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M E: A-Mg & (5 R) BESAG RIFMMITME. WS RUSEE S, (8 A S a B BR d 7 L B M i R4 . ARTF
FAE 5 REBA SN FEEILER Al-xMg-0.5Mn [ 3Efl &2 & %N 5 & 5308 0.14%2Zr #1 0.35%Er, B 5ifs - s B8 & 4
(Mg FEf&mEiE 9.28%) Mg S ENHBMANRKEEBERMERIIEN. BHE Mg S2M 2.96%3H % 9.28%,
Al-xMg-0.5Mn-0.14Zr-0.35Er & 4B B (Al, Mg, Mn, Er, ZDNE & AGAARNEIE 2, RPARBIE K, d#kR SR 38 g/
faEOR, B R Y BOHL K SR BE S Mg & A 2.96%38 i E) 9.28%, Er. Mg JG K 4 & “ ML % 7, 2B LL AI(ERMgL.,)
FAIERMg, Mn)L)ARTE AR AL, HBCIRE & MR RIS 5 (AL Mg, Mn, ENSE-&8, BA—EBUIEM, TE#
0 A S FEVE BEAR MR A . S A VR N 0.14%2Zr A1 0.35%Er J5 , & 4 B BE 351 U7 3 ARG 25 B 457 Je JBE B S 1 0 U A BE 37 (Mg
TR 2.96%~5.15%) AR FERER VT (Mg 7 27E 5.7%~9.28%). ffiE Mg & &M 2.96%3 N2 6.8%, & &
F T B M AT B T s 2 Mg R0 B 8.0%~9.28% 0 & 4 BE Mk TR, 400 s LUJE BRI BE AR EE B R A u ik B

1.11~1.15 Fa & {8 .

XKHEiF: Al-xMg-0.5Mn-0.14Zr-0.35Er & 4; it m Mg &4 MM 5 4

FEESHES: TG146.21 XHEFRIREE: A

XE#HS: 1002-185X(2023)02-0609-08

Al-Mg &4 (5 Rae) FINEA R I,
MR Pk o RS, T2 N T E BT A
A3 BEIE . EINEEASTIR, Al-Mg & 4R T L ER
AR A e, BRSNS A SN TR KRR &
R G ietkng: TR T Z8ESR, MNaesa
PERERI A IR E SRR R 25 s & B4 U
PERE, AR, DRI R AR 20 8RR A
SEEEGEILRAN Mg TTRAMDER Mn oK, Hp
Mg & BAERKIEE LRRE 5 KA & mil i m
FHEITR.

fEREe™ Mg ox BLREESEAFE, HAeR
B ENE BN TR, ARG AEEZ T, =
I~ Mg 72 AL TR S A B35 72 R (RS2 18 2,
EEART 1.0%(5 &= #), EREE GBI E B
(AlgMgs) HIFHFRK R, 204 K RIS, 3R
£ 3% ~6% 8. HIFUEMRBZRAME, H5HMAK
KA, Frbl Al-Mg & & 2R IRUCR 72, X 5
e e Al Ak BIR A AR A B . AR AR SR

ks HEA: 2022-03-22

[12], HEBAESHEHN 1%Mg &8, B4 &P
JE AR 34 MPa. SR PR MLE T B T Mg & Boxt
it Al-Mg & SO A 23 Kk RSN s R B, Bl
H Mg SR, &4 80— OB & ] B RF S
b, HLA TS0 B BRIR & i AR B R A, 2 Mg
SEN 15%N, & 4e e NS . Jang™IHE 7T
(5%~13%) Mg & EXT & & ERermR e, Wit —
SE I L T2 R 3 L RA S I AlsMg, 8, 13%Mg
S PPRE A IAS] 733.2 MPa, ZEAH A F] 5.1%,
FIEL 5%Mg & 4 L IR 58 4 = 277.5 MPa. Wang 2514
B Sy Zr & Ti EEWME &MU AR Mg &
= Al-Mg & &R K, EERINMES 4T
a, REMEAGE MRS, Mg & &8 nfES
BT a-Al H1H Mg 7o 2 386 00 a7k — 20 404k gk R
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G i R RE SR R B, TER TR Er XA e
M B v RE VA B, Mg SEMAEAEAE A
ER AR FEF s R 2, R L H S Ak
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BT 2RSSR N Rz —, Egslt
W7 W] 0.4% Sc 7] 2 3% 0% Al-10Mg &1 21 )
SPERe, HATh R T IA ] 249 MPa. g IR T
it % La Xf Al-10Mg S8 A & MERE R, La o
R4 G P A, Fr i Al Llas G&47,0.35%La
e WO RN IR S AL i P N
WIS TE 6068 Fa A B IMERE R, A SRR E T
PG TR B, TR T 2% 5y I R B 4%
FURG A B 1R A T2 2

