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ABSTRACT The corrosion behaviors of the extruded Mg–0.54Ca and Mg–1.33Li–0.6Ca alloys
in simulated body fluids (SBFs) were investigated using weight loss, hydrogen evolution and pH
value measurement as well as dynamic electrochemical technique. The microstructure and corrosion
morphology of these alloys were discerned by means of OM and SEM, and their corrosion products
were analyzed by XRD. The results show that the microstructure is composed of α–Mg matrix and
secondary phases: Mg2Ca and CaLi2 for the Mg–1.33Li–0.6Ca alloy, while α–Mg and Mg2Ca for the
Mg–0.54Ca alloy. At the initial immersion stage, the corrosion rate of the Mg–1.33Li–0.6Ca alloy is
slightly faster than that of the Mg–0.54Ca alloy, whereas at the subsequent period the Mg–1.33Li–0.6Ca
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alloy has a corrosion resistance higher than the Mg–0.54Ca alloy. Lithium let to the formation of a dense
corrosion product layer, which consists LiH, Mg(OH)2, MgCO3, CaCO3, CaMgCO3 and CaMgPO4

for the Mg–1.33Li–0.6Ca alloy, however, it consists of MgCO3, CaCO3 and CaMgPO4 for Mg–0.54Ca.
Pitting and filiform corrosions are the main corrosion types of these alloys in SBFs.
KEY WORDS magnesium–lithium–calcium alloy, biomaterial, corrosion, simulated body fluid,

polarization

#!"#�$"�$�#% �%!, " Mg � 
!&& E ! 45 GPa, ""'$ !&& (17—20 GPa)
:'(�" !), (�#*"##%$$##%, "%
+#�$&&;'�" ,-*.$�!) [1−3]. Mg2+

"'$)%*&&/' 4 %�(0<, 1('"'$*&
��'()()*. )2 [4,5] ++, #!"*,*�$*
+%, 60—120 d *3+,-*.-)., / Mg ,,
-)*=-4.$�.5�/�,-.�. -*.$�

!)-0!)�*.*1#"$>.'$5/0!*1
16�23, Mg Æ4!"�5-!(670-(+89
?1*,!),'-:�-0 [6], +/, 27#!"�,
-*112'#!"30@-.

.)!"412/851394#+;6!3-07

#!"5-! [6−10]. -#'3'$�!"41� Ca,
Mn, Zn, Si, Zr, Al, Bi, Sr, Sb, Y, RE, Sn # Li
3 [1−3,11]. 67, Mg–Zn[12−14] (< Mg–Zn–Mn–Ca
# Mg–Zn–Zr–Y), Mg–RE[15], Mg–Ca[16−18] # Mg–
Li [19] 3#!"�2 #')2524)2/�789

A. Ca "'$$B=�C-5:, ,=:1;>#<1=
:6*7;13*=?48167@<15ÆDE3$>
)*=�@-;'. Ca �549?�;', 1 Mg �5
-!6(�-@87 [20], 9 Ca 8, Mg–Li !"=-:
A$5 CaCO3 +;A, 07 Mg–Li !"�5-! [21].
Li 1'$9#�;:=(5�;;', <4",*�$
*8==+9<>?�5-!( [4,19]. 93 Li 1#!
"�,-.$�870=,@>-:�?@, 67, 93
Mg–Li !"�,-)20B;3'5A<BC. )2 [22]

B!, Li �CD*" Mg ,-*1�;'. - Sivashan-
mugam3 [23] AB<, > Mg–13% Li(C&:=) !"E
, 2 mol/L MgCl2 D7=E, Li+ " MgCl2 /5 LiCl
?C,+; Mg(OH)2 F>=-5!F$@, Mg–Li !
"5-!07. GD LiCl ,<D7=#�E7�D.8
(, 0 A 100 mL <=-D. 63.7 g LiCl), 9)2 [24]

