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Abstract: In recent years, zinc-based biodegradable materials have gained significant attention due to their desirable
biodegradation rate compared with other extensively explored biodegradable metals, such as magnesium and iron.
However, the long-term corrosion behavior of zinc in simulated body fluid remain unclear. In this study, we performed
a 56 d immersion test to reveal the long-term evolution of corrosion behavior of zinc in Ringer’s solution using elec-
trochemical methods and surface analysis. The results showed that the corrosion rate of Zn calculated from current
density ranged from 0.06 to 0.1 mm/a during the immersion. Its corrosion rate, determined by weight loss method, was
from 0.3 mm/a to 0.5 mm/a. The corrosion products were mainly composed of Zns(CO3),(OH)s and CaCO;. These
products were firm, rod- and block-like formed on Zn surface, and gradually accumulated with increase of immersion
time. Its surface morphology after removing corrosion products exhibited increasing sizes of corrosion pits and
grooves with increase of immersion time. And width of the corrosion pits and grooves was about 10 um after 42 d

immersion. This study provides a guideline for the further surface modification and biomedical applications of
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Zn-based materials in terms of biodegradation profile.

Key words: biodegradable zinc; long-term corrosion behavior; electrochemical test; surface chemistry

Ak, ik B S HE v s EmLL, A
A G E I A B R R AR S, TE R B RS )
P A= 4 AT AR N AR R N AR P 85 0 5
WMEICE, RANFE LB BN 0N
8~11 mg/d A1 2~3 mg/dP), [l IH B W N W 78 A 1)
ik R A TR RIREE O R, AT
ARG AN, AL IE AN [F) IR AS AL A AT . [H]
W, #2577 AR WEE, B -Er4n
e BIEE ST WRETE . Fishikel
PR AR BB B DA R A AR KR 555 2
AT BT 0T B E M RL D 2 ERE A R 1 & & AR 2 HUS
Tz, KES SRR T DU 2 IE K 7 5 1%
BB LR (—0.762 'V spapy) IO b 8 P A FRL A A -85
(—2.34 V(sup) F18k(-0.44 Vsug)) Z [0, AT 817
A P R o At 2 ot PR R 2k 1) B A 2R AR, AR B
W B EE A R R

— R, AT BN AR TN AR A
3~6 A EEFRE U, RN T IR AT
PR A5 It A PR B AR AT St 4 S, TR AR AR
A PRER S TN A AE AR N K SR AT 2 — AT 2
AR 7, TR A R — 25 (0 SR T S B A i
Hefifio BRUCASU L TBE BRI AE R Hh 2 b
W BERRAT 9, I 2 DU Hh e 1 T % R A
Bee fifp o 22 A T BE ANk 2 T), TR R b, BRI B
R R LB AR B, 31X 5 HAE R — 3, 1] Karin 2512
WEFL T A BEFE SRR A A ik 3 d IR ARAT
N, R R AN 4 L H R S A 50 e ) T b 2
2 EHLERANE WL T A R = 1, B IR #h 2%
TR S D SR S ik, R T R R R 4 )
JE 2 FLI R k= = AR B, A R T
YU FTE R T IRER B ROIR A 2, T
I 25 R A i A PR B AARAT D, ORI TR A A AR
Ui, MR IR B T RERR R 2 vl L IR 2

(I BIF 5 FF 0 6 3 G 70 A UM T 1) e A SR U1,

AR ZHR R IRTH(<14 OIS RFEMRAT A, s
Z AR SO o g o R LA T ek TR AR
JE e ORI JES kAL ) <52 75 T ) 2R E A T

BT, ARHEFOR AR (56 AT, Bt
TR LR R (A% BB Hh A s A AT 9, 6
5 PR A T b A R L 2 T T el 4 0 A A ok
P KB e R P s AL

1 EWHZE

1.1 #H&EH&E

W 4lE#2(99.99%) VI E A% 10 mm, JE/ 1.8 mm
IR A, I 600#. 10004, 15004A1 2000411 SiC
b A B AR 2R T, PR AN 25 B8 1 /0ORE 75 T e 4T
B J5 B (K 5 min, 3 3 9K), Sa FBEEERK
TETEETERMA P& . A0 iR E N
g FIB (9 g/L NaCl, 0.43 g/L KCI, 0.2 g/L NaHCO;,
0.24 g/L CaCly), FrA A N tral. Mot IR
pH N 7.4+0.2,
1.2 BFEFHmRERIE

