#31EBE 1M
Volume 31 Number 1

rERERERFR

The Chinese Journal of Nonferrous Metals

2021 £ 1 A
January 2021

DOI: 10.11817/1.ysxb.1004.0609.2021-39543

BESE TLP ¥ sUEREkh T miniEH
Ni-M(B. Si. Zr 71 HH B4 EE

ok A, RLa?, MRaEp 24, FAEEL KRR, AL

(1. UK R T R ELEE G RSTEA R, L 201306;
2. B TREHEARY: M TSR, L 201620;
3. RigiTEOG SR RIE EOR R QIR G, Bl 201620;
4. RiRE RS MRRE S TREER, Hig 200240)

FEEE: RAEE T B0 R B 0 3 — VS BT T A S0, 1T Ni-M(B. Siv Zr Al HO o3t
VIVEMI(NLB. NisB. NizB,+ NipBg. NisSia NisZr A1 NisHOMR MR E T ik s B, B3 KA R 1) T 45
Ho MRS EVETIH A AR, oudk B YT M SRR E MR A 3 B s BRI U 4 NisSiv NisZr. NioB.
NisHf\ Ni;Bv Ni;Byv NipBg, XEMEMFEICER Si LA NisSi JTIEFAFRE 58 T FEI5 0 R By Zr F1 HE
TE RG] o BRI )2 R, NisB, RILNIR #8125 18 %7, Ni,B. Ni;B Al Ni;Si I — & 4% 17
S, 1M NipBe NisZr £ NisHE W I vER & . ook Byt B/G E¥ KT 175, XEWE
EATNTETEA . B /B K R %5N NisB,+ NisB. NiyBg. NipB. NisZr. NiySi. NisHf, 5549 Ni 3d
[ B 2p. Si3p- Zr4d Al Hf 5d ¥R -F 5 44105 5 2 VA 6

KB ToILARUTIEA: ARRETE: MR ARG R, R Tai, R

XEHHS: 1004-0609(2021)-01-0084-12 FEIDES: TG146.411 XEkFRERS: A

SITiEs: TRk, TKRLLEL, BREENN, 5. BAEE4E TLP ¥ #UEESkdh o bW PTiEfd Ni-M(B. Siv Zr #
HORIMERE]. EA B4R ], 2021, 31(1): 84-95. DOL: 10.11817/j.ysxb.1004.0609.2020-39543

ZHANG Yong-zhi, ZHANG Hong-kui, CHEN lJie-shi, et al. Properties of Ni-M (B, Si, Zr and Hf) binary eutectic
precipitates in TLP diffusion joint of nickel-base alloy[J]. The Chinese Journal of Nonferrous Metals, 2021, 31(1):

84-95. DOI: 10.11817/j.ysxb.1004.0609.2020-39543

S e N S N R T RIS
KSR, RAFHIERTTEA A GURE thAe 1, BLAAL
SHPUE 5y M A AL Gk ), iz R F
& TR S FE M 35 A a0, JCHARIE
w1 L <A ) 3 2 R S AL B I R R A
RO B IR A A I B R A, X
KR EPFE R CARER R ZOR, 5 EAR
M&iE. R, BEEEHHEESETRW. Re.
Ta. Mo)MIVSIN, KHMEGHIEIRTIE, ko
DL WA 2% b WETEAR AN RSt S AR S B

e g AT,

5% B Y3 AH 3 HiCE (Transient liquid phase, TLP)H
DUVALL 2R, 17 i 3 2L i AT A5 R [ A
B R s 10, O AR R — P S5 S R AR AL
HEMEE TR R ZEESE TSR
B, iR — e A ORI — BN ], BRI oY
AEIIE S UG S 2 S R A T v <]
B. Si. Hf M Zr, FEMEIcER S 54 Ni L+
HELAL A, R B AR NBEE o 3 SR S A
4 TLP JEH, 7EHSkd R HCIR NiBI'P, e

EE&WE: EXRERRFIELFEETH (51805316); H EIH 15 Rl & T H (2019M651491); i i HERHE I A BRI
ZERLTH (18YF1424900); i Bl ARZ: RaRBHITRI B BT H (18511108600)

S HEA: 2019-09-08; 1&iTHEA: 2019-11-25

BIEEE: MR, SI2d%, it Hik: 021-67791474; E-mail: cjshbb@sjtu.edu.cn



H31BH 1M

gk, e BIEES TLP 9 HuRESk b oo b W UTiE A Ni-MB- Siv Zr F HH P68 85

RONGB TP g Bl NisBy!'> PR AR
NipBel' 2 VL SyivE il . 24K B e 2 Si i,
FEBESL A R B NisSi JE U™ TSR JHE A Zr B,

