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NaCl #130 g/L H;BO3) H#E4T 20 min. HLEN 3.5V
MR AR AL FT, JE R 2~5 pm J5 H 5] (AR B (B
J2, R RO R I, HCE TRV (220 g/L
CuS04-5H,0, 20 mg/L NaCl A1 70 g/L H,SO,) H kAT
30 min, HUJEh 0.65 V A AL BE, 5 28 E 4 20 um
JEH) Cu/Ni HEHE, WK 1 frn. Ak EER A
OTF-1200X J Ji 3w a8 b ik AT . BLBRUSAE D DR
K, A ERRE 2 A 5000 600, 700 AT 800 C, f#
W3h G, FPAEHRER.

K H] Hitachi S-4800 %37 K4 Hids, WEHA
PO B A R TE SR . M Re i A (EDS)
P AT T A R R IO O . R
D/M2500 8 X 5 e 17 S o3 At 2y 1R 25 0 )= Al
Ak, B 40 kV, B30 mA, ELLPHIBL, H
A 8°/min, AT 135 [ 20°~80°.

K H] PARSTAT 2273 B4 HiAk 2% TAE S fE bk —
WAk 2R & TC4 BR& & E G HE M th 2, Wl
H 3.5%00 NaCl ¥, Z L HB A KCL A ATH 7R HAK
(SCE), #filh Al A eatle, TAERMAIEEE, H4
HE 1 mV/s.
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Cu/Ni diffusion layer

PHOE B R AR 3 h (1) Cu/Ni/Ti (8 oW B30 . 45
HE 1 RGEPAEFI Y Cu/Ni ZEWEZ, LRI,
KAL) TC4 & 43R M Cu/Ni P =75 AL G W,
PALBRJS, fE Cu/Ni M Ni/Ti FL1f A3 B B T 9 51
PHUZ CnEl 2a. 2b i), I H A G R s,
P HUZ R . F, B Co/N/TI R T2 18] i 3 5
515 T A Kirkendall 24N>, {F 154 52 A
BAFEAA Z L. FEFUNA, IO 5 dn kg AR
AT R, T HOE A A, K R EUR T
AN R 2 MR s i, BT
Ni JiFHA RS Y B, G5 BOE A 8K

Bl 1 TC4 &&RMALHLIN CuNi BEHEE
A THIAOUL T 35t
Fig.1 Cross-sectional morphology of Cu/Ni electroplated

coating on TC4 alloy without heat treatment

Bl 2 AN ™ B0 BE R R 3 h S Cu/Ni/Ti BT AO0 T 3
Fig.2 Cross-sectional morphologies of Cu/Ni electroplated coating on TC4 alloy at different heat treatment temperatures for 3 h:

(a) 500 C, (b) 600 °C, (c) 700 °C, and (d) 800 C
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WX Cuy Niv Ti JGE M) EDS AR, K
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SIS B HI % (B 3b, 3e); B AP HE
FER) TS, Cus Ni #lTi &Y HGE J) B 58, 1) Ni
2 BIAEAE FE AR fE 58 A BHLAS Cu AT Ti R 7 L B & A
EG AT (B3 ATE 4) LRI, £E 500 CHI
800 CYuH W, REAWEER M, ¥ a7y, ¥
A= WBR, 5 Cu/Ni B8 J2H Ni/Ti 95 )2 Stk
AT RN EL, A% NisTi, NiTiy, NigTiz, CuTi, CuTi,
HEIENED.

45 Cu-Ni —JeAHE, 75 500 CZ 800 CH# b

Bl 3 ASFNEE G 8US Cu/N/T T T30 2 0 21 43 A

Fig.3 Cross-sectional microstructures and elements distribution of Cu/Ni composite coating electroplated on TC4 alloy at different heat

treatment temperatures: (a) unheated, (b) 500 C, (¢) 600 ‘C, (d) 700 C, and (e) 800 ‘C (A, B and C represent Cu-rich layer,