K P IM6 B Ak 2 T A il ) A ot 3 P A2 W A it
2§ (Potentiodynamic polarization curves, PDP)F1H {f
2% BH T 1 (Electrochemical Impedance Spectroscopy,
EIS)RAE AL 24 S 1l AL 22 R F = i R 4
BHE, AR A H 7K 2 b A (Saturated Calomel
Electrode, SCE), 1%} Fifl(Platinum sheet with di-
mensions of 1.5 cm x1.5 cm)fl L/EHE%(Zn sam-
ples). TAF HLARAFE i @ I T ok B b2 T
VESL, JF FREAR R %5 F, B 28 A5 DUk 36 1 T AR oA
0.79 cm®. £ PDP Al EIS AT, #E &AM KR
HIRMEZE > 30 min, DURHOR SR AL T A2 RS,
RGBT (37+0.5) CRE A AT, XFT3hH
PR AR, HEAL R DX R B IE FL 0.5V,
FHGEEE N 1 mV/se KBS IE R AMEIL XA AL it 28
ATV, BRI SR EAL Eon JETRR R
FE o MBIMESFERBLR B WRAEFRHE ASTM
G102-89M%1 i R (P i+ AR T

P=14.93icorr (1)

Hod Py deor 531 28 71 JE 1k 3 2R (mmy/a) A1 i HE
Ui PE (mA/em®) o FL AR 27 LT 1 0 4 o 3 oA
100 kHz ¥ 0.01 Hz, W358 H R T 0
T. FHFEMES 4 WA ZENR LR & 81t
K,
1.3 RIEMEMREE

3T BE i R IR I AE (37£0.5) C HIMRAS FR ik
o, FEIRW 7. 14, 28, 42 A1 56 d I AR IRER M By
BEh, BEFC KRR IR AL AT N . 4 ASFATRER
WoN—4H, RIALE 400 mL FIMAE R, 3 d 8
Be— WM. B RGIHFES, AEE PR



%4 1

JED, S BEE AR B B AR S SR Tk B AT 463

W=UOFE TR TEMA R &H . H BRI ENHR
BE S AL 28 AT A . R A A 5B 0BE (Stemi
2000-C, ZEISS, Germany)R137 & St 4714 o 1~ 2 1B
(SEM, Quanta FEG 250, FEI, USA) RAEFE S -
i X SHRATHH(XRD)A X S 280 i 1 BE 1% (XPS)
S3 MR il E ) B S A Ay o XRD AR
CuKoa 525, 20 103570 Bl N 10°~90°, 4K 0.033°,
XPS WK Al Ko (1486.6 eV) X 12675 . HidEbs
#fE ASTM G1-03, A 2 4E 200 mg/mL CrOs ¥
H1(80 °C) 1 min ZBRFR M M~4), FFdid SEM M
SEBRE Y G RIS . 425 B o™= P i
JE RE IR E WA 0.5 h 5, el fEsim, X
Fi SEM F1 EDS & 4714 73 41 A 1 1) T 35 R0 5 1ok = 47)
LR E. SRR S & BRI sl 5 AT
PR, JEHRHREFRHE ASTM G31-72 HHE0JE g 217,
AW

w

dip (2)
HA, Pyv We As tv p SRR HOE R (mm/a) . 2R
H(g). BFEMHM(cm?). B I (h) A3 (g/em’).

