326 FEHEERFIR

Volume 32 Number 6 The Chinese Journal of Nonferrous Metals
DOI: 10.11817/j.ysxb.1004.0609.2021-36789

2022 4 6 H
June 2022

Au-Pt-Ni & ZHHE R SLIE AR

HEL, M

(1. AR EHEBEERAR A, BY 650106;
2. BUIST BT Mot mer e MBI BRE R E Gk s, Y 650106)

HH 1’29 Fé:wﬂ\(%i\za jj—éljé'ré2> #ﬁ;ﬁ‘j—Z, ;‘('J/‘l%]"] 2, i%jhz

8 ZE: Au-Pt-Niffk SRR ARG SUR R A BRI S 5, SRR T8 R & S BB T
#1247z R MR B PR SN . B B TS Au-PeNi & &R RO K, B2 70 & S RAE i
PR AR AP BT R 2R, BLRA AR O AL TR RE R S R T4, AR T SR BSCE AT e
PAR BB R AR IRIET T 10 AR SC3 R A i A U 0] Au-Pe-Ni AR REBEAT SR9 R 7L R
SVEWTIL TR R 450 CEEIRAIT, R HUREIIT 7R R 1900 CARR AN . 45 HEW: 450 CHY
Au,Pt, (Nioy Au,oPty Nig 1 Au, Pty Niy & SAFE =FIM,  Au, Pty Nig & G AFFE B AR 900 C 4 &

AFAE(Aw)AI(PEND) PIRR IR . 3 BRI R S TSR B, SER e R 5 TS W) S5 .
KA Au-P-Niffk &R MIE; &8 98l HRELR: TeEae

NERS: 1004-0609(2022)-06-1782-14

SIscAgs: BV, W

FESES: TB31

MRRFRSRD: A

B, MRk 2, 5. Au-Pt-Ni & R A0 B S2Ia it 0[], EE B 48 £k, 2022, 32(6):
1782-1795. DOI: 10.11817/j.ysxb.1004.0609.2021-36789

HU Jie-qiong, XIE Ming, CHEN Yong-tai, et al. Experimental study on phase diagram of Au-Pt-Ni system[J]. The
Chinese Journal of Nonferrous Metals, 2022, 32(6): 1782-1795. DOI: 10.11817/j.ysxb.1004.0609.2021-36789

EARR MR R B W AR RERE AL
s WRUNIG L JEORHMERE . A TR S SE LA
FERANGR R T MM G e fF oy E R
IR e B B AR AL R 2 —, B
Pewr . EFETELF . AL R R MRS AP I
HAEBAZE Z oA RRIT B il L, Bk 22 1
50 2 A B VN N 2R =M s oo RO i 3 =
TEHEATRI AIR B3 — 20 oot FAE AR PERE K H e
DR O B AR B SR LI AE SEBR N A, 7 B
A&, Je AR A AL I T AR E PR AR L
R PLIFAR L, (HATIRASRET AL SRR A EE K
W FER MY, FEAASE oA S AL IS =

Pl oo 2 AT DAHE— B R m A A I B B e T RIS
SEME. TR, BN AN O TR = n A
(IR 7T 4RAENO12, TEGOU 5130 Ni Hi Jy( FH 24 31t Bk
BB [, SR JE A IR TE K,PtC Al AuCL IR H
B 5 PtAT Au Jii 7 H R IR T RZHINL T, TERL
Pt. AuiRG5CE, BPAZ N Pt Au. Ni =33t
175 PtAuNi)/GC E & Pt Al Au ()R [ AL PE
H Au-Pt-Ni &4 (1 Ak 5 b MR e T e — 4
JGo CAIZEMUR H HAL 22 U0 AR 75 VA TE Ni 94 K J50RE
FMPTRD B Au P, I DLUE R S A A SR I6 1
NERI T AuPt ) REAS TR Ni/AE R A A A 38 ) i
AT, IR Tl = 0 e A7) PR A T M v T R — Rk

