr 58450, #R
B L1,-ALEr(Zr) ) FIEFH5 L1, -AL (Er Zr, ), 5=
JCHF A L1,-AlZe F1 L1,-ALEr JEA7 RS, 7 N7E T=
673 K, Sc fl Zr JRF N 1 &MU, IMESEIR 4 Ff
AIfig LL AT 45 00 S T8 B Be 5 8T th AR R AR I e R
5 Al-Sc-Zr IR R Z, Al-Er-Ze & 4 h L1M7 4549 1 4
XA E M. s LLL,-AL Ze (Er) > %) Ll,-
AL (Er Zr_.) LAY AN s ey A L1,-ALEr(Zr)>11,-ALEr 1
AL Zr BFERIATH . XFF248 1~2 nm DUT 98T H ks, 4
P 5 R T S RE T AR [ 11 DX AT B A7 B 5 7 HH AR
AR AW N, B AL Er %+ Al Zr 5E45 A L1,-
AL Zr(Er) BObi ] 5 S48, JEALRE TRk 1, KU FhA%
FeRURL HAT T W 25 R RS, TERTA L1, AT A
Rt £, SERMEMLE Ry AT Hedl
B L1,-AL(Er, Zr,_ ) BT A R BE R —F AR, TS
B )47 B FHEEFA 2P, B IE AL L1,-AL Zr (Er) 19
WFe L

200 Er/Zr=1

100 ALEr  AlsZr

L
o
=}

)
o
]

Total formation energy (eV)
o

R(nm)
Bl 7 18 T=673 K, Sc Ml Zr i WY 1 & FHRAEIN 4 Fh
L1, AT H R 45 4 9 808 i BE (BB B ) S5 0T Hh E AR i
KE
Fig. 7 Predicted total formation energies (or nucleation energy) versus

the precipitate radius for the four precipitation structures under

T=673 K and the iso-atomic ratio of Sc to Zr is 1

5 & i

PL=Te B e hel, Aa 78—t R A
SEE 2 WIURZIRIR N, I T 9K A A% e S A 1Y
BT BT 2E R R AR E PRI T S5 B, BE AT AL-Se, Al
Zr FAL-Er 0B & AT RS LR, O LLTH

AH AL B4 2 (8] 5 BE & IR 2 A/ALEr(L1,) >Al/
ALSc(L1,)>AVALZr(L1,) , FEA% A5 Al @R T & AL/
ALEr(L1,)>Al/ALZr(L1,) >Al/ALSc(L1,) . @ Zr 7 Al/
ALSc(L1,) Fl AVALEr(L1,) Hifi B RS LA mE, 3
dT AR AL AL SRR Se X Ex #5507, LI Ze (19 51
TR RA R T ST L, £ XF Al-Sc-Zr FI Al-Er-Zr
SRAEERANITASR R, O YRR/ T
1~2 nm [, ARIHT I ARSS A4 AT REILAE, X A TE X
REAHZEAR/ N, MHT AP R T 1~2 nm, B AL Sc #%
% AL Er &+ Al Zr FEE5 1Y) L1,-AL Zr (Sc) M L1,-Al, Zr
(Er) BURL 3 SITER A& S A R h B G0, R
FELE BA Y BRI E R E L, @ T 2ot L1,
Br AR 22 18] B JE B 19 AL Se (L1, ) /AL Zr (L1,) I Al Er
(L1,)/ALZe(L1,) S E B FEREA /N, ¥3E 0, R
Bre ik — B8 i, 6 68 Fe s 2 45 0 BT 04 A% 52 I
@) SEEWELH| ) Al-Se-Zr I Al-Er-Zr =704 4 L1,-
Al Zr, ALEr fl Al,Se —Johr A, AT F4510 L ,-
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IEAL T 1) R A e AR LA A E5 48
AR R A E IR FER T, fRaa
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