FEFE 3L o [ RE & B NisHE A1 NisZet 200, w78 30,
X U A A7 0 T B BRI T R S I 45
Bk, R L PR . iR SRR,
BAR AN 2 B R B 7T 7 92 R BLIX 2RI T
TEMMIAETE, (HSCT HIE iHE 5 FE 1% K g2 1 e fif
A&, Bk, RSCRAEMEEETNE, RGiH
WH9E By Siv Hf F Zr /ERBEIE T H 520K Ni AL
4t S UTUER, Bl Ni,B. NisB. NisBy+ NiyBe.

NisSi. NisHf F1 NisZr F45 ) fe e MR )R .

MAK R AR BT S MR R T R R R 2T, 3R
NIy TR N EAE Y Yk SN K= AT TR ALY i e
TERIRRIE, BYE NG &4 TLP ¥ #UE a2
HEWIH MR IE S .

1 HERESEE

7 FhAE S TTEA B AR R AN 1 s,
NipsBe( Fm3m )« NisSi( Pm3m ). NisHf( Fm3m )l
NisZr( Fm3m )N 4544, NisBy(P4/mbm)Fl Ni,B
(I4/mem) RVUT7 4540, 1 NisB(Pnma) A IEAZ 4514,
HEMZHNE 1.

K H % T % £ 2 5 2 18 (Density-functional
theory) 'l CASTEP(Cambridge sequential total energy

(e)
El1 SRg R R
Fig. 1 Schematic diagrams of crystal structure model: (a) Niy;Bg; (b) NizBy; (¢) NisB; (d) Ni,B; (e) Ni;Si; (f) NisZr;
(g) NisHf
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H, BFAHRER R ECK A GGA(General gradient
approximation)f¥] PW91(Perdew and Wang)J% >,
3 991 SR FH R 40 JE 95 (Ultrasoft) > b B Ni(3d®4s%)
B(2s2p'). Si(3s?3p?). Zr(4d*5s%)F1 Hf(5d*6s) M
H. ¥ % Broyden-Fletcher-Goldfarb-Shanno (BFGS)**!
SRS & A MR AT LT LA, LIRS Ry
EASEEN s T T CEUINTRE Ecy BX 3502V, #AH A
HIHIX K 5 Monkhorst-Pack #E47 %113 PRI,
HAZRWME | Fios. RAR - AR S
PEE B EEHWAITTE(SCPH N Pulay %R &
ERPT, BRI R BREE AT 1X107
eV/atom, FANEF ERJMET 0.3 eV/A, AZEWE
AT IX107A, R ZE/DT 0.05 GPa.
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Fz 1 TIoHEUUEM Ni-MB. Siv Zr M HOW A S E(a, b, o)« AR V. AERUE AH S5 RE Econ
Table 1 Lattice parameters (a, b and c), cell volume ¥, formation enthalpy AH; and cohesive energy E.,, of Ni-M (B, Si, Zr
and Hf) binary eutectic precipitates

Phase ijj; Method Lattice parameter/nm ¥/10~° nm’ (kJ~Arf(;/lfl) E.n/eV
GGA [4X4X 4] a=b=c=1.057 1152.97 -21.71 7.56
NiyBs Fm3m Exp. by others a=b=c=1.076"" 1246.115%
Cal. by others a=b=c=1.044" -18.315
. GGA [5X5X38] a=b=0.540, c=0.296 86.51 ~25.59
Ni;B, P4/mbm o) 7.31
Exp. by others a=b=0.570, ¢=0.300
NiB » GGA [5X4X 6] a=0.519, b=0.667, c=0.442 153.41 -29.29 3
1 nma .
} Exp. by others  a=0.522, b=0.661, ¢=0.439""" 151,755
. GGA [5X5X6] a=b=0.499, c¢=0.430 106.89 -32.66 7.29
Ni,B 14/mem . 3
Exp. by others a=b=0.499, ¢=0.425"" 105.82P1
o _ GGA [8X8X 8] a=b=c=0.352 43.58 —43.25 7.18
Ni;Si Pm3m £y 32 33
Exp. by others a=b=c=0.352"" 43 5757 —43.13
, _ GGA [4X4X 4] a=b=c=0.672 303.96 -33.75 7.52
NisZr Fm3m 33 33 37
Exp. by others a=b=c=0.671"" 301.71% —34.98+6.7°7
GGA [4X4X 4] a=b=c=0.673 305.17 -29.95 7.54
NisHf Fm3m Exp. by others a=b=c=0.668"" 298.084
Cal. by others a=b=c=0.669"° -29.915¢

