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EY, AR, SGEE I BENT . Cho S5USIRR
T AN 0.8 wt% Mn X Mg-4Zn-0.5Ca &4 7 Hank's 7%
AT A BRI s 5 R I, Mn 95 AR Mn
SRR, BEUCEBZENEGEN, Wmits T &
S o

BHNEE R T (D RN A8 E S0
5T e B AT T W 5 Bk, P JE fE TR S
SRALTFBL (A5 NBCK S5 A FE4E Sn R e A3 s
e SR, UTHEARFFC R, GORREAT A R S Bk
HETEAN SATEIREL, 7ESEIURR A0 RIE, X e
F A7 TR 2 554, L 2 T R e A 4 e 5 f
FHE RN, X — I RAEARA S Mg-Zn-Mn-Gd-Ca
RAEaT, FRRET ARSI T T2E SN M
BREMAREASIRE . BT, ARCHTFE RETF
BRI X Mg-2Zn-0.8Mn-0.7Gd-0.3Ca & & 10U 4
G, JIE MR R E AT IR, N B R B R
SHK o-Mn HEEFT AR, AT REEREES S
PRAL TR BT L

2

TE COy F SFe “UAHIART T 75 BB Aok il 4
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Table 1 Chemical composition of Mg-2Zn-0.8Mn-0.7Gd-

0.3Ca alloy (wt%)
Alloy Zn Mn Gd Ca Fe Mg
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B &M ARE R, MK BERRTEHE (200 5 10°-90 °,
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Fig.1 XRD patterns of ZMKX360 and ZMKX380 alloys
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Fig.2 SEM images and corresponding EDS mappings of (a~a-6) ZMKX360 and (b~b-6) ZMKX380 alloys
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Fig.3 TEM analyses of ZMKX360 and ZMKX380 alloys: (a, b) bright-field TEM images; (c, d) bright-field TEM images and corresponding SAED
patterns of ZMKX360; (e) high-resolution TEM and corresponding FFT of ZMKX380
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Fig.4 STEM images and corresponding EDS mappings of (a~a-5) ZMKX360 and (b~b-5) ZMKX380 alloys
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SHTH P o-Mn A AT MgSn A, ELTE 300 °CHI 350 °CF
FOIBT H AR SE NI/ IR . IR BEER B, S MR B IR
A BT B A 7 BT AR TR SRR 43 A

Kl 5 /R T ZMKX360 5 ZMKX380 4411 EBSD
TR . B 5, b) 7 RN G 4 R (IPF) HX
B, o H O 2 438 O 5E A B A T A AR A A .
ZMKX360 5 ZMKX380 4 [1-F 35 dib i R ~F 25 51l N

4.80 um 5 3.91 um. ZERHFEIIAFAATE, @ SR
RS FBURRRT R, WiAH 70 8 2 R A,
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Fig.5 EBSD analyses of ZMKX360 and ZMKX380 alloys: (a, b) IPF

maps with the reference direction parallel to ED; (c, d) IPFs

referring to ED; (e, f) KAM maps; (g, h) average grain size

distribution maps
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Fig.6 Tensile stress-strain curves of ZMKX360 and ZMKX380 alloys
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Table 2 Tensile properties of ZMKX360 and ZMKX380 alloys

Sample YS/MPa UTS/MPa EL/%
ZMKX360 202+2.5 271+£3.4 38.5+2.7
ZMKX380 244+4.1 303+4.6 33.243.3
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%\4'0 %&gig 1.533 i:
: 3.5 —':.IAS :
230 z 1325
EZ.S % 0.998
“; 2.0 § 10 0sw [
515 £
£10 gos
Z0.5

0.0 —— . - - - - - 0.0

0 24 48 72 96 120 144 168 ZMKX360 ZMKX380
Immersion time (h) Alloys

7 HBAE 3.5 wt% NaCl i R I 168h Z AR I ]
[R5 Ak, gl 2 A0 5P 25 85 ol 6

Fig.7 (a) Hydrogen volume variation with the immersion time; (b)