++, ,&-:F8 LiCl � MgCl2 D7=, AZ31 #!
"�,-*1? Li+ F8�D8-*", @+ Li+ #�

07#!"5-!�;', 9 Mg–Li–Al–Zn !"5-!
�07-"E3 LiCl �F+, -"E3 AlLi ?<GG#
!"+;/5HH-IH+;A@&I. 0�)2 [25] B

C, Mg–Li–Al !" (Mg–15% Li–5%Al–0.5%RE) �5
-!>3D Mg "E3 Mg(OH)2, MgAl2O4 # Al2O3

�F:;'&GG�. I-, �9 Mg–Li !",&J'$
$7=�,-0AIBC, +/, �;-BC Mg–Li !"
,&J'$$7=�,-JJ, DE" Li �;'.

7K5; [26] AKK Mg–Li–Ca !"�2 #')
2. FELL Mg–Ca !"!GM1F, )2 Mg–Li–Ca
!",&J'$$7=�,-K!, H:G Li ,&J'
$$7=1!",-!(�87.

1 GHIJ
8=' Mg–0.54Ca # Mg–1.33Li–0.6Ca(C&:

=, %)!"!NM5/� 5# 8 mmGI!. NM2/5
N)*!: HLL), 320 AOM 5 h +NM; &#I8
! 300 A, NM*1! 1—3 m/min, NMG! (16—20)
J 1. LNMI!JNH5 10 mm×15 mm×5 mm �K
P,QK' 600, 800# 1200IORLP+QJ, ' 5%($
O:=) LMPQD7,-+, ZEISS–MCO2390 J

 NOR (OM) RAK>.?M, 9?NOP'SJK
Q&.

,-8=, Hank’s D7=AK, D7>5!:
8.0 g/LNaCl, 0.4 g/L KCl, 0.14 g/L CaCl2, 0.35 g/L
NaHCO3, 1.0 g/L SPQ (C6H6O6), 0.1 g/L
MgCl2·6H2O, 0.06 g/L MgSO4·7H2O, 0.06 g/L
Na2HPO4 # 0.06 g/L KH2PO4. ET#GU8=,

RISAK, 4S,-8=, (37±1) ASAK. LNO
! 45 mm×26 mm×2 mm �KP, Hank’s D7=
ET 8 h +V<, ',-.�WTT (200 g/L CrO3+
10 g/L AgNO3) ,LUSWT 15 min, I+'<6T+
RM, ,SVD7TXWT 5 min +U@. KP�,-*
1.)C&W.UX

vw =
m0 − m1

st
(1)

Y=, vw !#!"KP�,-*1, mg/(cm2·d); m0 !

KP,-7�C&, mg; m1 !YV,-.�+�KPC

&, mg; s !KPWV,,-BC=�+;O, cm2; t !

KP,-�E6, d.
.)Z<W[KQ&KP,,-)*=�GU&, U

X,-GU*1 vH2 .
.)Q&D7 pH T�24, 9-XX,-*1

�24 [28]. LKPN,\Y=, OYKP+;O, Z
20 mL/cm2 �Z\Y=N,�#&� Hank’s D7, L
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\YN, (37±1) ARI<X=, ' PHS–25 [ pH UQ

SD7� pH T.
KP, Hank’s D7=�Z4^JQ&P' M273

RT%Y, (37±1) A�RI<X=AK, P'_T
Z$\, 5;TZ!KP, 'GTZ!]#UVTZ

(SCE), WKTZ! PtTZ, T%`ab6!L,-T%
±300 mV, `a*1! 0.5 mV/s, KP,D7=ET
5 min +[]Z4^JQ&.

E8=XX.@*11GU*1#L,-T\-XX
5^%�KP,-c8AKGM [27].

P' JSM–6460LV[`aTR (SEM)1: Hank’s
D7ET+� Mg–1.33Li–0.6Ca # Mg–0.54Ca !"�
+;/dAK?M. P' DX–2500 [ X eJZeY

(XRD, CuKα) 1!"+;�,-.�Æ,$���]
YAK:G, `a*1! 0.04◦/s, `aZ_! 25◦—80◦.

