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ME. T “Aeset” R, KUEHEITT
i JE3 b i A5 4 IR Gd 7% 1) Mg-2.0Zn-0.5Zr-3.0Gd
A0k S S I 15U 10 VA4 LKA (Th iy 2 s A =T e A ]
JI5VERE B B bt e, AT S B I A R L2,
WICHFTE T 5 IR AR & & S, 15 ERe
T JE e R PR R o

| QS

SEES A & LA KT 99.9%H) Mg 8. Zn
BE. Mg-25%Zr J Mg-20%Gd i a) &4 NIRRT RE, F
i ZGJIL0.01-40—4 BUFLZSIKMN, £ CO, Al 2%SFs
TR SRIIRS N AT . 185 A S80n Tk
JsFR d 50 mmX 35 mm FIBAESE, R MR A
I3 BIAE 460, 470, 480, 490 Jz 500 'C FHi# 2 h, R
JE N TR AT B R, IR BT LA S B
JE I 73 998 3304 340, 350, 360 J%2 370 C. [#IF:4E
WBFERL d 18 mm [IBIME, HrELL N 8, FikEEL
N5 mm/s. FHEJE I R E A A, RJETE 200 C
HEAT 4 h 15N H1IR Kb

e BT H T M IRNARE,  F T ROR S5 i 42
QT J b PR R R . R FH 4 A 2 FU 8 (OLYMPUS)
MG LA L: KHH AR ISM-5610LV 2]
Fii L T 5 AR W B 4 e BB 1 R b S 1) 2% T
$i: RA JEM-2100 %5 3555 5 7 B AU (TEM)
X B & B L R AR SR EAT WA A3 #r . SPAT
T 7 TR R VIR 5 B A, AR
SRS N 16 mm(L) X 3.1 mm(W) X2 mm(H), FIH
AG—1250KN(SHIMADZU)#4 RHR LG A LIZE AT F A8 5256,
FHIEZE N 1 mm/min.

R HSEIGTE 37 CIY SBF Hi##4T, SBF [k
SRS 225 SCRR[20]. IR IEARRER A (em’) 5
WARF(mL) L2928 1:30, A R~ d 18 mm X 5 mm,
SCEGAE P A R AT BRI 5 3047, ALk SBF mfRE
P, AR08 h Hik—X SBF. 1RSI 4Edn, B
FEfh, BB FOKEATIE VL, SRJE NS B Uil
(20% CrOs+1% AgNOs)H | FH k75 R 4R 5 i Rl R
I7IEYE 10 min, ZFREMEE =), KRB 5
HHRFERE TS E AT RF EARE, SR FHRFETE
JEMuE R R R AR, A SEgR T, AT A=
A, SEGEE AT IME . R EFME A Py(mm/a) it
HoTEm A ROPFTR:

P, =87.6Am/(pAt) (1)

X Am AGENRERRE, mg: p AR
FE, glem®s A ARESEIRER, cm?®s ¢ SR IE],
ho

BEEENEMER SHEEREMHx, didiha
BRI BT 50T DAAS HRE B ) e R, AR IR
It AR SBF Al ke S AR S TR, ARS8
pum B N N D=k = i MR h== 8 h AT — =,
MU ik % Py(mm/a) i+ 750 A R Q)P ATR
By = 9536V}, [(pAt) ()