EEWE: EXARRFEETHTH (51961016); = FF4 £ AR L I5 BT H (2019ZE001-1, 202002AB080001-1); = F A
BHEAA 57 G101 I H (202105AC160002, 202105AE160027)

s BEA: 2021-06-30; 1&iTHER: 2021-11-03

WBIEEE: IS, SR, W4, Bi%: 0871-68314454; E-mail: joanr8210@163.com



BEHH

B, 45 Au-Pe-Ni 7K RAH B B SER 7T 1783

()& — ok R A M.
PLERFFRZEM, XT Au-Pt-Ni =0k &R, ot
K =IuE e r e R AL T e —dHu i b
A, ABIRAE BT N 2 G A7) b & T e A
B R AR EAE DL e R =0 A i
PFIFEMEA SRE A A BRI AAR S SBIAH (0 2R Rt e Ak,
JRNE RREAT DA B AREAR P B 1R 5 1 S5 AT IR N AT
T A 3 6 ) AR 2 5 A 7 P B R 508 DA AR 2
AT BH BT BB ARSI o 8 A4 R FIRIE FEAH G
ARG SAHE, W2 S S MEAATIE M RN
R RO R, DU S BT O AL )
PEREFISRTHE S, mhRe AR AL 7R 1 B i3 T DA
WA R BT 7 A B A, AT S B 7Y
AL B EAR BT 48 T 1 B AR A 77 1 B
(R& GBI RNEMENSHD) P—F

@ Ni
/\
30 A A |
. ,,Z,A(V%X% -
70 //A'( v

/N/\
00 /. \/\/

Au 10 20 30 40 50 60 70 80 90 Pt
x/%

10

x/%
1 Au-Pe-Ni 4 5 4 S50 45 i ek i AR 1)
Fig. 1 Experiment isothermal section of Au-Pt-Ni system'®’: (a) 950 “C; (b) 1000 C; (c) 1150 “C; (d) 1260 C
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Table 1 Nominal compositions of designed Au-Pt-Ni
alloys
Alloy . Mole fraction/%
No. Composition e Pt Ni
1 Au, Pt Ni,, 20 10 70
2 Au,Pt, Nig, 20 20 60
3 Au,Pt, Nig, 20 30 50
4 Auy Pty Niy, 20 50 30

1.2 ILWHE
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MR AR e X b asi T, SMd
LU o3 TR B FIREF AT e i, (RS
43 %)% Phenom XL 1 TXA8230.
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Table 2 Quantitative analysis and possible phase of each
spot marked in Fig. 2(d)

Spot Mole fraction/%

- Phase
No. Au Pt Ni
9.88 12.36 77.76 (Au, Pt)Ni
9.17 12.01 78.82 (Au, Pt)Ni

Ni based solid solution
412 13.11 82.78
74.11 027 25.62

1

2

3 427 13.01 82.72
4 Ni based solid solution
5

Au based solid solution

K1 3 At A 1 2(b) H 240 2 1) BSE A5 A AH B (1)
R AT, HE3ATLE N EEH, B
FUR A A 4 AR A2 PRI NG 4L R A [ 75 4k, L

HEMT NI EERKOEGSHE, AfEE
FEJE AuEE AR, FRUGIEW] Au, Pt Ni,, & S 7E
450 CIAFAE=FTAH

P4 FN13E 3 FIT7R N A 42 27 (Au, Pty Nig,) 4 450 C
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Fig. 2 BSE images of Au,,Pt (Ni, alloy at different magnifications: (a) Microstructure after annealing; (b) Possible phase
marked image; (c) As cast structure before annealing; (d) Energy spectrum analysis image

B3 Auy Pty Nis 24 BSE 1% AR 7 2 1 40 0 (S (g e 2 2 i )
Fig. 3 BSE image and element map scanning analysis of Au,Pt, Ni,, alloy (Content of elements increases gradually with
color from light to dark): (a) BSE image; (b) Ni; (¢) Pt; (d) Au
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Table 3 Quantitative analysis and possible phase of each
spot marked in Fig. 4(d)

Spot Mole fraction/%
- Phase
No. Au Pt Ni
1 5.00 2426 70.74 (PtNi;)Au
2 76.77 2.68 20.55 Au based solid solution
3 457 2457 70.86 (PtNi;)Au
4 5.62  24.02 70.36 (PtNi;)Au

4 Au, Pt Nig, &4 1 BSE%

Fig. 4 BSE images of Au,,Pt, Ni,, alloy at different magnifications: (a) Microstructure after annealing; (b) Microstructure

after annealing with different magnification; (c) As cast structure before annealing; (d) Energy spectrum analysis image
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S AuyPuNig 24 BSE {85 MR 76 2 T4 BT (B G iR e & i %)
Fig.5 BSE image and element map scanning analysis of Au,,Pt, Ni, alloy (Content of elements increases gradually with
color from light to dark): (a) BSE image; (b) Ni; (c) Pt; (d) Au