Average corrosion rate calculated from hydrogen volume and

weight loss after immersion in 3.5 wt% NacCl solution for 168 h
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Fig.8 Corrosion morphologies after immersion in 3.5 wt% NaCl solution for 168 h (a, b, e, f) with and (¢, d, g, h) without corrosion products of

(a)-(d) ZMKX360 and (e)-(h) ZMKX380 alloys
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Fig.9 SEM images and corresponding EDS mappings of cross-section observation of corrosion films for (a~a-7) ZMKX360 and (b~b-7)

ZMKX380 alloys
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Fig.10 XPS analysis of corrosion product films on (a)-(¢) ZMKX360 and (f)-(j) ZMKX380 alloys after 168 h immersion in 3.5 wt% NaCl solution
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. SRS, B =YRE S RIS ER 45 R 1
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WE 11 B, MgsZnsGd, 115 CaxMgeZns #H351 4 B AL
WAH, HEREERFRAZSNLN 143 mV 5 165
mV, RGN AR T SRR R B ZEL R 12
mV. BRI AR i/, RATEIER
A7 JEA 28 —AH % WA BT 9 KR T2 a-Mn AH . 5B,
#t—ilid TEM-EDS % a-Mn A8 il AT sk T 82
Bl 12 IR T &4 R TE 3.5 wt% NaCl iHIR i 10 s
J& 2 Yk e AL B (%) TEM B8 K AH S EDS T 3 A7 70 AT 45 2R
TR, o-Mn AHJE Bl XA TR S B AR IR
B, VLYK E a-Mn AR5 5 2 8] 1) A B sk A
LIS R

200

dﬂso N‘L
2492mV; ____%WVJMW\/W_ _____

£100 |

H
2
250 /

8 10 12

4 6 8 10 12
Distance (um)

WAt
SV SR N

V

N
13
o
3

<
o

=

o w

o 256 mv

100 200 300
Distance (nm)

Fig.11 SEM images and SKPFM characterization of second phases in ZMKX360 and ZMKX380 alloys: (a, ¢) SEM images; (b, f, i) surface

morphology images; (c, g, j) surface potential maps; (d, h, k) local potential line profiles
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K 13a B/R T ZMKX360 fil ZMKX380 &4 1E 3.5
wt% NaCl R HIRIE 48 h eItk . J& e fr
(Ecor)~ JETHHRE B (Leor)~ BEALIE S AL (Ep)
FAFE B X (Ey-Ecorr) FI T3 30 Econ TRBLE 411
JE A, ZMKX380 &4 Ecor 5 ZMKX360 A4 1E
B, I FEAK . Bk 2R BH AR 23 SO0 BB 1)
AR FE, ZMKX380 &4 1E-1.277 VSCE ZH I By, H
Ev-Econr N 167 mV, 1 ZMKX360 &4 A H IS Ey,
Ui B ZMKX380 & < ¥ 8 ol JIE R b 14 de B AR T
ZMKX360 &4x. Bt SORMATE R NI R, Leor i IE
WA 2R AR 7 i, P RBVE S 1E 3.5 wi% NaCl

T 8 R AR, ZMKX380 A & Leow B
ZMKX360 & 4 FFR2) 37%, 3B 6 it 5 15 2% R FF .
SRS, ZMKX380 & 4B A H = 1 Ecor B R AL
DX 18] J2 B Teorrs  WEBHILAE 3.5 wt% NaCl B F EAE
e 7 (i IS b R IR AN 7R ZMKX360 5 ZMK X380
A G S P RE R IR VLI TR A A, P a4
HEAT T HAGZEBEAT (EIS) M (& 13b-d). Pifh& 411
AL AT NEEAR—3: 7EIRIE 12 & 48 h fH], B2
— AR PUI — MES AP, HAEPE AR
YRR TR, 36h el THuE. A1, ZMKX380
BENEPIERIE KT ZMKX360 54, HFH 12h
B AP KT ZMKX360 &4 & E AP, #
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Fig.12 (a) TEM image and (b)-(f) corresponding EDS mappings of the TEM sample after 10 s immersion
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Fig.13 Electrochemical analyses of ZMKX360 and ZMKX380 alloys
after immersing in 3.5 wt% NacCl solution for different times: (a)
polarization curves; (b) Nyquist plots; (c) Bode phase plots; (d)
Bode modulus plots

