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A S RPERIRTE 40% HF(F &2 B0 /Kisw
7d, DA SRR . AL TR S5 1R BR AR T AT
V&G Ca(OH), ¥, SHRFEEAT 24 h F51b AbHE,

1.2 BFEWA RS

3T Gamry 1000 34k 2% T A 53547 B E R BB HE
RERALIIEA  ASFRBH BTN, R = AR Ak & L figis,
ZHHRBCEAH R Bk, ARk, T
HLAR AR R 2, ARV Hank's R (AL
B: 8 g/lLNaCl, 0.4 g/L KCI, 0.14 g/L CaCl,, 0.35 g/L
NaHCO;, 1.0 g/L C¢HqOg» 0.1 g/L MgCly-6H,0, 0.06
g/L MgSO,-7H,0, 0.06 g/L KH,PO,,0.06 g/L Na,HPO,-
12H,0).

X AZ31 BEE . WAREARE. CaFyMgF, 56
JEZ 3 PR EAT B A AR AL HE, DA B AR b i
JE b KN, X CaFy/MgF, A 2 HE TS frh i) {85t
[ PEBEAT VR . B CaFy/MgF, B & 2 RFEE T
Hank's ¥, RFARLE RN 8] 46 Hank’s K, 5
BRI 20, 1ds 3d. 7ds 9d. 13 d JG#HT R EDT
MR, MHARIAHRAE 1X10°~1X 1072 Hz. iEid Gamry
Echem Analyst 31, X #ietb & . S eyt
(R 2 R L DL A 3

1.3 FTEMMRES S

K D/MAX—-1200X BT AL (XRD) 7 #7 JE = 1)
YIAHZE R, JH%EH] SIGMA HDTM 24353 45 (SEM)
HHLFREIRAL(EDS) 7 M7 I8 2 10FE S AE Hank’s IR0
TAS R 8] J5 BB T 30 B A 2 B Y

2 FHRE5DHH

2.1 FEEMIRIR RS

BAE&% HF BRI 5153 — 245 S 80 1)
SR E 1(a)), B2 00 T RO 2 A )
WA EFLR; BSILA B S, IREER I IR B AR
FHFZHORYOLE 1(b), fERfE FWEEE], KRy
T JE L 2 357 H 22 S HE A (R B — 0 R ) P TR A A ko
HHE 1 A R AL E & D & O(9.18%, BEIR 40 40);
FRP(IX I8 2) SR R 2 (X 38 1) Rl sy — EH. & & AH
8L, %Il Ca. F. O 4%, O JTRMTEATL LK
AT RER A D> A E A YUE: XRD R (LK
3), FILALE B S5 A AU MgF, & MgO 2, 45
PEALHE 5 I 2 B CaF, Al MgF,; B 2 A2
VBB T T 50 S B o0 o0 AR 0] UL, CaF, 2 JE 49 10 pm,

ZJEAEREERTE 10~20 pm [ XIBAE F CRAZAE, I
HME S BRI Z B Mg JTLEM O JuR, XKW T 1%
JEJZ R CaFy/MgF, E&ME)E. F4h, MgF, & CaF, |2
PO T I AN AL, XAt RS L
N R E K T2

Bl 1 B e Al T G —ES AR B I 3% T O T3
Fig. 1 Surface micrographs of magnesium alloy after HF

treatment and after HF(a) and Ca(OH), immersion(b)

F1 [ 1 FURKS EDS H5 4 b7
Table 1 EDS analysis results of marked areas in Fig. 1

Mole fraction/%
Area No.
(6] F Ca Mg
1 9.18 59.59 31.26
2 23.89 44.01 32.10
3 26.23 36.49 37.28

22 [EERIFERRMERE
22.1 AR IR 2 b

£ Hank’s R 70 A0 AZ31 B4 RALEE [
FAGALTE 3 FRRFE S AL AR AL . SRR A Hh 2R (0
4)EIALIX AT Tafel LG5, K 2 FIH 74K
A FEL BELR S ok PR 55 P S AR DG FELAL 2 S8 T Ik R
L Jeorr) s JE TR (@ core) MR AL FRLBEL(R,) I8 55 I T-1F
il S 2 BT kR AL T gk 2 poR, 54
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Fig. 2 SEM image(a) and chemical composition map(b) of
cross-section of sample after Ca(OH), immersed

20 30 40 50 60
26/(°)
3 WHEH XRD i
Fig. 3 XRD patterns of samples: (a) AZ31; (b) Fluorinated
sample; (c) Fluorine-calcium-treatment sample