s Vg AR SR, mL; o AFEM %,
glem®s A NFERIIRTEA, cm?; ¢ NIRIHSIA], ho

76 AL 2 T AE 3t (Autolab PGSTAT128N)#EAT FaAL
EWAK, A EEMEMWIT A, KERST N d 113
mm X5 mm, KA ZHERAR. &8RN TEB,
s R EG, HRH R A S ), SBF N
DR R A R e, AR 1 h
JE AT AT PHATT B A it 2 3. 2t BELAT sl X )
BIRJEEA 1X10°~1X10" Hz, RIEN 5 mV, ik
i 2R MGE 2 1 mV/s, MRIE BT i A —0.25 V
IR HAL+0.45 V.
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WA, FEGE8HKEN a-Mg Sk, BAar IR
SRR B N B R ORDIR L AR R, A R I
SEhh B, SRR ST 2008 25 um. HEIRE N 330 °C
i, il 1b)Fn, &4 B H KRR T SR 2 AR,
HHARIR IR AR S A, DB IBURLIR 28 —AH
TE N IR A, ST E KA, WK
NG BIUAZA — IR TR AL SR A R
LR i, SRS RS EED, FERIERET
= H) 340 CHE, Wl 1), sk R~ EAE /N,
AR LRSI, BIZEE O &
FI S 4 SR FRE A, AeFEARE
(AR T SRR/ B B A 5 dh A b R, SR ER
THIBRARD, RN A EAES . BRI
FEFFEE] 350 CHF, il 1(d)Fis, &5 8
, RATRSISHIEFRLES, AEHMENEE S
RN R T e N R T T R Y AN R AT B
pm, BETE A ERRCR A, FFRIEREN
360~370 CHY, Wi 1(e)RI(DFT~, BEFE R E T,
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Fig. 1 Microstructures of Mg-2.0Zn-0.5Zr-3.0Gd alloy under different conditions: (a) As-cast; (b) 330 C; (c) 340 C; (d) 350 C;

(e) 360 C; (f) 370 'C

BN T4 SRR TR 2 BOZ B AR, AT SR R
SERETE O, NRREIR 28 AR ET R D . B A
JEIRE T 360 CHY, 55 AR 4G %,
VE IR SR K R AT ILBCR 125, S8R
G, T B 1 IERRE R Y, B BRI B T
A& AP RST BB R AN, SRR R
fE, BERENT G, AE2HE AEREE 4
B YN

R GHIES G4SN TEM W5 K% Hoxt R AT
SHBE AT (SAED)UIE 2 fivn. B 2 s N &4
A TEM B3M%, WTLVEH, Z3Lammasmla s
R, &3t SAED #rg, WK 2(b), 3L aaAH AT 0L
TEER, 5 MgsGd HIFI(220). (222) F(402) 4 T 8] i

HABIFIX R R, JBF 1T 2] i, X R i
K H a=0.7241 nm, /NTARAE MgsGd AH R &R i 4L
a=0.7324 nm, %ISR E I(Mg, Zn);Gd AH, i
B N T MesGd A B> Mg R T4
Zn JRFHURHTEL, i #5285 HE 2Pt 7t
BAMUME. B 2(c)f(e)FinNE EEE N 350°CH
B @A FE X TEM W%, B 2(d) A0 BT Rnt i
f) SAED. M 2(c) T e E th, a-Mg ikt
YR RS HIRRIRIT AR, 128 H AR EE /T 200 nm,
% JE/NTF 50 nm, JEIEXTNF SAED bRaE, a1k 2(d)
Jio, AT AR R RE AT TH O T 45, 5 Mgy Gd
FAII(220) (1 11) Ko(311) 5 T ) 5 LA W52 4 A sk v 5
Ry BT 2] il S 3 a=0.7224 nm, 5
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B2 AFEPRE T Mg-2.0Zn-0.5Zr-3.0Gd &4 TEM 14 /% SAED 1%
Fig. 2 TEM bright-field images and corresponding SAED patterns of Mg-2.0Zn-0.5Zr-3.0Gd alloy under different conditions:
(a) TEM, as-cast; (b) SAED, as-cast; (¢) TEM, 350 ‘C; (d) SAED, 350 C; (¢) TEM, 350 C; (f) SAED, 350 C

2(b) TR s HAMAE, iZHER R T AR e
(Mg, Zn);Gd M. W 2(e)fins, 1E a-Mg FARd ()
X, D AE K EIIGUR BRI A 14T
AR L RSN T 50 nm, 836 R SAED ARGE
WE 20w, %M B ST SR, S
a=0.8569 nm , Mt E N MgZn; A Mg, Zny,
PDF65—1853, Pm 3 , a=0.8552 nm).