NT VN e IE R UTIEA Ni-M(B+ Siv Zr 1 NiysBg« NisSi. NisHf £l NisZr) 5 ilifé 18 3 8 e B
HOTESR LR T RO B RE B, WP Byt A 45 A ReE KT 0, KRR A faw A2 E K.
B AHy FISS SRS Eeon BEAT 15, AR FE, ZEMIRAEE AN R . NisSi>NisZr>Ni,B>

NisHf>Ni3;B>Ni3B,>Niy;Bg, X & U] 5 7 4b = Fh %
(D) yxyeze B. HEF Zr AfIbL, BEMICE SiER S B
TICUTVEM NisSi(—43.25 kl/mol). B4k, NipBes

NimMn Ni M
_Ew —mE 4 —nE4
AH; =

m+n

_ENimMn _mENi + nEM

E,, = atom 7 ~afom (2)  NisSi. NisHf B NisHf 94 5ks 5050 h-21.71,
m+n
. NimMn > = P4 BEE. Ni. Ni s miysp -15
At B MR RERE:  Eogig M Eyon, 7331179 i —o- Formation enthalpy lifias
Ni ZEREASRIET s FIUT B i, EM, f1 EM 2 ol A\ * Calculation by others
B SOl am““ 2 » Experiment by others
S BN BRI TR (MPD)ESE S A E A T R 2 os —o— Cohesive energy 1745 =
L Ml - =
REfb: my n PHIFOR NiL M R TIER AR 7 Z
< (=}
RN AR (D)A(2), Ni-M(B. Si. Zr M i 1735 H
[ o —
HO A SRS MEE G REI T3 1. MR 45 & Ren 4l el 8
e . . = 47258
MR EMER VIR, 4G Rk B HRT4E A Mk £ " i
S a0l
PRI e B, R4 20 il B AN iR I 0] S0 5 e = 17 1s

(AT, Kl R R AR B, 45 A BRI 5 A5 O NinBL NiB, NiB NiB Ni.Si Ni.zr NiHE
MRS . ARG RN &8 &S RE YT, Ak 2 UL UTIEAR Ni-M(B. Si. Zr Fl HO R Bk
eGSR S E i), PEBRTAERR  mgiane

AL EWiita e . JE X b S AR AH AT Egqp Fig. 2 Formation enthalpy and cohesive energy of Ni-M
RKIOLE 2), o3t dytiEi(NiB NisBy NizBs (B, Si, Zr and Hf) binary eutectic precipitates
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—43.13. —33.75 F1-29.95 kJ/mol, F: &5 5 F1s25s
BB P T, WS T 2%.

22 HFMEE
RS R RO e e TE A, RIS
i T BRI M S M, AR A Ok ST R AL
AL, FREE RS TR S SR EMERE, DR
A W ER eI S UTIE AR ) AL REEAT B 7T
221 JiERRETE
St AL =R, H v e e T
B A S AL 2 R s -
SEJT A A SLEAEF BT Cry s Cra AT Cag)™:
C1>0, Cyu>0, C > |Cppls C1#+2C1>0 (3)
V977 45t (6 MNMSLHMEFEL Cv Ciov Coss
Cizn Cag F1 Ce)™):
C,;>0 (i==1,3,4,6), Cii>Cip Cii+Ci—2C15>>0,
2C1+C33+2C1,+H4C13>0 4)
IEAEEER (O MPSLHIEE R Cli Ciav Ciss
Cov O Cizn Caan Css Fl1 Cge) Vs
C,>0 (i5=1,2,3,4, 5, 6),
Cit CptCist2(CratCistCa3) >0, C+Cpu=2C12 >0,
C11+C33=2C13>0, CortCys—2Cy >0 )
& Zou LU A R C AR SRR
B Sy 3 N 2 A1 3 Fros o Sy kasE P PR 1 2 1
RE~G)FR, BRI IR H(NLB. NisB.

