49 4% 55 4 1)
2020 4 4 A

WAEERMBIS IR

RARE METAL MATERIALS AND ENGINEERING

Vol.49, No.4
April 2020

CurSe 7S H e HEHT BB 4 R MOFF R

4 £ 2, R

W, e, B £

, AEFR Y, & R damsR !, Mo AR

(1. P ER2ER LR SR ITRT ok A b TR 45 b | R T 9286 =, I 200050)
Q. PEFEB K, JEET 100049)

B FE: HLEM Mo 14 CusSe UYL Z M RE, TR — 2Dk MR BREE 1% T CusSe/Mo/CusSe = WIS KB it

KL CusSe/Mo 5 )5t At I B A AR A i 3%k F B A< . {HJE, CuaSe/Mo FHIHNSS &0 BERZE, AH T 4 K e
TAE. BifE, MIAE Mo EHHIAWEMEITER Mn, FIH] Mn 71 CusSe T o) T-F HUKIRF 1, 75 ORI AR AR S 12 fo L BH 22 11
Iy, R TR RS SR ER R A S, CusSe/Mo-Mn F I 75 88 OR 15 KL 47 () J¢ 1h0 45 & AR 1 2 i
e LA . R W] Mo-Mn &R IR A M2 5 CusSe MORMHILRE B L4 Z, AT FILLIT A B AT RAFIRALERER) CuaSe 2

g

REIA: RBSHARL MR, SRl A Hri b

REGEHSES: 047277 XHERFRIRAS: A

NEMHS: 1002-185X(2020)04-1352-08

P R AR T LU L Seebeck M H 245 HA At
PR HLRE, AERRR LR SR REVEAT Tl R B R
AT L AT I N A (T HE R H R R B
M AU FEEm AR R, S
AR AH UC TG 1) AR T 46 B AR R 2R F B AR . o T3
B A 1 e B R M e, FAHL R L AR R A
TR R R TAE. (HE, S Akl H ) Te, Se,
Sb &G AL mrilh NG IR, 2 TR Cus Ni 554 W
() 4 8 (R BB )AL RE R 2E DG 3R A L 00, S 80
(R ALy Rl b e AR Ak, 7 A B n 7t T s BEL R 3 T 4
BH, i pastebEReREm, BRI T. Wik,
HL B AN AR FRA L 2 ) 5 TN S BEL 42 J2 2 4 v R 2R A
ALAEVE S Ay L ER AR . BRR S B AT R IL R i i
BB EPRL, 2 R RLE ) S B 3 F 1) i BEER Y .

P CupSe M AR IR A S b BH & 3T 2ok % 52
P AR DG T 1 — S R RE AR, R IR R R
A e, HA IS RHIE R 4 s B ]
SREVEUN AL A, BRACA TP H R, IR IR
I3 R S AR S PG Lk, BB R RAR A
RGBS BN A, R R AF R
Wil . Bk, RS EMR IR L T o«
TWAR-FL T SR HIFRIE. 7€ 727 CH), Cu,Se #AHL
AEEZD R 1.5, 52 AEGEHBMEAE Y. W55

IF= HEA: 2019-04-20

Brl' [ SUL ALK 1E, CuySe JE
e E it AR AT DLk — D4R T & 2.0 oAy . (HZ
T “RWE” X —HUHIIAFAE, MOBHE A i 7
FE R BEBR B B KR AE R, B B R 2
T LA TE AT, 3X 2 5 ORI 72 1 0 A
HLPERE A R Mo (HE T, Cu,Se RIS RIHIR
ke YW IT SRS T R e RE R mEST R B, AE
SN (I BRI E TR CuaSe HH R4 B 14 T ik
FERRTE o BUA 21 w0 R 5 b 1) ) 5 1 A 2 3R K B 4
ML 23R, S AT IR A S kA, TR
ARIER, Xl SR O] DR SR AN J AR o il i
FTREASZ B KAMIN S CEDIG AL D) 4. 244k
Yy (Ha 3 sl 3 ) it A4 R B i RAR T AR B B
FEHUEIS, MOR RS B T IR ST, AR DK I
) B IR A o 1% AR W B T K 0 DA ke 4 v 436 LA
CupSe MK MW R VE R 8 AR
4hi4r Cu Ml Se JuEm AT P it B+ L L8 M4 21, Cu,Se
PR R THT ) T VR2E R R R b o R B[S e v 1)
BEfr FREE AU R R BRI BRI ) .
TR CupSe RMASH B iz e s
YRS, AT AR O S0 H LR 2 A ) R )
R fE 20 A 70 48, SEHE 3M Aw[ T Lk
Cu,Se # FL 2% 11 97 #BH 4 2 # KL (9 #F 0 T4 &