AR IR EE R (7 TEM W37 8 anf& 3 Fis
Kl 3(a)M(b) T AEr IR E N 330 CHFf TEM B
B W 3 FREBE L, FEpR 5 K E oK
WIIBREEURL, FRAAE KRB B 3(b) R
a3 PR T R SR AE AR R 5 LR RS K SR (A7 7E
P IX S RV RE A7 AE KB A o Vi B F T35 o 5 B e A1

TR T G A VA VA A 1T A DA R SR P T 2077
15, ARG —E BB R, (Hd &
F5 o A1 [ R AR 1) AR AN S R AT . 1
3(c)F(d)Fr~ AT IR IREE 9 340 ‘CHY () TEM 83514,
L 2(c)fi(e)fHZERL, &4 F EUKZIRMg, Zn);Gd
AT H AR DR 32 ) X IR DLSSORER. MgoZng AT H A D 32 1)
XA mTFHFERERIK, &8k REREK,
RAFAS LS S E, Fefk A T KR A
Wi 3e)MOFTR, HMEBFEBENT &, WERIT
%, S ERIC. fEMEIASRHESmIIR
A, FIRRA T —MshsEE, MK T &4
R E B, FEsmfeSEaED. YEER
FER 350 CHY, Wil 3(e)Fias, shaFah fdihi R ~F
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Fig. 3 Typical TEM bright-field images of Mg-2.0Zn-0.5Zr-3.0Gd alloys at different extrusion temperatures: (a), (b) 330 C; (c), (d)

340 °C; (e) 350 'C; () 370 C

2985 um, G510 AR AT R S L, ] —
SEMATHLIER, BRASEhA 4 mRii i — 2K K.
PR E RN 370 CH, 7 TEM BHIE WE 3(f)
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FEHTFHERRES S, &R rE AR T
Ha i, ARG SRR IATHLER, &5
P45 A oRLTE R AR Pl T R Kok

22 FRFERETAENNF R
HEEGEMAFEE SR UTS. YS & EL 41
R 1. BEEERARMRMIEERE. W THE
BJEH A, HHRIRELE 330~350 CI, &afft
PRI o AR 5 PR R 5 2 5% s I P T T U2

WK, 350~370 CHY, &&MbihisaiE. JuikmE
AR 2R 5 5% e L FE AT T RIS, A 4 0%
PERE IR FUEE 5 A G R A B 25 T 45 A A R B0k
EHRR, MMM ESEE, FEREN
350 CHf, AEIEREN ¥R, HPURismeE.
i AR 58 B AT R 43 31 (247+3) MPa. (214+3) MPa
e 26.7%+1.1%, H I VERE O A0 2 RV BE A 6
bR,

B J5 A 4 0 1 E MR 22 57 R BRI T AR5
JEWRBE T R A RIS A TS AR B BIAF .. &4
41 77 2 ML g R B2 di R R ARG —ARRURL I RN 5
MR, Eid Hall-Petch J7 PR 0] 21, o 40
kT A R A E B R . 40 SR e
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i B LT B R A AR N AR, Rt RE SR A
EMIEfRYE . $95] 70 A1 B H AR BURL RES A L ET L
fok, BEASOCES RIS MRz, deai
AFREE(>330 C)RIIASHEATE G, SR L T 9
BREEESRIR, WA 1 Pox, HEESIRRE
(KIThr, B AL SN a BEK, £ 350 Cif
AL R VO BB KAE, I ARG R RE
B P T REMAUKR R Mg, Zn);Gd Hr AR
AORGCWRR MegoZngy A AR ARIEAR SR S 55—
HABRALJR I, 7E 350 CHHHE & &R AA B =)
FERE.