F=2 TIoIEUTEM Ni-M(B-. Siv HE Al Zr) ()30 5 4

Ni3B,. NiyBg. NisSi. NisHf Al NisZr) {33 /2 /1%
PEREFR R YEBR #2514, Mk Ni,B. NizB. Ni3Bs-
NixBg. NisSi. NisHf F1 NisZr — o3t il /1
ERAEM . BEAh, NijBss NisB. NipB 1 NisSi )
SRR O S RERR P> M.
222 JiEERE

FIH Voigt(V)-Reuss(R)FIE S 1+5 7 & AH 1
AR E(B). BY DI & (G). # AR & (E)FIA R

(v)o
YAV RS0 3] 5 AR
B, =By =(C,, +2C,)/3 (6)
Gy =(C =Gy +3Cy,)/5 (7)
G =5(Cyy = Cip)Cyy /[4C44 +3(Cy = Cy)] ()
DY J5 45 Fg i 190,
B, =[2(C, +C,) + Cy5 +4C51/9 ©)
G, =(M +3C,, —3C;, +12C,, +6Cy)/30 (10)
B,=C*/M (11)

Gp =15/[(18B,)/ C> +6/(Cy; — Cpp) +6/Cyy +3/ Cye]

(12)
C*= (G +C G55 _2C123 13)
M =C), +C,y, +2C5, —4C, (14)

IEAZ SRR,

B, =(C, +Cy +C33)/9+2(C, +C5 + Cy5)/9  (15)

Table 2 Elastic constants of Ni-M (B, Si, Zr and Hf) binary eutectic precipitates

Elastic constant/GPa

Phase
Cl 1 C22 C33 C44 C55 C66 CIZ C13 C23
NiyBs 349.82 100.35 179.85
NiyBg 340.10 108.5 164.3
Ni;B, 350.02 280.48 137.19 94.07 204.15 228.14
Ni;B 334.19 344.75 309.44 92.49 109.61 124.91 174.63 201.82 173.17
Ni,B 348.7 372.4 362 99.8 116.8 140.8 188.8 185.2 164.3
Ni,B 365.83 380.36 98.09 133.38 202.06 165.16
Ni,B 419.8 429.9 105.5 142.1 209.9 173.6
Ni;Si 312.84 123.50 161.76
Ni,Si 2 315.40 124.2 163.1
NisZr 293.69 100.01 130.52
NisHf 311.71 104.67 136.72
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Table 3 Elastic compliance constants of Ni-M (B, Si, Hf and Zr) binary eutectic precipitates
Elastic compliance constant/10> GPa '
Phase
S11 S22 533 Sa4 Sss S66 S12 S13 523

NipBg 439 9.97 -1.49

Ni;B, 6.16 10.79 7.29 10.63 —-0.70 —4.44

Ni;B 5.34 4.37 5.90 10.81 9.12 8.01 -1.33 —2.74 —1.58

Ni,B 4.23 3.59 10.19 7.50 —1.88 —-1.02

Ni;Si 4.94 8.10 —1.68

NisZr 4.69 10.00 —1.44

NisHf 4.38 9.55 -1.34

Gy =[(C; +Cyy + C53) = (G, + G5 + Cy3) +
3(Cyy +Css + Ce)1/15 (16)

1/ By =(S)1 + Sy + 833) + 2(S), + 815 +S23) (17)
1/ Gy =[4(S}; + Sy, +S33) —4(S;, + S5 +Sy3) +
3(Syy + Ss5 + Sge)1/15 (18)

HILL™ R H 2 S 52 B A T BAF Voigt J77%
A Reuss J7 i I HMERL R I HAPIMERR, B

B:BV+BR ’ :GV;GR (19)
UL, SRR R (B) MR RA L (v ) TH B 2 2N

T,

£ 9BG . 3B-2G (20)
3B+G 2(3B+G)
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Fa . Ni,B>Ni;Si>NisHf>NisZr>Ni,;Bs>
NizB>Ni;B,, XEWH ZuliiEd NipB 1 Ni;Si B
A BRI T [ B o SR VAR R (E) R R AR
PEBR B N M BT R BPR 3 &, TR T A
KL= AR SR AR T 5 FE P (P 4R AR, I8 HAEECK,
AR R A AT A it K1Y, ] 3(a) AT
W, BEIBITER HE RN oot iie i 55T
% B. Si il Zr R oot UTTEARA L, BT