S - WK E SRR TR (2018 YFB0703600); H X A SRRl 54 (51872314, 51625205); R B = & 1l H (KFZD-SW-421)
PEZ I : Bk, B, 1994 A4, WA, of R B gk R SR 5 e M e Mg e RO 1 45 4 Bl 5 R S8R %8, 13§ 200050, E-mail:

huangzhongfu@student.sic.ac.cn



40

SEAPORAE: CunSe FEHAHEA L B R W

* 1353 -

Hinderman 2 A &3l Ni. Nb. Pt & & BAEEIR N Y
Cu Y, Se KARBIZ SN, T Mo A1 W I 5 Cu Y Se Jx
N AR 2, K, Mo Al W& A 1E N CuySe M B
M BTS2 . Hinderman 258 A\ K JH 6846 0 & g it
(K1 77314 T CuSe/Mo # b EF S, 28 850 'C &4k
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« 1354 « WA EMEE TR 49 &

Cu,Se

Mo
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Fig.1 Optical photo (a), SEM image (b) and EDS mapping results around the interface of as-prepared Cu,Se/Mo/Cu,Se sample:

(c) Cu, (d) Se, and (e) Mo
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Fig.2 Variation of resistance (R) around the interface for the as-
prepared Cu,Se/Mo/CusSe sample (a) and tensile strength

(ay) for 5 parallel as-prepared Cu,Se/Mo samples (b)
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5 Cu,Se/Mo FHHIZE A% . JET A, A TAEA
H 95%Mo-5%Mn (Jit i 43 %0 4 & 8 G A b 3 HiBH
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R B LR BT 5%, DRI B R e 4 e g
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TR AL, R H 455 Raf. £ 1 i EDS
MR R, FUH L 10 pm XK A ) Cu,Se #4
BEfAAE Mn JCERINME S, HIR T840 0.15%,
IR B i R b DB Mn IR T CusSe
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I, EDS sfA# 5 8 JLFRWA S Mn 19155, R
PR BELE LT Mn 7] CuySe IH BN R R T CusSe/
Mo-Mn FH1HI BRI (AR 7% X 350 4, 76 ST 10 pm
DX sk BT R IATAT Mo JCE MG, KW Mo %11
Y HEN CusSe 27,

Mn JG# ] Cu,Se #RLA H 4 HOK19 0 Mo-Mn

J&Y5 Cu,Se MBI I IS GomE. K 4a Proshy 54
CupSe/Mo-Mn ~FATHF: il (¥ ALttt i B2 o VG Ly
9.4~15.8 MPa, “F¥{H N 12.1 MPa. %%t PrHrfhon
FE VM K20 CuaSe/Mo FESHI 3 5%, AT A H 3%
Sl A A 2 OB T A N Y BiyTes/Ni SHIHIPIHL
SR EE (10 MPa). 4 T 3P40 F Cu,Se 55 Mo-Mn 2
ST 5 G5, AR TAEX CuySe/Mo-Mn/Cu,Se F i
HEAT 7 20 X 30~800 “C [J#HIEFE . Bl 4b T/ A Cu,Se/
Mo-Mn/Cu,Se Ff 5 48 77 20 YA IR 1 o 1 SED I A .
ALUE R, 20 IG5 RS AR IR FF 58 47, Mo-
Mn Z%&A MFEG EBivE, 3 PUE T CuSe 5
Mo-Mn JZ H A 8w (1) SR 10 45 G I