B 4 Pl Bk & B A HELHT 5 X fe i 11 7
Bt I IR AE PR AT (B ) OB T D 4 & 4(a) s, 7T
AT H 2 07 101 S 0 70 e B T SRR AL, 8 1 DY
FAAFAETE 2 O AERE a1 22 57 R A

X

e

Bl 4 AFRIRE T Mg-2.0Zn-0.5Zr-3.0Gd & 4= Ik D35

R1 REFEIRE T Mg-2.0Zn-0.5Zr-3.0Gd &40 J124 M AE
Table 1 Mechanical properties of Mg-2.0Zn-0.5Zr-3.0Gd

alloys at different extrusion temperatures

Extrusion Ultimate Yielding Elongation/
temperature/C  strength/MPa  strength/MPa %

As-cast 204+3 15543 16.6+1.1
330 234+3 201+3 23.4+1.2
340 236+4 20244 25.3£1.2
350 247+3 214+3 26.7<1.1
360 241+£3 220+3 25.4+1.1
370 235+4 20444 22.2+1.2

(7] i BT W 2R 7 ) L R AN, AL AR IR AR
TEHT BABARK) s R RE A B . A [RIR E #t IR Ak
5 )& el R SCRA AR, 2 KR/ NH)

oz ~

53

Ce\}glén
R S

Fig. 4 SEM images of fracture surface of Mg-2.0Zn-0.5Zr-3.0Gd alloys at different temperatures: (a) As-cast; (b) 330 C;

(c) 340 C; (d) 350 C; (e) 360 C; (f) 370 C
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bEAE RS YS SR, S0 A )
WL, RIS X R ) 77 S PR Re FE AR RIS B B K E
b A TR — DT, 7R 350~370 CHY, Wi
R SOIFGR I BUAEELE, HAREER BT & Lol pE s A2 T
TRFER TS G AN, AR 3 S PRI 5 b
BRI, FHRIR 0 25 1 B AR AR AR T T 350 “CHI A fir
PG o

23 ARIRESTEEHEMRMMERE

K 5 From A S B e BT IR A G & fE SBF AR
1 h JE IR S AT & 5(a) s At
2, MWEFREE I, &efieth 2 A —E i
Rtk RIS XEIAEAE— D RIEA T &, W EE
FEIZ T B LI AL AL R T RIS, B K

(2)

Log current density/(A-cm™2)
u'.

- A— As-Cast

B—3307C

C—3407C

D—350C F C
“TTE—360C R E

F—370C A D
_9 L 1 1 !
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Potential (vs SCE)/V

e
o
9/ |
N . 1
R S L
50 C—340C % L% is
§ D— 350 C T =%
E—360C ,SJj/a
(I F—370C g F'X¢ ED
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Z'/(Q-cm?)

Bl 5 %&KFEASTE SBF FIRIE 1 h 5 ki th 4 & A8
RN
Fig. 5 Polarization curves and Nyquist plot of as-cast(a)

and as-extruded(b) alloys immersed in SBF for 1 h

ZE S UL BIAL X 3 [ A T 22 0. 3R 2 s i
BEFEIRAMEEAT R E B T AL (peon) > S PHFRLIAL S
JE (Jeor) KB MR (P) o 56535 B &P AFAE KR PR
(Mg, Zn);Gd FLdaAH, B2 AL s ARTE Ao IE 1
o-Mg ARV AR, BA PRI B e L RfE R, 2R,
515345 (IR IE AR ARG AR BT & e SR IV
fRRERE R A SRR R, UIREE R SCRE S L
(GO O = ] S R S s A Ty g e
fE R, A PRIE AR S A S BH —
TR JE5 ko

£ 2 Mg-2.0Zn-0.5Zr-3.0Gd &M A BB, BEE
L TR e 2R
Table 2 ¢con, Jeor and P; of Mg-2.0Zn-0.5Zr-3.0Gdalloys

derived from polarization curves

Extrusion Deorr Jeor! Py
temperature/’C  (vs SCE)YV  (pA-cm ?) (mm-a ")
As-cast —1.53 7.686 0.3434
330 —1.606 8.795 0.395
340 —1.524 6.546 0.295
350 —1.475 3.959 0.179
360 —1.489 4.241 0.191
370 —1.552 8.256 0.372