L M Au(PINi,) [

6 Au, Pt Niy, &4 BSE1%
Fig. 6 BSE images of Au,,Pt, Niy, alloy at different magnifications: (a) Microstructure after annealing; (b) Possible phase
marked image; (c) As cast structure before annealing; (d) Energy spectrum analysis image
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Table 4 Quantitative analysis and possible phase of each
spot marked in Fig. 6(d)

Spot Mole fraction/%
No. Au Pt Ni

Phase

1 0.62 31.17 6821 Ni based solid solution
2 89.06 0.99 995  Au based solid solution
3 452  31.87 63.61 Au(PtNi,)
4 0.55 3236 67.09 Nibased solid solution
5 587 30.79 63.34 Au(PtNi,)

G A2 PRI NG LRI [ A, R S AR
PEAINI T &R 8 BEGE, B OIEA B Au k[
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Fig. 7 BSE image and element map scanning analysis of Au, Pt Ni,, alloy (Content of elements increases gradually with

color from light to dark): (a) BSE image; (b) Ni; (c) Pt; (d) Au
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8  Au, Pty Ni,, & 421 BSE&

Fig. 8 BSE images of Au,,Pt, Ni,, alloy at different magnifications: (a) Microstructure after annealing; (b) Possible phase

marked image; (c) As cast structure before annealing; (d) Energy spectrum analysis image

&S5 BE8(d) P& R E B Hr AT BEVIAR
Table 5 Quantitative analysis and possible phase of each

spot marked in Fig. 8(d)

Spot Mole fraction/%
No. Au Pt Ni
1 2.87 5939 37.74  Ptbased solid solution

Phase

2 9.02 56.04 3494 Pt-Ni solid solution
3 4.03 58.39 37.58 Ptbased solid solution
4 9.52 5579 3470 Pt-Ni solid solution
5 86.31 8.15 554  Aubased solid solution

S B A — E Mm% , LG, B XRD 1% 7] DAY
I W A 4 FF 5 T REAF 7E FCC_AL A, tn] REA7 7E
FCC L1,5FCC L1, #t—S5F a4 4
FE il (1) XRD i 56 U, o] DLFE & & 4" BR bR id 1
FCC_A1 #HF FCC_L1, A4k, 7£ 50° A1 70° fff i/ ik L
HAth&4% 7 A FCC_L1, [y, Rk ] BLSA K &
& AP IEEA F I FCC_L1 M. MR 1067 LA
o, &4 273 MAFAER FMH, HH A
FCC_L1,i& & FCC_L1,#H , 75 B3k — 15 1) S5 Bff 92

AT o

22 HEESSRER

ITECS A EON TR E 1 R, i
EDS 73 #1453 21 (4™ HOA i B 3% 6 o

M 1T AR 6 Ml &, SR IXIHONZENG,
i) J2 2 B2 Au, fAIR P XAl R 2 A e
PHUZ, Nith A E A, AuPEDENL, Pt

6 K 11(c) s EDS JLE 7 4
Table 6 Results of EDS elemental analysis of each spot
marked in Fig. 11(c)

Spot Mole fraction/% Mass fraction/%

No. Au Pt Ni Au Pt Ni
1 - - 100.00 - - 100.00
2 1.70 - 98.30 5.48 - 94.52
3 9452 - 5.48 98.30 - 1.70
4 9431 - 5.69 98.23 - 1.77
5 - 96.71  3.29 - 98.99 1.01
6 - 96.76  3.24 - 99.00  1.00
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Fig. 9 BSE image and element map scanning analysis of Au, Pt,Ni,; alloy (Content of elements increases gradually with
color from light to dark): (a) BSE image; (b) Ni; (c) Pt; (d) Au
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Fig. 10 XRD pattern of alloy 17-4": (a) 1%; (b) 2; (¢c) 3%; (d) 4"
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(a)

11 Au-Pt-NiJ HU8 1) BSE %

Fig. 11 BSE images of Au-Pt-Ni diffusion couple at different magnifications: (a) Overall image of diffusion couple;