Mn JC#E W] Cu,Se MBI 4w 1 38 0 T
Cu,Se/Mo-Mn St (1) #fi i FH . W1l 4c Pz, Cu,Se/
Mo-Mn 51 #2ful EBH A 0.81 pQrem?, Z524 Cu,Se/
Mo FHI#HEMHBHA ] 5 5. 2, ZEHIE K T
L AR AR5 4 BOBE B 2 1 T Ak LB 2R . AR A
Cu,Se MEMA S TR, THERKII M BT 3
mmX3 mmX6 mm [£] Cu,Se/Mo-Mn FH H, LU b 1) 5L
HLRH (5 LR 0.13%. [RIE,  Cu,ySe/Mo-Mn it [i $22 fiik

3 CuzSe/Mo-Mn/CusSe FF ity 5 H (174714 H 8% T SR [ ST 36 EDS (¥ 14147 45 2R
Fig.3 SEM image (a) and EDS mapping results of as-prepared Cu,Se/Mo-Mn/Cu,Se interface: (b) Cu, (c) Se, (d) Mo, and (¢) Mn

F 1 CuySe/Mo-Mn/Cu,Se # 5 & LB Cu,Se #1#} W &R EE R E
10 #0100 pm &b EDS S Q4R

Table 1 EDS point analysis of the Cu,Se side with the distances

from the Cu,Se/Mo-Mn interface of 10 and 100 pm

for the as-prepared Cu;Se/Mo-Mn/Cu,Se sample (at%)

. 10 pm 100 pm
Point

Mo Mn Cu Se Mo Mn Cu Se
1 00 00 662 338 00 00 667 334
2 0.0 02 667 331 00 00 665 335
3 00 02 663 335 0.0 0.0 663 337
4 00 03 667 330 00 00 662 338
5 00 02 664 332 00 00 659 341
6 00 02 666 332 00 00 662 338
7 00 0.1 663 336 00 00 669 331
8 00 0.1 663 336 00 00 657 343
9 00 0.1 665 334 0.0 0.0 665 335
10 00 0.1 663 336 00 00 661 339

HLBH JL 7 A 2554k CuySe A HLPERE . ik &5 AR BT,
7E Mo J= 5 NG PEICZR M, A& B9 5t 1 45 5 i
J 1) B (R AR A1 1 T 22 flke P BHL 26 (1) 80T B

T 345 CuySe/Mo-Mn/Cu,Se FE i 75 i N K
IR AR 3ok R v 4D 7 T ol 5 A R 7 T f H BH R 1) 38 AR T
Ht, ATAEX Cu,Se/Mo-Mn/Cu,Se £ it 4 I 4E 650 Al
800 C FHHATK WM A &EE 2 AbH . B S Finh
Cu,Se/Mo-Mn FLHI{E 650 C N4 A i) 2635 AL I
[F) J5 (44 L BE & EDS Jo & 4. v UG H, Bl
FHZAR T PIER, FMmit Cus Se. Mo 3 Pyt &/
O3 PAT K S AR AL . Mo 2 1) M 454K BLIA B 11
EAAAAE . SR 20d 2 )5, FHiA AT B 8
T3, W CuySe 5 Mo-Mn 24348 B AT K Uf () it 1 45
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Fig.4 Tensile strength () for 5 parallel as-prepared Cu,Se/Mo-Mn samples (a), optical photos of the Cu,Se/Mo-Mn/Cu,Se sample before

and after 20 thermal cycles (b), and variation of resistance (R) around the interface for the as-prepared Cu,Se/Mo-Mn/CuSe sample (c)

5 Cu;Se/Mo-Mn/CusSe Ff i FHHITE 650 °C N £ J) AN [R) 22 A I 8] J 1R 4 48 v B B JOon) B2 R 78 3% EDS T i 45 1
Fig.5 SEM images and corresponding EDS mapping around the Cu,Se/Mo-Mn/Cu,Se interface after thermal aging

at 650 ‘C for 10 d (a) and 20 d (b)