2 3 ZMKX360 F1 ZMKX380 &4 3.5 wt% NaCl &K FiRiE 48 hfg
BRI BRZR VLS 45 R

Table 3 Fitting result from polarization curves of ZMKX360 and
ZMKX380 alloys after immersion in 3.5 wt% NaCl solution
for48 h

Sample Ecorr Leorr Ev-Ecorr
states (Vscr) (uA cm?) E» (Vsce) (mV)
ZMKX380 -1.444 3.587 -1.277 167
ZMKX360 -1.504 5.622 - -

7 4 ZMKX360 F1 ZMKX380 &4 3.5 wt% NaCl j&ih /& A = Ada]
THY EIS BhEZRYINGEER
Table 4 Fitting result from EIS plots of ZMKX360 and ZMKX380

alloys at different corrosion times in 3.5 wt% NaCl solution

Rs Rt CPEa Re CPE;
Yo, a1 (oh Yo r
Alloys  (ohm (chm ~ (WF T

cm?)  cm?)  emr 4 o cmr !

2601 cm?) 2gn-1)
ZMIS?“' 263 6188 1877 081 1237 107 093
A0 2249 ge28 1881 075 1957 117 093
IMEXI60- 2347 8877 2623 085 2167 370 093
AMIS0 2350 9211 2521 081 2238 348 093
ZMIEXSSO' 2362 1071 2527 080 2578 306 092
IMEXIS0 2449 1799 1031 062 3471 123 093
AMEXS0 428 1924 1609 075 4641 256 093
IMIDOS0 2429 1965 1562 075 4811 262 0.93

L% (B 13b 4@ED XF EIS 4 REHAT A, G
ARy TR 4, H, ROV, R NHATHZH
FH, Re NIRZEHLFH, CPEq AMHJZHE, CPE: NIEZ
HL 260 (B A9 B RUOCTE IR A S R Tk IS OR AP PR RE 1) Re{A -
PRI A 41 Re (EIRVEVIRIERE K, 36 h f5laTHase,
Ui R RS B A e it EEIRER
ZMKX380 &4 Re {i (4811 ohm cm?) &3 & T
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4.1 SBEEREANS

R, WSS ERBEN FERN RS MRTF?
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Oys =09 t 0GB + Orex * ODis + O0rowan (3)
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AL Cogs) TBIEIE Hall-Petch 24 04745

[29, 30],

1
oG = kd 2 (5)

Hrh kR0 d 43 5124 Hall-Petch #F R0 42 107240
KL RS) o Zareian ZEBURET T ANF diki ) Mg-2Zn-xCa
G IR BT, 1 BRI 00 A 56.64
MPa, k1H N 228.51 MPa pum'?. 7E&4 o SRR I
BN, AR Z oo F1 k ERAT R Tk T 5. iR
P 5(g, TR, ZMKX360 Fl ZMKX380 &4/ d 1
N 4.80 um A1 3.91 um, i itE A1, FAERL (oor)
2174 104.30 MPa F1 114.98 MPa.

frtsatt (opis) W ELEE PUF A 2 okhE125 320,

Opis = MaGb% (6)

Heh G (BYIEE) 48 17000 MPa, o CHFED 4
5902, b GEBAEEARAE) EHEEET4N 032
nm, M CEZEEHE T £°8 2.5, pono NEEW LA
TALES R, WRIEE S, DitHEAE ZMKX360 Al
ZMKX380 A 41 ponp 7348 1.06x10 F1 0.73x1014,
S E AT LIS R, MR (opis) 2074 28.00 MPa
23.23 MPa.