2 GHMN
2.1 OPQRST

Mg–0.54Ca !"# Mg–1.33Li–0.6Ca !"�"�
NO>.<` 1 &a. -I, 2 UNMb!"�>.G
M^[, 9?5c; Mg–0.54Ca !"�f^9?NO\
! 10 μm, Mg–1.33Li–0.6Ca !"�f^9?NO\!
8 μm; 2 U!"=[=,NOZ45c (3 μm V]) �9
?_Wb, @+,NM)*=\$K*b^]9; " Mg–
0.54Ca �GM, Mg–1.33Li–0.6Ca !">.=+d8�

W 1 �Æ Mg–0.54Ca � Mg–1.33Li–0.6Ca ����!�
Fig.1 Microstructures of the extruded Mg–0.54Ca (a) and

Mg–1.33Li–0.6Ca (b) alloys

!"41 Li -&�]>gh:^�'^�, _"E3 Li
" Mg, Ca /5K" 64!� CaMg2 # CaLi2, _-
_?+� XRD ]_X4`8.
2.2 OPXYZ XRD [\

` 2 a<K Mg–Ca # Mg–1.33Li–0.6Ca !"�
XRD i. -L`<, Mg–1.33Li–0.6Ca !"E α–Mg ,
$, " 64!� CaMg2 # CaLi2 >5, Mg–Li–Ca _
4�`, 150 A�3IS;``8 Ca &&`4%ST
E, Mg–Li–Ca!"==, CaLi2 # CaMg2 �

[28]; Mg–
0.54Ca !"�>.AE α–Mg ,$#'^� CaMg2 >
5, _"Ee [29] `<�]_%I.
2.3 ]^_`

2.3.1 abcdefghi 8=QX, Mg–
0.54Ca !", Hank’s D7=ET 8 h �f^,-*1
! 0.134 mg/(cm2·d), Mg–1.33Li–0.6Ca !",$�f
^,-*1! 0.064 mg/(cm2·d), a\! Mg–0.54Ca!
"� 1/2. ` 3 a<K 2 U!",ET)*=GU&?

W 2 Mg–0.54Ca � Mg–1.33Li–0.6Ca ��	 XRD j

Fig.2 XRD patterns of the Mg–0.54Ca and Mg–1.33Li–

0.6Ca alloys

W 3 Mg–0.54Ca � Mg–1.33Li–0.6Ca ��� Hank’s ��
 �	ba��	af

Fig.3 H2 evolution volume vs time of the Mg–0.54Ca and

Mg–1.33Li–0.6Ca alloys immersed in Hank’s solution

(Sample size is 45 mm×26 mm×2 mm)
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E6�24. -I, Mg–0.54Ca !", Hank’s D7=
:cK%bHk+d�GU)*, ^Ja[eZR�Q�
J/Æ, ,' 2 h E, Mg–0.54Ca !"�GU*1+N
8d; Mg–1.33Li–0.6Ca !"�GU)*GMfg, GU
&"E6�9\^J(6J!; ET 8 h, Mg–0.54Ca !
"�GU&! 37.2 mL, GU*1! 0.096 mL/(cm2·d),
- Mg–1.33Li–0.6Ca !"�GU&! 10.2 mL, GU*
1! 0.026 mL/(cm2·d), 7/\"+/� 3.7 b, ++,
Hank’s D7=, Mg–1.33Li–0.6Ca !"�5-!+N>
3 Mg–0.54Ca!". TXAb�", E` 3 -c, ,ET
E6c3 1.8 h E, Mg–0.54Ca �GU&M Mg–1.33Li–
0.6Ca c.