FEAEM, CaFyMgF, HEIRZAA KK AJE
o P PR P R B P B P L, EL AR A R AR G
THA SRR T 4 5 RN, AR

0f —=AZ31
—Q—Mng
o5l —* CaFy/MgF,

Potential (vs SCE)/V

10 107 10° 10° 10* 103 1072
Current density/(A+cm™2)

B4 AZ31 B:E54 . AT LA BARRE AR A0 Hh 28

Fig. 4 Potentiodynamic polarization curves for bare substrate,

fluorinated sample and MgF,/ CaF, composite film

F2 WA ZRBEMRAGIX Tafel LA (1 HLAG2E S50

Table 2 Relevant electrochemical parameters of

potentiodynamic polarization curves calculated from linear

polarization plots

Sample Joon/ (Arcm ?) PV RJ(Q-cm’)

AZ31 425%10°° -1.57 12972

MgF, 6.65X 1077 -1.48 38839
CaF,/MgF, 5.96x107 -1.37 55128

AL HBLE—0.95 V, 1T CaF,/MgF, & & JI5 2 76 My [
FHAR AR A IX A HH IR i LA, LA A P BEL A B — AL
JEFR) 1.4 1%, IXF W CaFy/MgF, H & 24 Hank’s ¥
W B A AL R e
222 HALFHPUENT

5 /sl CaFy/MgF, 524 5 JZ1E Hank's VR H
WKL 2hy 1ds 3d. 7d. 9d. 13 d [ Bode .
CaF,/MgF, HA REINZE MBI FIE KRR, W
JZ MgF, 8580 i i S B3 ik gt A 1k R ),
W FZZEE IR, FAPUE R A X R B T CaF, 52
M5 R, X s e 1 r ) J2 R S A P AR A, A
X T R B e R e 7058 Es, RURBLT BEE S
OHAT BT ACHe M Re 715 BRLPUSHE @ % TP
JE BRI REANA B PERE, 45 G A A I IR 2 g
B R /N S AT BB P 7 1 T 00 22 5 ) R e 1 A
PP SR B 6 BT 2 0 i s ) B0 A T LA s
Hr Ry FRIRVEMIE, Ry NHMZE CaF, IEZHH, O
NP EE T FU R THT R HSURORE S 1 AR S SR THT FRLAY S R
FORNEZ R FLBT P, R N FBAT e A% FBH . AHR IR
HHIEWE 3 fral.
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CaF,/MgF, 5 & B2 7E Hank’s VR HHIRIE 1
d BF, AHEG TR 2 h AR, HAS R BB R n T
2.5X10° QUL 5(b)), FEJZ B Reok)s, (H 5%
F HLBH Re 2 2 1 K (W3 3). IX R HFEAE Hank’s i
TR AT R A T T2 (R A5 VTS - P R B
R JE o S5 R AR T AR, R BH RN L AL Ry
N AEH T4k g CaF, FLERSE R K T X4 B 1
(YRR B, o8 2 %o FLART PR B LV R K B A B
FE BRI, — R LI TR R PR R

CaF,/MgF, I 2 7F Hank’s VAW TR BRI 7 d i
(WL 5(a)), AR ARRL AR PR, et | HAb
JEESE R VR RE R FRAR, RIS 3T X ot R AR A
FEAEZ) N 55°, 58— A0 IFEAE Hank's I R
V8 2 h BRARA f A e A AR EEE (LB S5@). (A
B, AL B AT LE T A X AL SEYE Py, X R T
HME CaF, JEJZ I 5EBEVE 52 3] T VA AR I B AR, 755
Rl ERAARICABAE O KAMZEEBHE Re 1)
NFE. RO d B, ARSI AR A A AR 4k Sk LA
DL F VTR A R BTy, FEA R W P Ak 1 HR ATIX PR A2E(10
Hz) 5320 2 h i R S0 SR TR B, (HARA F
WEEAE (65 °) BEAIS T 3 AL BHARAE 1) (80°, LI 5(2) o),
IX 2 B S S S Tl =) (R HERR BT 8 1R L & 13 d I,
CaFy/MgF, & A 152 (AR AE K 3 AN A 06 B R/
529 d BRI Z 2B/ NOLE 5(a), 5(b)),
R B AT R RS P Ry fH(5.12X 10 Q-cm® (A&
4.35X10*Q-cm?) BB/ ILF 3), XFEW od 5 HEE
SER VTR A AN K s [ B v A I 552 5 0 B PN A A7 4 U
EIAAER I CaF, 12 RS BN 2215 «