Ni-rich layer and Ti-rich layer, respectively)
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ONiTi O NiTi,
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o Y Cu,Ni,, DOCuTi d
® NiTi ONiTi, ANITi,
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20/(°)
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Bl 4 ARG HOE L N ORIE 3 h () Cu/NYTL 4583 i XRD i
Fig.4 XRD patterns of the Cu/Ni/Ti heat treated at different temperatures for 3 h: (a) 500 C, (b) 600 C, (c) 700 °C, and (d) 800 C

FYOHE A, HAEZE Cu. Ni oMLY H, LHE
FHAR A . TAE NUTL P 5UZ 1, MR8 Ni-Ti —JoAHE
e R N 3R 2 g JEEEP, fE Ot R RN R A
SAFAEWIARILAERX, BT LA N/TI 37 B 5 1 i 3 (X W AT 3
LA R, BT Ni Ml 9% 2 (Ni T e
PHLZE (NITD AT Ti M ZE (NiTi), XE4hG
W) J2 123 G5 R AR R ST . T OR T A AL B 5]
Niv Ti 59 SRR, dhif 53 N, TI, 48 4k
EWRAENAE, T Ni-Ti oo, HIERE b
SR EEZ R N PR

G(NiTi,) =—49120+17.2087 (J/mol) (D
G(Ni,Ti) = —55585+15.962T (J/mol) (2
G(NiTi) = —54600 +18.133T (J/mol) 3

Wi (D F 3, R EH NLTL a4 s
(A6 G P AEAS [ 3G i B R I R E i RE, sk 1
Jizn . Mo, £E 500~800 ‘C 2 ] Ni/Ti %L1fi NisTi /B #%
JUZSER; HCh NiTi M, 55 B NiTi, /. HIE 4
ALK, BEAE GRS T, N/TE ST RS R
NisTi #H, FIERE NigTis 41, 5B T NiTi, 4. 18
Ti/Ni FtI 2B KA B S R A B N, S AR
AHEEAS , 0. WARZS ) NigTis A — WA B NisTi, #—
FaS NisTi Ao il B AR AR Nig Tis A1 B th T
PRl I T A 0, AR NigTis AR BEF A WA

F1 NITIERRHATHEETEREREBLEYH
B HA& (kJ/mol)
Table 1 Calculated free energy of formation of Ni,Ti, IMCs
at different diffusion temperatures (kJ/mol)

Ni, Tiy, 500 C 600 C 700 C 800 C
NiTi, -35.82 -34.09 -32.37 -30.65
NiTi —40.58 -38.77 -36.95 -35.14
Ni;3Ti —43.25 —41.65 —40.05 -38.46

NisTio —feokift, 76 NUTi Sk By 8xNE, M
Ni U3 Ti I HUZ KR = NisTi—>NiTi—NiTi,
Ao XRD Bl AR B NiTi SRS, vk
2t T NiTi AHJE 5 Xk A2 SNITi — 2NiTi, +Ni, Ti AH
AR RN o IX LS4 IR AL S TE G, o] AR KR &
T EWE LA TERE

2.2 ¥HREMNERRMITHNEIE

Cu/Ni/Ti Z5 B AN [F 3 5O B F ORI 3 h )5,

TR PRI Y 8, BT R Ry 8z, ST
Cu/Ni AW ZIRFE A Z45 0 . Salgado 25T T
Cu & AL HT NiTi & 4 AT A i sgm, I
7N THENITi & 4PN 5%8% 10% ) Cu 7 & 5 /E 800
CHEATHAL G 2532 5 NiTi B 4 10 22 100 i il v A o
5 NGBS TR 3 h J5 Cu/NU/TI 454 7E
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Fig.5  Polarization curves of Cu/Ni/Ti at different thermal

diffusion temperatures for 3 h corroded in 3.5% NaCl

solution

3.5% NaCl Wl i, nfLURIL, TC4 &4
283 AR R ) Cu/Ni B A48 2 LR S 3 Cu/Ni &
B B8 2 LA v 10 R o A7 RS ) o L O