2.3.2 pH jklm Mg–0.54Ca# Mg–1.33Li–
0.6Ca !", Hank’s D7=� pH T?ETE6�2
4^J<` 4 &a. -I, ?EETE6�dc, 2 U
!"� pH T^aRlmh, :c pH TMdRl, pH
TLMk*1Rl# pH TgS,F-2 3 bfc; ,
pH Td*Rlfc (0—8 h), Mg–1.33Li–0.6Ca!"G
Mg–0.54Ca !",D7 pH TDcMk; , 8—10 h +,
pHTDc*1Nd, Mg–1.33Li–0.6Ca!",ET 36 h
+, D7 pH T,FgS, 8.9, - Mg–0.54Ca A,ET
40 h +,D7 pH T`4 9.68. , Hank’s D7=, Mg–
Li–Ca !"=� α–Mg ;!(Z.$ Mg2+, - CaMg2

# CaLi2 A;!eZA\$GUe#, ?,-)*�A
K, D7= OH− D8, pH Tl7, > [Mg2+][OH]−

`4 Mg(OH)2 �D8OE, d$5#�M"�ef!�
Mg(OH)2 ?C [30], Li �8,4&I Mg(OH)2 A�I
H!07 [23], &L, Mg–1.33Li–0.6Ca !"� pH TD
8*1+Nk3 Mg–0.54Ca !", "GU&]_ (` 3)
�i!.
2.4 nopqr

` 5 a<K Mg–0.54Ca# Mg–1.33Li–0.6Ca!"

W 4 Mg–0.54Ca � Mg–1.33Li–0.6Ca j Hank’s �� pH

������	f
Fig.4 pH value vs time as Mg–0.54Ca and Mg–1.33Li–

0.6Ca alloys immersed in Hank’s solution

, Hank’s D7=�Z4^J. -I, Mg–1.33Li–0.6Ca
�L,-T\H8 icorr (4.36×10−5 A/cm2) " Mg–
0.54Ca �L,-T\H8 (4.8×10−5 A/cm2) �g
-h, _"E3,Z4^JQ&8==, KPETE6
Mg, /E,-.�A@1,-*1�87Mc; Mg–
1.33Li–0.6Ca !"�L,-T% Ecorr(–1.598 V) G
Mg–0.54Ca !"�L,-T% (–1.541 V) " 57 mV,
_"E3 Li #�M"�TZT% (−2.69V) &I. 9_
` 5 a<�]_g`, Mg–1.33Li–0.6Ca !"�5-!
(G Mg–0.54Ca !"-ng, "GUiK8=]_ (`
3) %I. Mg–1.33Li–0.6Ca !"cE6�5-!1&L
>3 Mg–0.54Ca !"�OFF+"E3 Mg–1.33Li–
0.6Ca !",ET,-)*=/5IH�#�ef!�
,-.�.
2.5 ]^st

` 6 a<K Mg–0.54Ca# Mg–1.33Li–0.6Ca!"
�, Hank’s D7=:EET 8 # 36 h +�+; SEM
k. -I, 2 U!"�,-^L@-#lÆ,-!C, Mg–
1.33Li–0.6Ca !"+;R�,-.�AG Mg–0.54Ca
!"+;-IH#+f; Mg–0.54Ca !"ET 8 h +, +
;9=,=&M>H�%Sc8�@-h (` 6a); Mg–
1.33Li–0.6Ca!"ET 36 h+,+;�@-h (` 6b) M
Mg–0.54Ca o-p. !"=gh:^�#�M7TZT
%�'^�;!eZ";!(Z�,$Y5OTq,-
Tj"&I@-.$�F+. Song 3 [31] , 3.5%NaCl
D7=9?M4i�#!" Mg–8Li ==,lÆ,-.