4o 3R 2 Przx EDS s 4 20 M A8, ST 32 10 pm
DX Ik [ Cu,Se MEHRAELE Mn JGEIfE S, T
JEF BN 1.5%, HIRAENE Cu,Se/Mo-Mn FHfi
100 um X3k, EDS 46 7 M58 JL-T- B0 A 2
Mn HIf5 5. EME i 800 C T (K 6), Bt
A TR, SR ) Cu. Sev Mo 3 Fit
FM M EAKEHEEN. A, Mn 505
WA fEEEAEM 20d 2 )5, KM Mn B LT
SEA K. [N, 13k 3 s, EDS sk
Cu,Se MBI Mn & FEFEWE N, EHEE Cu,Se/
Mo-Mn ST 10 um X35, Mn [P35 I3 57 50240 0

4.46%, 210 ZACHT 30 £5 . BIAEAEER 25 Cu,Se/
Mo-Mn FHf 100 pm [ X35, Mn (-3 B2 5 73 0475 A
1.58%. E 2 E Cu,Se/Mo-Mn S 200 pm F X kK,
EDS U4l 70 B A A LRI A B Mn (1915 5. %45 R
KW IEZEE 800 CF, LK Mn I Mo-Mn
JAYHUENT CusSe MRz, tbh, WA AR B &
Cu,Se/Mo-Mn 1 10 pm A X 88, 800 C % %1k 20
d 2 J5, EDS SR HT R AR ERN 2] Mo 155, £
B Mo ™ B PH A4 JZ AHX T CuySe AR U HI e e 1k

& 7a Fron ki Cu,Se/Mo-Mn/Cu,Se ¥ i Fi 1 422 firk
Ha, BH 26 B 45 il 2 A I TR R A . E 650 CTF, St &
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%z 2 Cu;Se/Mo-Mn/Cu,Se ¥ 650 CZ1{k 20 d J§ Cu,Se #F
#IAEREE S E 10 70 100 pm b EDS S5 &R

Table 2 EDS point analysis of the Cu,Se side with the distances
from the Cu,Se/Mo-Mn interface of 10 and 100 pm for
the Cu,Se/Mo-Mn/Cu,Se sample aged at 650 C for
20 d (at%)

Point 10 pm 100 pm

Mo Mn Cu Se Mo Mn Cu Se
1 0.0 13 644 343 00 00 666 334
2 0.0 1.8 640 342 00 00 662 338
3 0.0 14 652 334 00 00 667 333
4 0.0 1.7 654 329 00 00 659 341
5 0.0 08 650 342 00 00 662 338
6 00 15 653 332 00 00 66.1 339
7 0.0 19 653 328 00 00 657 343
8 0.0 1.8 647 335 00 00 663 336
9 0.0 1.7 655 328 00 00 664 336
10 00 14 643 343 00 00 668 33.2

fink P, B 2 I A A5 o T 199 S0 K 17 28 1 348 o 55 1l 2
20d )5, FrimHf b ERIE ] 1.70 pQ-em®, 4%
AT 2 £ fEE 240k A 800 C 1, Ftii#E
fink P BEL 2 ) 38 I S R . SR AL 20 d S, A
I 42 A LB A B 5.81 pQrem?®, L ZALHTI 7 4%,

R ZEE A T e A b B S 9 BB 2 1
AR . a0 BRIk, St kb i Mo-Mn 29 ik
A Cu,Se #MENEH Mn " HE£ FE Cu,Se/Mo-
Mn/Cu,Se F¥: i Fi [ 42 firh v BEL 38 0 1) 32 22 JR K . Zhang
S NI T B 3 F A B Tigs Al St 111422 fis Hi BHL %6 117 35
AR IS T (57 7 AR S e G R PO ] 76 TR, 650 °C
T Cu,Se/Mo-Mn/Cu,Se F¥: i S 1142 fitt o BH 2 Bifd 15 8] (1)
BB AR G b X R ARIEX - OC R, £ 650 C
T 3 mm X3 mmX6 mm ] Cu,Se/Mo-Mn # i, FL s v 7L