2 HR5HIE

21 HBUFEREMITASHH

B AE MR BRI R IR YA R B T i F 3l A AR Ak
(PDP)HZR U1 &] 1 Frm. “BEff A s il i A7 76 982 W Al
Z)N-1.06 V(s scry, RIEISFEFTE-0.99 Vi scr)El
—1.06 Vs scr 70 F R B X TG 48, i B Ak
X AR AL B 25 S JE R R T ) 5™, 5 LR
N, BEIR LS IR Sl R A R 44 B IR Y T A HL A
BN AR 14 d 5, JEHRIT A 42.7 pA-em®
BN E] 6.2 pA-em 2, FELEIRIE 28 d 5 IA B RAL

P, =8.74x10"

Potential / Vi, scg)

ol il dadenl ol
107 10  10° 107
Jj/(Acm?)

14 b i

107 10

Bl BRIETE(37+0.5 ) C MM B 74 14, 28, 42 Al 56 d
{1 PDP i 25

Fig. 1 Potentiodynamic polarization curves of Zn immersed
in Ringer’s solution at (37+0.5) C for 7, 14, 28, 42 and 56 d

8 4.9 pA-cm?, fEE 42 1 56 d WHRERRaELE
5.7 pA-cm > ([ 2(a)). B 2(b) MR [ JE5 b v 070 25
THEAS I g 2 Py, ML TIRILET, BHRIEE T
it 3 5 B 5 FAAIG, AN 0.64 mm/a R &%) 0.08 mm/y,
HAEBNRIWS P RFFRE, 218 0.06 mm/a F|
0.1 mm/a.

M4 AL 22 S IR S5 SR T LUR Y, R R A =
AT JE R R R B AR E A, B
BRI 7B ik 26, JEAE AR I 72 R R R AR
SE o B I AR R T TS R A TR AR E TR 1) B A
R e I PR _E PR AR ) B s R b 0.02 mmy/alll,
TE I FEL A 27 7 VA S P S b R vz —,
e T K8 e 2R T vk 3 — 5 A BT s R

R AE R B PR VS R B T i (1 Fl A 22 B
WK 3 B, WA 3 AT LB H, BEER G
(FIBE LA AR B IRV AT B R IEK . B2 I (R
A, FEM PRSI 5K MEHPT Bode KM
Nyquist IR LUE i, SE7ERIE AT A 7 AN )
HOHAEARAX S5t IR Bl IR R, AT B A2 el T4
PR R T S Lt bR, F bl 2 T PRI S ) TR L,
DR 0Lt 2 87 EH SS90 A S A R 7 A1) P Al 3 T o
Rz 10200 T 24 2 1 gk S e B B R, RO

-0.8 60
- @ —-0--Corrosion potential (Eor)
2 09} A Current density (icor) 50 g
> A 9
= - 40 g
£ 10 % ,,»’% '%‘ - % =
=] < -
% 1.1 2 s v ‘5
E I 20
& Ll B 5
g 121 & 10 §
© A m B Ao U A O
-1.3 L L 1 1 L 1 L | 0
0 7 14 21 28 35 42 49 56
Immersion time / d
0.7} (b)
% +
:E/ 0.6[
o 5
Q = 12}
£ o1t ,%\ _______ 5
g g \‘\;I[’ ______ -0
o
O

14 21 28 35 42 49 56
Immersion time / d

Kl 2 HR4E PDP 4 TH 52/ BRI AL Eoon A1 H JE Tl HLIAT

B deory () FIRR IS 1 VG ot FEL UL 26 B2 U 5 A M i 22 Py (b)

Fig. 2 Parameters of corrosion potential and corrosion current

density obtained from PDP curves (a), and corrosion rate P;

obtained from current density (b)

0o 7



464 TN MR R #35%
@ 7F ood Fitting result L5F ood Fitting result
6f 514 v7d —
O 14d —— O 14d —
~s5F & 28d — “~ A 284 ——
g * 42d —— g 1.0 # 424 —
S 4F ©56d —— 3 < 564
g ol &
=~ 3¢ =~ _+r _s000
Yot YOS
1 -
0F 0
8
®) 100 ko © 80
70
10 < 60
E S %én 50
10k g g9 — & Q 40
3 vi1d —— 3
N towud — 0 TR & 30
0} &28d — 0 mm
* 42d —— 20
< 56d Fitting result e
10° Lu . " . " . . A b
10t 10" 10° 10" 10* 10° 10* 10° 10t 10" 10° 10" 10* 10° 10* 107
Frequency / Hz Frequency / Hz