R T 5 B 38 . 2 MR B S 0 8 2 R P A
WAl il £ Bt A A0 0 s (0 v, ISR R R L
T HABE R — e sk X, R T Cu/Ni/TI 4514
Fe AL B 2 R . Cu/NU/TI 55 K B8 A il 2 3 i
Tafel HMEESRAT I8 1l 2 5000 JE5 D R, Ecore~ JB5 1L FE,
TMBE Teon 55, WIER 2 PR MhAh, BEA Y HOHE
M 500 C EFHF] 700 °C, JE Bl AL M-330.87 mV 35K
#-201.14 mV; JE AT N 4.02x10° mA/em® (%
iKH] 0.514x10° mA/em?. 3X 2 1Bl 2 S B0 1
B TE, Ni TR TR PRI Cu R, R
AP N B TN eAh, Cu/NI/TI Z5 R KT
RTINS ot P £ 3 O 700 °C TR % Il A% I - Ma 2 A\ 21
RIL, Ni LLNi A3 AN FE ™4 Cu0 Wi,

LA Bl 2 R R I B NGO, MR T ik . A

£ 2 FAREATHEETRE 3 h 8 Cw/NUTI £EHE 3.5%
NaCl i& i " & 1h B9 3 BB iR 1k 45 R
Table 2 Results of polarization measurements of Cu/Ni/Ti
specimens at different thermal diffusion temperatures
for 3 h after corrosion in 3.5% NaCl solution

Temperature/ Econ/mV, Teor/ ba/ b/
T SCE  x10°mA-cm? mV-dec! mV-dec”
Unheated -370.59 6.911 183.64 —142.35
500 -330.87 4.024 148.77 -105.80
600 —280.82 2.329 108.87 -91.75
700 -201.14 0.5136 96.98 -59.43
800 -207.21 1.622 76.07 -105.60

1M, FERAY HORE 700 CF &l A g 2 5 5%, T
e i T4 A A K JE LA K& NiOL TiO R sk,
TER . BRI, 48 SO LIS 2] 800 CINF, & bl Ar
FAEEF 700 C iy B AR 120721 mV, J8 it by 378 2% )
BN # 1.622x10° mA/em?; X EEEH FEE T
Kirkendall (8 2. 2%, 1395 2 ifn 2 fL, @i sm
JE§ Tk

N T SR B X TC4 &4 K1 Cu/Ni
A2 b e I 52, 22 Nyquist & 6a Fl Bode
6b. 6¢c. AJLLEH, EMNEMHFIEH N, Cu/NI/TI
S5 R T b R T 0 BT S L 2 AN E AR, R
BT BET IS B 2 AN B e, BRI X 4 R
PO S A A PUIR. Hordr, A B0R E 500 °C A HE Y
Cu/Ni/Ti 45 ¥ 4E 3.5% NaCl ¥ W i 1 5 Nyquist /25 5
AR s H— AP, B2 AEARAIX H I — 4% i Rt
1 . AR X [ FR S Warburg 7 BCBH 4T,
Warburg " 1 FH T2 B T ™ 5kl & 500 °C 42 1) Cu/
Ni/Ti 45 K 1E 3.5% NaCl %5 J il 7 o & 52 4 w42 ol
(), T RE A T 75 4 VR THT 5 o 2 7 0 m 3 1 s
bl YRS B S Cu/NI/TI 3 10 iR B8 B S i
(122230 Bt A O B (30— 20 TR, Nyquist 25 4%
SIX (1) Warburg §7 BRI 2K, A — MK IIE BT
SR B, ¥ 2K 1) Warburg § BUBHHTR A T Niv Ti Ji 7
PRI 2R 1T % S A A A Bk T el e S F
HO R, A A 2 v P L B AR B TR Cu/NT/Ti 45 7
3.5% NaCl ¥ JE5 e B v & 52 A e B s il i) . I
Ab, R R PUIRG P T A getg ok, 7R Rk
700 CIAE 5 A, 1 5 7R A #0800 °C Sk /)
ML FE, AT Cu/Ni/Ti &6 2 1 I el 1 4 448 K s 1%
fik. MK 6by 6¢ [ LUF H 2 AN A, HIE 2 AN A
OB WUEPHPURE R AL, 2 Ak AR S5 R s
R(OR(Q(RW)))EERL, KRG AP #5 Cu/NUTI &5
PSS o SRR (B 6d), Ry AN HIR
MR MHLBE s Ry Cu/Ni/Ti &546) 26 18 i il ¥ B )2 e
BH; Re NHLTE R HIL; W ) Warburg FHPT, St
Cu/Ni/Ti &5 ) Jig b it B vh e 22 B A T 85Ok Fa AR e B
S P ST . AN [ AP HUR JE 5004 600+ 700 A1 800 C
S A AE LA IR {5 5 4.03x107, 8.58x107
2.69x107 Fil 1.29%107, KA R(O(R(Q(RW))))
TS B, AR MBS EE 3 fiox.
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Fig.6 Nyquist plots (a) of original and fitted data and Bode plots (b, c¢) of original and fitted data for Cu/Ni/Ti at different thermal