HABARR MR, R W] NisHf 3L 5 ITEA B f
MICER By Si M Zr R ek f e AR A 5
KA ks (v )2 IRV AR T BT VIS E
PERIZ R, v R EARE L. B 3(b)
AR, PEMEITCER B TR oot S UTIE AR S RS T
= Siv Zr A HE R —onitie AR b, AT R
BEaRALL, R Ni-B oot R yiiE iR A
UF IR . ARG Pugh HEIM, MR BRI A B/G
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Fig. 3 Mechanical properties of Ni-M(B, Si, Zr and Hf)
binary eutectic precipitates
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x4 oL ERPUEM Ni-M(B. Si. Zr M HORIARE B, BIUIE G, SR E. IR ELy 145 05 14 (4)
Table 4 Bulk modulus B, Shear modulus G, elastic modulus E, Possion’s ratio v and Universal anisotropy index (AU) of

Ni-M (B, Si, Zr and Hf) binary eutectic precipitates

Phase B,/GPa By/GPa B,/GPa G,/GPa Gr/GPa G,/GPa 4 E B/G AY

Nip;Bg 236.50 236.50 236.50 94.20 93.58 93.89 0.383 248.76 2.52 0.033
Niy;Bg ™ 2229

Ni;B, 255.71 253.43 254.57 95.03 72.67 83.85 0.352 226.67 3.03 1.547

Ni;B 231.96  231.64  231.80 94.650 88.840  91.75 0325 24155 2.53 0.328
Ni,B 24186 24170  241.78 104.56 101.86 10321 0313  271.05 2.34 0.133
Ni,B P 264.6

Ni,Si 212,12 212,12 21212 104.32 98.49 101.40 0294  262.39 2.09 0.296
Ni,Si 213.9 102.1 0.29 264.2

NisZr 18491 18491 18491 92.64 91.73 92.18 0286  237.14 2.01 0.050
Ni;Hf  195.05 19505  195.05 97.801 97.05  97.426 0286  150.56 2.01 0.039
NisHf ¢ 190.1

[VPH, AR 175, 24 BIG>1.75 K, HPk} o I———
RUUNIBYE, 2 BIG<1.75 W}, BRIyt g 10 — CHENetald
W 3O, # M BIG EHRT 175, & S of
RSB, b, A AR GG 5 sl
R L
223 YERHEE =

% T SC AT 4R % @R PTRL, R 2
PRI R B R U4 B s B it it ” s
RIS IR e 2 [ 105 R 6 A 00T EA

4 I I L L L L L
wr N N I . Ni,.B, Ni;B, Ni;B Ni,B Ni;Si Ni:Zr Ni-Hf
o W 2 M0 B B B R S T BL T AR LA P W2 NLE RLE Fhst Wsar Hs

I, XTSRRI e, B, b B4 RIREEAE
T4 BIS7 Fl TIAN 2617580 CHEN 22 M8158. i fg A 75 s Fig. 4 Comparison of Vickers hardness calculation results

S AT IR
i o B i b1 B 3 R 4V
=N :
HV — 1.92K1'137G0'708 (21) , ,
G" B
CHEN %51 1 - 2586 24 X A =5 gt g6 (23)
Hy =2(K*G)"™® -3 (22)

R HFFAERME 4. —MRP, 414

s K4 GIB WA RIEQ@N~22), SAHIIBE ok o ity o5 ) SRR R . BEAD, Gk

O RER IR 4. WK 4 717, PIRCPE AN s s i Sk al R = %6 B TSR0, 12 i i 52 B

TS R — 80, CHEN U MRINENOTHTLS 5 o pkmnpb e b 15 8 pk 220 5 35, R 245 4

AMET TIAN SR AR S5 B vp, si 2o AT D= RS RITIEAR M3 R

HLHE B MM IR SIER S g oeion 2 e 3 g R

Hf 1 Zr JE R et iE AHAR b, B BRI B, St 37 SR A, TR e e

H. NisB, HHEIEEE 5, 3X 5 NigB, AHA B A A AR P

BRI E A K.

2.2.4 S &) e 1VE=8,-2(5,-5,— Su /2)(112122 ‘”22[32 + 132112) (24)
s AR R SRR % 1) S A1 X)) B A B P A XTI 5 Sk A, A
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2021 1 A

VE=( +1)s), + 13555 + 125 (25, +565) +
(=) 283 +544) + 201, (I = 13)s16]

XIS A, A

VE=L'S), + 21} G5, + 2L 55 + 135,y + 215155, +

(26)

e Sy 2 iR R 1y by BRI
KT X. Y. ZHITT AT, RIERQ4)~26) 1%
3 453, Ni-M(B. Siv Zr f1 HO) e L Syt e
MR TR = 4R Z - 5 . =4 EET
IERFLARZR S0 35 1) (R, bl T 8 R T PO RE AR
RIS R B S ATBURBL, NizB, A

(25)

4 2.2 2.2 2.2
Lisyy + L sgy + 1715555 + 1715566

BMFRMEK, X5 NisB, HA % A& s
B EA —E xR, b, &M 4Y 1t
HAE 5 =4 GD) AR 15 .