AR SERR A SHUE(E 3), BEZHFE R,
B2 VLIS TA) (R B AN T R ks [RIHIRIE 13 d B
HLTF RS LB R D IRFFAE 1X10°Q-em® BA |
223 BIEAFEE G CaF,/MgF, & 2R H K

BV aD T

7 Fizn N CaFy/MgF, B & B Z 8L Hank’s 15

WHR 1. 30 7. 94 13d MAOWESE, K7 s

Phase angel/(°)

107" 100 10" 10> 10° 10* 10°
Frequency/Hz

1072

CaF,/MgF,

1 2_ A
1072

10" 100 100 10> 10° 10* 107
Frequency/Hz

[BE5 CaF,/MgF, 5 A )= 1E Hank’s ¥ 2 M AN F] S 8] 1)
Bode K5 i — G AL B A EL R

Fig. 5 Bode plots of MgF,/CaF, composite coated samples
immersed in Hank’s solution for different time: (a) Phase—
frequency curves; (a’) Comparison with MgF, coated sample;
(b) |Z|—frequency

6 CaFy/MgF, & 15218 7E Hank’s 9 FBARIE R 1)
ERVGEN
Fig. 6

sample corrosion in Hank’s solution

Equivalent circuit for fluorine-calcium-treatment

3 SRRBEMA N SEUE
Table 3 Parameters of equivalent circuit at different immersion time
Time/d  RJ(Q-cm?) 0,/(S"ecm™?) n Ri/(Q-cm?) 0,/(S"cm™?) 1, R /(Q-cm?)
2 113 1.60X 1077 0.44 13450 7.48X107° 0.99 2.63X10°
1 123 1.14X 1077 0.49 6191 1.01%x1077 0.87 7.93X10°
3 146 8.43%X10°° 0.57 8931 1.63X107° 0.81 4.74X10°
7 112 1.06X10°° 0.79 6892 1.02X107° 0.59 6.05x10*
9 138 1.60X 1077 0.87 4398 1.16 X107 0.59 5.12X10*
13 135 1.17X1077 1.00 2136 1.75X10° 0.76 435%x10*
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- )
Spectrum, 1

KIRAIL e R AR 4 frgll. 21 dif, B4
T2 T0 W B Vs SR i B (LI 7(a), X3 1) 1R
3 d I I EE VA RO R (L 7(b), X3 2),
t EDS £l B MR = B P 3 5 (3.54%, FEIR7MH0)
Wz, 4iEE S5 SRR, BHRARE I ITRA
FERE T RIHER, g kA1) ) (3)
Bt 78 OBL (25 C B, Ky(CaF2)=3.95 X 107",
Kp(Caz(PO4))=2.07 X 107) 123 7 d B i J2 94 A X 45k
B 2 BRI I R B O 3R L 7(c), X
1 3), EDS RIZXIHFEEN MgF,. X iR
CaF,/MgF, B&EZ1X FEAE Hank’s R H IR IEHT
HIEZN CaF, M2 R i i A5 0 AR 25 1 I I
Bts MgF, B AR 2 W A2 1k, HA IR S5 7 v
PR, Ui T MgF, )2 5 544 R IFI 45 & MERE .
H,PO*+OH — HPO; +H,0 (1)

B 7 CaFyMgF, & EZ7E Hank’s ¥
AR VIZH 1. 34 74 9+ 13 d S5
ML
Fig. 7

SEM images of CaF,/MgF,
composite coating after immersion in
Hank’s solution for different time: (a) 1 d;
(b)3d;(c)7d;(d)9d;(e)13d

HPO? +OH —PO,* +H,0 )
CaF,+ PO} —>Cay(PO,)+F~ (3)

BRI 9 d i, CaF, )2V Al 74 DX 38t 0 B 2. AL
TAOLE 7(d), X3k 4)EDS 45 LR H FEE5H KRN
0. Mg, ME| Cl &8 0.45%(BE/R %), F RS
AL 1.54%, XU MgF, BZE R A S, HEmms
Cl 5k, CaF, EMVEE MgF, |2 &I+ /D& MgO
55 Hank’s VR X, B4 5 5EBRKAERT
AW AR V(25 C Y, MgF, ) K=6.4X 1077,
CaF, ] K,=3.95X 107", MgF, Lt CaF, ¥ 5 %3,
7334 B Mgs(POL), B Mg(OH),. 11 Mg(OH), Mg
RMHFHES CU X RZEM R, S5 Cl & &Kk
Mg(OH)C1 HEMAA | RZE M e 8tk KA M. &
MURA G, TERR XN (8 & & B AR AR T A R 2
TE RS A~ T b e, e T R IR, ok
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PSR P X S DR B S (L 7(e), XAk
5)o BRI CaFy/MgF, 5 & B JZ R (5 T e il R
B 8 fron, BB AL B R 1 B AR L
BEVELOCHR[21]. MRS T R BT A2 T