3 BHRMIAE(37+0.5) C FHIMAS R 7. 14, 28, 42 f1 56 d )5 EIS k4 R
Fig. 3 Nyquist plots measured by Electrochemical Impedance Spectroscopy (EIS) (a), bode plots of |Z| vs. frequency (b) and
bode plots of phase angle vs. frequency (c) of Zn immersed in Ringer’s solution at (37+£0.5) ‘C for 7, 14, 28, 42 and 56 d

R R R, BRI 2, BT 2 i
X 3k B ) B 08, TR S b T ke A i 4 I
R . DR, R TE VRV AT A B 2 T LA P o
Bl R(Qp1 (Rt (Qu(RaZo))' (B 4(a))HEAT A 54T -
S F V2 Y0 it o A BEL S B 2R T DU L B T RO
(Rp1(Op2(Rpa(QaiR))))) (Kl 4(b))BEAT U5 70 #r o Forh,

15F 15
E1of A T 110
g / &
< 5L 4\‘\. 1s

N S o7
& 0

0 .é 1 1 1 1 1 1 1 1
0 7 14 21 28 35 42 49 56

Immersion time / d

R/ (kQ-cm?)

R ARBIEHBE; Opi~ Rot M1 O~ R S BTSN E
A Z = A AT Oa A1 Re 23 AR
RUHL A AL BH, 5 5T A A B ] B R,
R BT HEHUB P AR BE; Z, Ry B HBH

R i B G 3 i S8 E R 1 By
e Forb, SRR EBE Ry(Ry1 + Rpo) FUHJZ HELBH

@
20F
c1sf ,./"E}
§ J S
g = ~0
Sw0f § 2 e
% g .\- /_/
o Z =
St [E3]
0 1 Il 1 1 1 1 L L L
0 7 14 21 28 35 42 49 56

Immersion time / d

Kl 4 FR/ERHTIN BIS B4 5 WK K (a), ¥RIE 7~56 d J& EIS $a Ul & HB% [ (b), F i fL A
FE RS HIBH R AR 14 FBBE. R, HOHDLE &5 S (c), TRAL FB PR Rporr M HDE 25 (D)
Fig. 4 EIS data fitted with Equivalent electrical circuit (EEC) for 0 d (a) and EEC for 7 to 56 d (b), interfacial
charge transfer resistance R, and the corrosion products resistance R, obtained from fitted results of the EIS spectra (c),
and polarization resistance R, calculated from EIS components as a function of time (d)



%4

JEOM, SR BELE AR IR AR PR AN IS Tl B R AT D

465

F1 HEGTH0.5) CHBREPH EIS IEER

Table 1 The evolution of fitted results of electrochemical impedance spectroscopy of Zn in Ringer’s solution at (37+0.5) C

Samples (Qisr/nz) sg?slégiclz?nz) " (Ql-ecpgﬁ) s"Q*f’églx-i?nz) " (Ql-ecpir/lz) s"Q” fislg(ilc?n;) s Rfi/-(cxnll?;’ slgv-vs/gfxl-lconfzz)
0d  21.09 3500 076 105 — - — 2376 0.80  0.45 3.81
7d 2248 505 071 576 3150 049 3458 155 061  6.28 —
14d 1621 124 065 175 137 074 2266 798 0.56  4.26 —
28d  21.28 16.80 072 260 3440 022 2893 322 081  10.42 —
42d 2291 095 074 430 2320 049 2200 243 082 9.2 —
56d  23.56 271 070 511 121.0 050 3342 290 0.57 12.88 —

*: s indicates the time unit "second", and » indicates diffusion index
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