T HEAHBRA (oorowan) PI PAIEIE Orowan A7 45481 Hl
il 2 AORHEAT 1 503351,

MGb  dp
Torovan = > =187 @)

Hh vOQAR D) 2158 0.3, ACE R MR IR D
= Lp-dp, Lp N AR TR0 EEE, dp NEE —AHEOR T
BIEE, ro (ML) G ST 5IRARE Y
49 0.32nm. FEARBH, REGEERLEE M, Hg
ANTRBAT A o-Mn 9NKRE T ICEEXT 55 A sk R S
SEH . ARYE K 4a-1 F1E 4b-1 (5753, ZMKX360 &
& a-Mn R AEH dp {553 71124 307.35 nm AT 40.48
nm, ZMKX380 &4 o-Mn I A fEA1 dp 251N
118.72 nm 1 20.49 nm. £33t A LA ], HTH AR

(Gorowan) £I1N 17.69 MPa F1 47.57 MPa.

R R ZMKX360 F1 ZMKX380 &4 ) JE ik o i
TR RS R IE 5 iR, ZMKX380 & &AHE T
ZMKX360 £ 4 ()75 8 IR E S 8 2975 36 MPa, 53¢
ISR 42 MPa M EEEAW) &, W Z RIFRHUNE R
AIRES RN SR 2 b EERIER R K. M54
FH, MrisRibe ZMKX380 & 4 i ks 2 1 &
FORYF, TIMRZY 30 MPa &L SRR RIE— 2 ME
H, $24t%) 10 MPa 8., 255N S5 RAESS FaT e
e, BRI REFEENTHREL N TREPIK K
o-Mn KL T2 & &5 BTG R R . ([HSERRE,
JUEHT R T s 2 BB RS IER, (EARA
ST K o-Mn A RAETILE T, 0T ok
P KRPO, g5 BaTsn, IREHERERSREZ 9K
¢ o-Mn YUIEMT H BL K B 3L 51 RS d R A0 TE A 8 il
S RIS T o 5 T S AL .

R 5 ZMKX360 F ZMKX380 A& /EAREE REITELER

Table 5 Structural parameters and strengthening contributions

from GBs, dislocations, and nanoparticles of ZMKX360 and

ZMKX380 alloys
S1 P Orowan strengthenin,
strengthening strengthening (MPa)g & Predict Experi-
Alloy (MPa) (MPa) ed VS m;rlstal
d 0GB  PGND  ODis dp A Gorowan (MP2) (MPa)
(um) (MPa) (m?) (MPa) (nm) (nm) (MPa)
ZMK 1.06x

X360 4.80 104.30 101 28.00 40.48 307.35 17.69 206.63 202

ZMK 0.73x
X380 3.95 114.98 1014 23.24 20.49 118.72 47.57 24243 244
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Fig.14 Curves of Corrosion Rate and Rr Variation of ZMKX360 and
ZMKX380 alloys During Immersion in 3.5 wt% NaCl Solution
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Abstract: To address the challenge of synergistically improving the strength and corrosion resistance of magnesium alloys, the effects of extrusion
temperatures (360 °C and 380 °C) on the microstructure, mechanical properties, and corrosion behavior of the Mg-2Zn-0.8Mn-0.7Gd-0.3Ca alloy
were systematically investigated using scanning electron microscopy (SEM), transmission electron microscopy (TEM), electron backscattered
diffraction (EBSD), scanning Kelvin probe force microscopy (SKPFM), tensile tests, immersion tests, and electrochemical measurements. The results
show that the most significant microstructural effect of increasing the extrusion temperature to 380 °C is the remarkable promotion of dynamic
precipitation of a-Mn nanoparticles. These precipitated phases pin the grain boundaries and inhibit grain growth. Through the combined effects of
second-phase strengthening and grain refinement strengthening, the yield strength of the alloy is increased from 202 MPa to 244 MPa. Meanwhile,
after stable immersion in 3.5 wt% NaCl solution, the surface film resistance of the alloy is enhanced from 2238 ohm cm? to 4811 ohm cm?, and the
corrosion rate is reduced from 1.325 mm-y! to 0.839 mm-y!. The improved protective performance of the film may be associated with the
precipitation of dispersed nano-sized o-Mn particles. By simply adjusting the hot extrusion process, this study achieves the simultaneous
enhancement of strength and corrosion resistance, providing a new perspective for the design of high-strength and corrosion-resistant magnesium

alloys.

Key words: Magnesium alloy; Dynamic precipitation; o-Mn; Strength; Corrosion resistance
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