diffusion temperatures for 3 h in 3.5% NaCl solution, and equivalent circuit model used to fit the experimental impedance data (d)

F3 AEPIHURE IR Cu/Ni/Ti Z5HI7E 3.5% NaCl B &
HEMEE EIS R
Table 3 EIS results of Cu/Ni/Ti treated at different thermal
diffusion temperatures after immersion in 3.5%
NaCl solution

Temperature/ R/ R¢/ R/ Z/
C Qcem’  Qem’  Qeem? W Q-cm?
500 2.694 15.53 2001  0.004903 2019.22
600 2.358 951 6356 7309.36
700 2.406 1066 9119 10187.41
800 2.576 1046 8252 9300.58

B, L Z oL (4) F£oR:

Z=R+R+R,, (4

FETR 3 Pon, A RYEGR TS, R F
Ry IOE#5E 38 0 5 FEARO% - 7E 3.5%NaCl ¥ 5
B, Cu/NUTL S5 8 TR R 1 Rey AH A2 7 H R L 1T okt
PE; 75 Cu/NU/TL 2 11 T8 )2 B AS CU5 K 1 5 2 42
P R IAE, 300 7 B B el (0 24 o B I AN [ 3
A FRAFERIBR P Z (AR R T 5 WAk 26 28
P P, X Cu/NUTI M7 AP Biss ¢ 5 Cu/Ni
SO AN i, O HARYT BOR D 700 CHY,

Cu/Ni 522408 JZ2 it o s J5t 0
3 & it

1) X TC4 & 43R ) Cu/Ni & 445 2 7T P 5
Ji,» TR NisTi, NiTiy, NigTiz, CuTi, CuTi, 4]
EY), BGE TR B e .

2) T EUEAS R T 2 R A R, TR
SEMYHZE, LA A R AR Tk RE . RS
A BORE ETFR] 700 °C, 2 I A b A
WIES-— 2T 2] 800 CHY, KA WM Kirkendall
BN, AFAFPEZBAS 2 AL, AT S FEAS T
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Effect of Diffusion Temperature on Structure and Corrosion Resistance
of Cu/Ni Composite Coating on TC4 Alloy Surface

Zhu Lixia'?, Luo Jinhengl’z, Wu Gangl’z, Li Lifengl’z, Zhang Shuxin'?,
Wang Nan®, Liu Shuangshuang®, Chen Yongnan®

(1. CNPC Tubular Goods Research Institute, Xi’an 710077, China)

(2. State Key Laboratory for Performance and Structure Safety of Petroleum Tubular Goods and

Equipment Materials, Xi’an 710077, China)
(3. Chang’an University, Xi’an 710064, China)

Abstract: The diffusion behavior of Cu/Ni/Ti composite coating at different temperatures was studied by diffusion heat treatment. The

influence of diffusion temperature on the structure and corrosion behavior of the coating was also discussed. The results show that the

corrosion resistance of the coating surface can be effectively improved with the stable diffusion layer formed by the mutual diffusion of

Cu/Ni/Ti atoms. As the thermal diffusion temperature is up to 700 °C, a compact structure of membrane layer, the Ni,Ti, intermetallic

compounds and a small amount of Cu,Ti, intermetallic compounds form in the diffusion layer, and the corrosion resistance is the best.

When the temperature is up to 800 °C, Kirkendall effect occurs and Kirkendall space aggregates and grows up, which form cracks and

holes; thus the coating becomes porous, and the corrosion resistance is lowered.

Key words: titanium alloy; diffusion behavior; Kirkendall effect; corrosion resistance
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