B E 1A 4, W E S(a)f13R 2 ReE A
BEE B R E TR, 78 330~370 CHY, &40 gcon
FIER G IS, Joonw M Py B RJF I . BERIRE N
350 CH, BEM oo Joon X Py 4T HIN-1.475 V.
3.959 pA/em® } 0.179 mm/a, fEWFREIE & EAE
LFIA S e RE . BY IR EEIR T 350 CHY, A& diki
JUFAIRTOR, BhAS T4 d i Eb BN, 5 —ARTEHE
P BTSN ZR S R0, KRS dokL A7
TE DL BRI AR 5 T b 3 B0 4 T ok Pk R R
K. HFEIRELE 350~360 ‘CH, & 4 EA BT K
PrE, EFHLAUTREFEE: 1) SRR R,
KENEEORIERRIEAES, FEE S
v, 1R T AN EERE: 2) A e ERHRAT
FrEbk 7S A S BRI AL 2, PRAR T AL SEE
ML 7T: 3) KA T REMBIA TSI FEE &0
s RLEC A/, AR SRR = T A T S e
REPS, BIRIRE T ® 370 CHF, BT haSEas Mt
AP FARAER LA A AE R R ST dibr, BRAIR T 4 PR 5 ok
PERE. B S(b)FTR N A 4TE SBE iR 1 h J5 28T
BHATCIG o e ATty 25 B B AR A /N 5 1 i A o ey
BRI/ O, ORI A HUaIOnT 25 S PR o hb
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MR MR, WK S B A, MR AL 28
55 FRBHBCIE F S R F ol R R AR RO &R

Kl 6 Fi7n A& 478 SBF H1121 120 h (1) Py, Fl Py,
AFPRE T A S, BIER b A5 B
e R EAMERE, MHEZET Pad/NT Py,
ArRE R T ARSI DB, FE PatEAZD,
B A S b A o T AR R B AR A S
i T 3 B AN BURL TR, B AR Py T B KT EL. $t
JRIRFER 350 CHE, A4 RS B i S AT &0 g 22
BUK, ROV EbERE, PR Py BN
0.614 mm/a 1 0.598 mm/a. L SCHR[16], & &M
JE k1 RS BRI 5

Kl 7 A& 41E SBF HIRi 120 h, LRI
JE M SEM E F . WK 7()fetis B i, #AA L&KM
MAREI(Mg, Zn);Gd AHAHZESE, AP P 08 Tl
7, TLHIBE A SR 5 (Mg, Zn),Gd FHEE B A48k, JEqk

7 BERFIESE SR 120 h 5 EEMZR SEM 4

e R, S HFPEREEREXT Mg-2.0Zn-0.5Zr-3.0Gd ALV MREES S22 725 PR RE T JE ok 6 O 2 i 2429
1L4F = Corrosion rates of mass loss
Corrosion rates of hydrogen evolution
1.2+ 1.148 1132 1_08z 71
PRyl
g " 0840 824 %
E R
< 08t /
£ 06f /
E 04} ;
© /
02+t /
/,

0 As-cast 330°C 340°C 350°C 360°C 370 °C
Samples
Bl 6 £ KB EAS4TE SBF H1IZiE 120 h [\ BT &1 28 K&
Hr U i 2
Fig. 6 Corrosion rates for as-cast and as-extruded alloys
measured by mass loss and hydrogen evolution after immersed
for 120 h

Fig. 7 SEM micrographs of as-cast and as-extruded alloys immersed in SBF for 120 h after removing surface corrosion products:

(a) As-cast; (b) 330 C; (¢) 340 C; (d) 350 C; (e) 360 C; (f) 370 C
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(1) Peorr 1BHTBEAR , JE3 eIk 72 HR B4R 70 4 B, B5A1 @cone
(1 X3k TR e g e, 32/ INFL I B2 R T3 i
(Mg, Zn);Gd AH J&] [ B A4 A RS b s o v 5 S50 Mot v
FrEt. Bl 7o)~ NS RIEE T &1 ST,
FRRIR L 330 CHE, FEMIES B 7(0)FiR, &k
TSR RN, "R SR b L @A R &
S ICRIEBARINRE PSR BUse, e AR
TR FARDMA KR, SHEEITTRREZ T
FMBARX, R Z A& & & TR B IX T Y
B, 88 ki R 70 M BH AR X PR e e S ok, 323K
JEE TS BTSSR EGE A . B R IRLEE TH s 3 340 °C
B, SR 1R R T SR BB S , A VAR B A
TEIT R EE T SR, B RS R ¥ 51 J el g 1)
A5, MR TR 350 CHF, B a5 A N
S BT AREE L, /D BV TS AR R 55 AR IR AE B
®i, HTHERENT G, GE&TRGR TS HE
RS H, FECE SRR B ZEDE /N, R
BETHsat, AERNEMHIIEEMRE . ME
R RIR B R — 2D T, T =) R85 & J ko7
AR . B RIR BT = F] 370 CH, MBS
Ko, ST Re 555 % 5 & &R H I R
TEKKERA G, BRI R i, Femé
SINRTT IR, 055 T45 a0 /) R X T g el i
I, %X DL RIERAFER

3 Zig

1) FFEEE N 330 CHY, %A hEFLE KL,
340~350 ‘CHF, ZhASTHLE bb IR o3 Hi bt 75 i R (1)
AN, 350~370 CI, BhAS 4S5 AT B
TREERTH S B . A4 2 M RS B A 45 a1
BB B IELCR, UHERIERE R 350 CH, &4
HA BRI 2#RE, UTS. YS K EL 235 8(247+3)
MPa. (214+3) MPa }(26.7£1.1) %.

2) #% & Mg-2.0Zn-0.5Zr-3.0Gd & &+, (Mg,
Zn);Gd 5 A FEE LA IRIIE R HFEEEN
B A 32 B R AR R 1 (Mg, Zn)sGd RH AT EURL IR 1)
Mg,Zny AHZ . Hort, MgyZnyy AR ES i f i
A —FE T AR

3) BRI 350 ‘CHIA 4, TE 37 ‘CHI SBF H
R 120 h J5, P, M Py43oiloh 0.614 mm/a F1 0.598
mm/a, JEERCAZEIE S R, A R T
K351 0 i 5 1% G S A S S AN A T4
A R K
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Effect of extrusion temperature on microstructure, mechanical
properties and corrosion resistance of biodegradable
Mg-2.0Zn-0.5Zr-3.0Gd magnesium alloy

YAO Huai®* %, WEN Jiu-ba"2, XIONG Yi"?, HE Jun-guang"? LIU Ya'

(1. School of Materials Science and Engineering, Henan University of Science and Technology, Luoyang 471023, China;
2. Collaborative Innovation Center of Nonferrous Metals, Luoyang 471023, China)

Abstract: Effects of the extrusion temperature on the microstructure, mechanical properties and corrosion resistance of
as-cast Mg-2.0Zn-0.5Zr-3.0Gd biomedical magnesium alloy were investigated. The experimental results show that the
volume fraction of dynamic recrystallized (DRXed) microstructure increases with increasing the extrusion temperature
from 330 C to 350 “C, but decreases as the temperature increased further to 370 “C. The precipitated phases of extruded
alloys are composed of nanoscale rod-like (Mg, Zn);Gd and granular Mg,Zn;; phase. The Mg,Zn; precipitated phase is a
new precipitated phase in the extrusion process. The mechanical properties of extruded alloys are proportional to the
volume area fraction of the DRXed grains. When the extrusion temperature is 350 “C, the ultimate tensile strength, yield
strength and ultimate tensile strength of extruded alloys are (248+3) MPa, (228+3) MPa and (29.4+0.9) %, respectively.
The corrosion rates of the extruded alloys decrease initially and then increase with increasing the extrusion temperature
from 330 C to 370 “C. The corrosion rates of the alloy were determined to be 0.614 mm/a and 598 mm/a, respectively, in
mass loss and hydrogen evolution methods when the extrusion temperature is 350 C.

Key words: magnesium alloy; microstructure; biocorrosion property; mechanical property
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