` 7 a<K 2 U!", Hank’s D7=ET 8 h +
� XRD i. -I, Mg–1.33Li–0.6Ca !", Hank’s D
7=ET 8 h +�,-.�� LiH, Mg(OH)2, MgCO3,
CaCO3, CaMgCO3 # CaMgPO4,4=MgCO3 # LiH
�ZehC8:7; Mg–Ca !"�,-.�� MgCO3,
CaCO3 # CaMgPO4, "Ee [29] BC� Mg–1Ca !
",*�$*,-.�=kj Mg(OH)2 #u,kir

W 5 Mg–0.54Ca � Mg–1.33Li–0.6Ca ��� Hank’s ��
 	�sm

Fig.5 Polarization curves of Mg–0.54Ca and Mg–1.33Li–

0.6Ca alloys in Hank’s solution
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W 6 Mg–0.54Ca � Mg–1.33Li–0.6Ca ��� Hank’s ��
 �� 8 � 36 h j	�t SEM n

Fig.6 SEM imags of Mg–0.54Ca alloy after 8 h immersion

(a) and Mg–1.33Li–0.6Ca alloy after 36 h immersion

(b) in Hank’s solution

W 7 Mg–0.54Ca � Mg–1.33Li–0.6Ca ��� Hank’s ��
 �� 8 h j	 XRD j

Fig.7 XRD patterns of the Mg–0.54Ca and Mg–1.33Li–

0.6Ca alloys after 8 h immersion in Hank’s solution

(HA) -:. Mg–1.33Li–0.6Ca !"�,-.�G Mg–
Ca !"kg, H/-:3 Mg–Li–Al !",'5A<=
�,-.� (Mg(OH)2, LiOH # Al2O3)[25].

3 vw
EKP.@*11 GU&#L,-T\XXX<

Mg–0.54Ca # Mg–1.33Li–0.6Ca !"L,-c8UX
�,-*1:E! 0.28, 0.22 # 1.10 mm/a Æ 0.13,
0.06 # 1.00 mm/a. L.@*1#GU&UXX4�=
TGM'(, -_T\H8XX�=ThX>, _C-"

+!.@#GU8=)*AKK 8 h, -Z4^JQK)
*,Mg�E6*+5, ,-.�0-(1,-)*.$
+N�87.

Li–H2O $\=/5 LiOH �lx Gibbs LE(c
3 0[32], Mg–1.33Li–0.6Ca !"ETE, Li -\$e#
Li2O+ H2O→2LiOH # 2Li+2H2O→2LiOH+H2, -
LiOH , H2O =�D.8Eh, 37 AE! 12.8 g. +
-, ,ETiK, Li �,-&IKKP+;D7 pH T

d*l7, :, Mg(OH)2 ,!"+;R�?CG<. O
Y Li–H2O \T% –pH ` [32], LiOH h, pH Th

3 15 �l!BC==,, &L, ,` 7 =-=, LiOH.
Urquidi–Macdonald 3 [32] B<, ,l!D7= Li +
;�l4A=&�m-IH� LiH @. mo, "NM
b AZ31 #!",m$D7=�,-.� Mg(OH)2 #
Mg3(PO4)2[33] �G, Mg–Ca # Mg–Li–Ca !"+;R
�,-.�=0&� CaCO3 3pMi. +-, , Hank’s
D7=, Mg–1.33Li–0.6Ca +;/5� LiH, Mg(OH)2,
MgCO3, CaCO3, CaMgCO3 # CaMgPO4 >5KI
H�efA, &IeZGUe#2F, +-,-iK Mg–
1.33Li–0.6CaG Mg–0.54Ca!"�,-*1h, ?+,
-*1?EE6�dcjgjc, :yMg–1.33Li–0.6Ca
D7� pH Te-k"3 Mg–0.54Ca.

4 Mw
(1) Mg–1.33Li–0.6Ca !"E α–Mg, Mg2Ca #

CaLi2 >5, Mg–0.54Ca !"E α–Mg # Mg2Ca
>5.

(2) E3 Mg–1.33Li–0.6Ca !", Hank’s D7E
T)*=-/5E LiH, Mg(OH)2, MgCO3, CaCO3,
CaMgCO3 # CaMgPO4 >5�IH�efA, ET
E6McE, Mg–1.33Li–0.6Ca !"�5-!G Mg–
0.54Ca !"". Mg–1.33Li–0.6Ca # Mg–0.54Ca !"
, Hank’s D7=�,-+["@-#lÆ,-.
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