2.3 B 451

N T8 T RS AR, AR T %
IR FE58, FEHE— PR 7 S5 AH R RS et
J1EERe S A5 = F 2 R R JUR AR
5, A 2S5 2 (Total density of states, TDOS)
THEEERIE 6, HrhReRHAE 0 eV A TE B L
FORVOKREMAIE . HE 6(a) ] &K, SAHEK
REALE M TDOS [EA N 0, RUFAHE —EM FH

B5 oL AU Ni-M(By Si HE Il Zr) (5804 55 o S5 04 = 44k ot 1 1]
Fig. 5 Elastic anisotropy three-dimensional surface of Ni-M(B, Si, Hf and Zr)binary eutectic precipitates: (a) Niy;Bg;

(b) NizBy; (c) NizB; (d) Ni;B; (€) NizSi; (f) NisZr; (g) NisHf

7 (a) 50 40 .
? —Niy; By 1501 B (b) Nl“ﬁ".o
z 80 [—Ni;B, 2£30 = .
= —Ni;B LR 2 30r NisZr
Q _leB % % E 5 o P
i 60 F— Ni;Si & g'g g NisHf
= — NigHf 04 02 0 02 04 3
2 ; EnergyleV = 20r )
;% 40t = Nli?
>
.; % 10+ NizB\ o
g 2 E Ni,Si p-C-—NisB;
= e \
*g 0 : 0 o7, L L .
B~ -4 -2 0 2 4 6 7.2 7.3 74 7.5 7.6
Energy/eV Cohesive energy/eV
6 T IuHEUIIEM Ni-M(B. Siv Hf fl Znf B & ZE (M KAES %5 RERI< R (D)

Fig. 6 Total density of states(a) and relationship between Fermi level and cohesive energy(b) of Ni-M(B, Si, Hf and Zr)

binary eutectic precipitates
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KRB A 7 %5 FE 0 B S PRI R e A IR KOG
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Fig. 7 Partial density of states of Ni-M(B,
Si, Zr and Hf) binary eutectic precipitates:
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Properties of Ni-M (B, Si, Zr and Hf) binary eutectic precipitates in
TLP diffusion joint of nickel-base alloy

ZHANG Yong-zhi', ZHANG Hong-kui’, CHEN Jie-shi>>*, YIN Zhi-kang?,
ZHANG Zhe-giang’, YANG Ming-yuan®

(1. AECC Shanghai Commercial Aircraft Engine manufacturing Co., Ltd., Shanghai 201306, China;

2. School of Materials Engineering, Shanghai University of Engineering Science, Shanghai 201602, China;
3. Shanghai Collaborative Innovation Center of Laser Advanced Manufacturing Technology,
Shanghai 201620, China;

4. School of Materials Science and Engineering, Shanghai Jiao Tong University, Shanghai 200240, China)

Abstract: A systematic investigation concerned with phase stability, elastic properties, hardness and relevant
electronic structure of Ni-M binary eutectic precipitates (Ni,B, NizB, Ni;B,, Niy;Bg, Ni3Si, NisZr and NisHf) was
carried out using first principles calculations. The calculated results show that the change trend of the structural
stability follows Ni;Si>NisZr>Ni,B>NisHf>Ni;B>Ni;B,>Ni,;Bs, indicating that the stability of Ni3Si phase
using Si as melting-point depressant is stronger than that using B, Zr and Hf as melting-point depressants. The
calculated elastic constants indicate that Ni3B, is significantly anisotropic, and Ni,B, Ni;B and Ni;Si exhibit some
anisotropy, while NiyBg, NisZr and NisHfshow a relatively isotropic character. The ratios of bulk modulus (B) to
shear modulus (G) are more than 1.75 for all the Ni-M binary eutectic precipitates in this research, indicating their
ductile nature. The trend of Vickers hardness of these Ni-M binary eutectic precipitates is as Ni;B,<<Ni;B<<
Niy;B¢<Ni,B<<NisZr<Ni3Si<<NisHf, and the strength of Ni 3d, B 2p, Si 3p, Zr 4d and Hf 5d hybrid orbitals were
found to play important roles in the hardness of these compounds.

Key words: binary eutectic precipitates; phase stability; elastic constant; hardness; electronic structure; first

principles
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