(b) Local image of diffusion couple; (c) Energy spectrum analysis image
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Fig. 12 BSE image of Au-Pt-Ni diffusion couple

#7 K121 &S EDS suE g f
Table 7 Results of EDS elemental analysis of each spot
marked in Fig. 12

Spot Mole fraction/% Mass fraction/%
No. Au Pt Ni Au Pt Ni
90.84 397 5.19 9432 4.08 1.61
9297 234 4.68 96.16 240 1.44
90.39 449 511 93.80 4.62 1.58
90.80 3.79 5.41 9442 391 1.68
90.31 4.06 5.62 94.06 4.19 1.75
89.86 4.64 550 9352 478 1.71
75.67 16.72  7.60 80.07 17.53 2.40
81.71 1293 537 85.01 1332 1.66
- 96.04 3.96 - 98.77 1.23

O 0 9 AN N A W N~

PCNifRRIE R T PIAp A4, fUI~8 FRTEM A
SAHX IR Au & BB S, A2 AuEBEE, bRidh
(Au); K19 FITFERIK & 4 AH X 3502 PRI NG TR )
BAR, FRiC APLND). | 4k S20% 5 Au-Ptag
ALY B THREAT 206, RGNS A4, il 13
R 8 FR

FH 13 F13R 8 ATl 1, Au-Pt-Ni 1A & i S 7
BT PRRE A R, — e AudE AR, R G

E13  Au-Pt-Nif #Uf{E Au-Pt S AL BSE 4
Fig. 13 BSE image of Au-Pt-Ni diffusion couple at Au-Pt

interface

*8 K13 & M EDS TR T4
Table 8 Results of EDS elemental analysis of each spot
marked in Fig. 13

Spot Mole fraction/% Mass fraction/%
No. Au Pt Ni Au Pt Ni
7524 1946 531 78.30 20.06 1.65
7594 19.09 498 78.84 19.62 1.54
80.27 15.72 4.01 82.72 16.05 1.23
7734 18.07 4.59 80.05 18.53 1.42
- 95.68 4.32 - 98.66 1.34
- 89.61 10.39 - 96.63 3.37

AN AW N =
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(b) Ni

14 Au-Pt-Ni¥ U Au-Pt 5 4k SEM AR Kt R 0 T (AU EUBIR TR & REE)
Fig.14 SEM image and element map scanning analysis of Au-Pt-Ni diffusion couple at Au-Pt interface (Content of elements
increases gradually with color from light to dark): (a) SEM image ; (b) Ni; (c) Pt; (d) Au
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Fig.15 Optimized vertical section at 20% (mole fraction) Au of Au-Pt-Ni system comparing with experimental values
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Experimental study on phase diagram of Au-Pt-Ni system

HU Jie-qiong" % XIE Ming"?, CHEN Yong-tai’, FANG Ji-heng’, YANG You-cai’, LIU Man-men*, WANG Sai-bei’

(1. Sino-Precious Metals Holding Co., Ltd., Kunming 650106, China;
2. State Key Laboratory of Advanced Technologies for Comprehensive Utilization of Platinum Metals,
Kunming Institute of Precious Metals, Kunming 650106, China)

Abstract: Au-Pt-Ni system has a strong application background in the field of fuel cell catalyst. However, the
research on the phase diagram of this system is quite rare, which restricts the design, development and application
of this catalyst system. By studying the phase diagram of Au-Pt-Ni system, we can make clear the phase
equilibrium of multi alloy catalyst in the process of catalytic reaction, and which phases can improve the
performance of catalyst. So as to find new ways to improve the catalyst performance and design the new catalytic
materials. The Au-Pt-Ni system was studied by alloying method and diffusion couple method respectively. The
isothermal section of Au-Pt-Ni system at 450 C was studied by alloying method. The result shows that there are
three phases in Au,oPt, Ni,,, Au, Pt,Nis, and Au, Pt Ni,, alloys, and two phases in Au,,Pt, Ni, alloy at 450 C;
The isothermal section of the system at 900 ‘C was studied by diffusion couple method. The result shows that
there are (Au) and (Pt, Ni) solid solution phases at 900 ‘C . The experimental results are compared with the
calculated phase diagram, and it is found that the experimental results are in good agreement with the calculated
phase diagram.

Key words: Au-Pt-Ni system; phase diagram; alloying method; diffusion couple; platinum-based catalysts;
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