6 CuxSe/Mo-Mn/CuySe F i FHII 71 800 C N4 [y AN [F) AL IR 1) i B9 1 F B B Jon) R ) 6 38 EDSS [ 41 9 45 2R
Fig.6 SEM images and corresponding EDS mapping around the Cu,Se/Mo-Mn/Cu,Se interface after thermal aging

at 800 ‘C for 10 d (a) and 20 d (b)

% 3 Cu;Se/Mo-Mn/Cu,Se 5 800 T 1k 20 d J5 Cu,Se ##I WEREE SR 10, 100, 200 pm & EDS SR
Table 3 EDS point analysis of the Cu,Se side with the distances from the Cu,Se/Mo-Mn interface of 10, 100, and 200 pm
for the Cu,Se/Mo-Mn/Cu,Se sample aged at 800 “C for 20 d (at%)

Point 10 um 100 pm 200 pm

Mo Mn Cu Se Mo Mn Cu Se Mo Mn Cu Se
1 0.0 4.3 64.0 31.7 0.0 1.2 64.3 34.5 0.0 0.0 66.5 33.5
2 0.0 4.0 60.6 354 0.0 2.2 63.8 34.0 0.0 0.0 66.0 34.0
3 0.0 4.3 60.5 35.2 0.0 1.5 65.2 33.3 0.0 0.0 66.7 33.3
4 0.0 4.1 60.2 35.7 0.0 1.5 65.3 33.2 0.0 0.0 66.7 333
5 0.0 4.3 60.5 35.2 0.0 1.4 65.0 33.6 0.0 0.0 66.6 334
6 0.0 5.0 60.0 35.0 0.0 1.6 65.3 33.1 0.0 0.0 66.4 33.6
7 0.0 4.6 60.2 35.2 0.0 1.8 65.3 329 0.0 0.0 66.3 33.7
8 0.0 4.5 60.5 35.0 0.0 1.8 64.7 33.5 0.0 0.0 66.2 33.8
9 0.0 4.8 60.2 35.0 0.0 1.7 65.2 33.1 0.0 0.0 66.2 33.8
10 0.0 4.6 60.2 35.2 0.0 1.3 64.2 34.5 0.0 0.0 66.6 334
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Fig.7 Variation of specific contact resistivity (p.) for Cu,Se/Mo-
Mn/Cu,Se during long-term thermal aging at 650 and 800
‘C (a), relationship between specific contact resistivity (p.)
and the square root of aging time for the Cu,Se/Mo-
Mn/Cu,Se sample aging at 650 C (b) (the inset shows
the predicted proportion of specific contact resistance in
the total resistance of a Cu;Se/Mo-Mn/Cu,Se sample
during the long-term aging; the dashed lines represent the

cases when the proportion reaches 1% and 10%)
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Investigation on the Barrier Layer of Cu,Se Liquid-Like Thermoelectric Material

Huang Zhongfu'*, Gu Ming', Qiu Pengfei', Shao Xiao'?, Ren Dudi', Shi Xun', Bai Shenggiang', Chen Lidong'
(1. State Key Laboratory of High Performance Ceramics and Superfine Microstructure, Shanghai Institute of Ceramics,
Chinese Academy of Sciences, Shanghai 200050, China)

(2. University of Chinese Academy of Sciences, Beijing 100049, China)

Abstract: Cu,Se/Mo/Cu,Se thermoelectric joints were fabricated by the one-step hot pressing method using Mo as the barrier layer for
CusSe. It is found that the Cu,Se/Mo interface has ultralow electrical contact resistivity but poor tensile strength. Via introducing 5% (mass
fraction) Mn in Mo, the tensile strength is improved by three times while still maintaining low electrical contact resistivity, which are
attributed to the diffusion of Mn in Cu,Se during the hot pressing process. The evolutions of microstructure and contact resistivity at the
interface during long-term aging at high temperatures (650 and 800 °C) were investigated. After aging experiments, the interface remains
integrity with low contact resistivity, which proves that the Mo-Mn mixed phase is a promising candidate as the barrier layer for
Cu,Se-based thermoelectric generators.

Key words: liquid-like thermoelectric material; barrier layer; contact resistivity; tensile strength
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