MgF,—Mg? +F" 4)
Mg?*+ PO, —>Mg;(PO,), (5)
MgO+H,0—>Mg**+OH" (6)
Mg*+OH —>Mg(OH), (7)
Mg(OH),+Cl —Mg(OH)Cl ®)

1R 13 d BBk XSS AR AN R, T A T Tl X
LK 7(e), X 6)Ui~ CaF,, H Ca mETE
(24.96%, PEEIRBOA AT %, R CaF, JZ &t

&4 K7 PrRIXIEEDS

Table 4 Chemical composition of marked areas in Fig. 7

Spectrum Mole fraction/%
No. 0 F Ca Mg P Cl
1 22.19 4529 3015 075 @ 1.62
2 2890 33.85 3211 1.60 3.54
3 29.76 3233 639 2534  6.17
4 6130 154 3.09 2956 4.07 045
5 68.60 30.59 0.80
6 31.16 3523 2496 596 270
PO
CaF, = ’

Ca(POy),

AZ31 l

OH’ ®
. S

AZ31 Mg(OH),Mg,PO,),

5 !
Mg“”

Az31 Mg(OHCI) l

AZ31
8 CaF,/MgF, H& 2 d R E B
Fig. 8 Degradation diagram of CaF,/MgF, composite coating

Botg, BHk CaFy/MgF, & 15 2 1A FEAE Hank’s VA
FHIRIEE L CaF, IZ R & 5 CI Xt MgF, %
JEHI RO . CaFyMgF, 5 & B R R A6 B2 R
s, RR LIR35S B A

3 Z5ip

1) AZ31 BE S MRIRE T FAL B AL AL ),
1RB) T HARS . GBI R BE CaFy/MgF,
HEM)Z. CaF, B — Dt T BRI 1 B
Jis v B ST AT AR AL FEL B . % CaF/MgF, 8 A 2R FEAE
Hank’s 590 AR AL FRBR S #R % AZ31 BE S &1 =
4%, RR—HAEEN 14 5 429013 d s, H
fE Hank’s ¥ (1 oL T 96 B FRLBHL D 4 F5 72 1 X 10°
Q-em? L k.

2) T—gNEERIIY) CaF, X Hank’s ¥4 7R S ER AR 25
T SO R I AR R E . R 7 d )5,
FLPEME A ZELL CaF, ZRELE G CI X MgF, 21
MO R 13d JE, RBIELEZRITIN CaF,,
H TG R IESREEA AR A, B CaF, I 2 R fif LU L%
8. CaFyMgF, E& )20 2 M ES, Hk
SCHLEZ AR S B . 3R 5 CaF, 5 MgF, 2 (7]
fIgs & it — Ik %E CaF,/MgF, & & 52 & phik
K, PR IL ORI Tl DGR
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Formation and degrade behavior of
CaF,/MgF, composite film on magnesium alloy

ZHANG Shi-yu', ZHANG Chun-yan' 2, ZHANG Jun'

(1. School of Materials Science & Engineering, Chongqing University of Technology, Chongqing 400054, China;
2. Chongqing Municipal Engineering Research Center of Institutions of Higher Education for

Special Welding Materials and Technology, Chongqing 400054, China)

Abstract: CaF,/MgF, composite film was prepared on AZ31 magnesium alloy by chemical treatment to improve its
corrosion resistance. The morphology and composition of the composite film were analyzed. The evolution of
electrochemical impedance spectroscope (EIS) patterns and the change of the surface appearance and chemical
composition of the composite film in Hank’s solutions were investigated to study the degradation process of film. The
results show that the composite film consists of nanoscale flaky-like CaF, crystals in out layer and compact MgF,
conversion film in inner layer. The corrosion potential ¢, and polarization resistance R, of the fluorine conversion layer
are improved by the CaF, film. And the R of the composite coating after 13 d immersion in Hank’s solution is still above
1 X10* Q-cm?. CaF, dissolves partially and adsorbs some of phosphate ions after 7 d immersion in Hank’s solution. After
9 d immersion, pitting corrosions occur because of the partial exfoliation of CaF, film and the infiltration of Cl into the
MgF, film.
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