Mn JLERTE 5 REAEEPHFEEHERES S
PR, Mn SGRES &P EDIFEFERESS
e, KRE7 LA MngAl M7 7E: fEHL SRR 658 CHY,
HAE a-Al FHIEEE RN 1.82% . MngAl 55 HUR & 7] %
T4 OB KRS B B AS R ATl Ak P 45 ) R
AL, MnsAl AH RT3 IS 5 i & & h 2% BT Fe T8 i(Fe,
Mn)Alg, T/ Fe it £ 4 (1 o i 4 F 19200, B s i %
M Mn. Mg JGE, Mn 3R RR K Fa et se T
Mg, H Mn &l E, 8BS TR, Kik
Al-Mg &4 Mn B &40 50— B AE T 1.0%.

Tz [0 T i zh #4724k — s BB, &
B EHITEFE, HRSCERMMRAT, T E 4
A . BLER ZEB AR R 202 80% & H B 45 5 L 117,
AL 5 A2 45 05 R 4 ok i 2 7 SR i R v
2 HRA A R (TS B M A ek 2 B A 1) R AR TR
W, AR A B R R, LB A P22, Jafari
L[B035 2024 47 & & HEAT RLFR, R HUBRBTBE A H e 45
il £ I HOR 9K A IR A DL RN T R4S 1)1 ¥ 1
FE(HV) %> %)~ 2034.5. 588 il 1372 MPa, #KZA#f
G Et e S - = T - i = o L N L I
A . Abdullahi Z:P4F) IR K 6 4210 J7 3548 CNT 1225
IINFEESRISF K E SRR HAERE SN 1009.4 MPa,
Tk % A1 I S 5 (10 18 0 7 48 s o 7 0 e 2 N 12T5 5
Jik i 45 2 1 4 K Bl - R G v, LR LG B
il % 1) B <o T AR B2 vy, 3 0 A 6 LU LA PRV R/
T 1IN HER.

I 5 REEE S Mg 25— KK T 5.0%,
FR Y T A i PR AR R, (R LR SR —
Toik A% it B P i A BE . A SEIR@E R m Mg (Mg
RIS 9.28%). Mn 5TEM TR Er & Zr )
AW, AT DA K Hb 2403 A & 0 R ORI B .
Mg & & R aaint Al-Mg RE8E LR s
EX, MAEAGMESNITTEE Mg & 8X & 4 B 5
BERR R REM R LI, TR IR 5E & Mg 485 4
ETNAEF RN, WREESEE. CHPLE X
SRR P

o

1 3% I

SZUG A & 1 4 R SG2-7.5-10 B QAL LA,
K 99.99% Tl 2l #5 f 4l 86 . Al-10%Mn H [E] A 4
Al-10%2Zr /8] & 4 F Al-6%Er H (] & & N R Rk 3E4T
ISR RIBEE, IERIRE N 730~750 C, #HHERSA
@27 mmx175 mm. H¥#Hi+ ARL A& 474K ARL-
iSpark-8860 A B i3 G HE A MR I K o, ik 1
Fi7s o

K H MM-2000 B 77 fie JBE #52 B 451 1 56 AL E 47 PR 2
FE A R I, R BE A TN 30 mm><7 mm>8 mm
K5 A, B BE A N AMME 40 mmy 4R 20 mm. =
9 15 mm B ER, TG20 A i & &M Rk JBE #82 B 1k
KB HON: B 200 r/min, #4200 N, R E]
20 min. FEAFENLAIEOE S R A Keller X7 (2 mL
HF:3 mL HCL:5 mL HNO3 JE &R IE W) & il 76 K 4h

(Phenom ProX) #1485 b WL %2 & & (M foW 2 21
£ 25 mL HNO3+75 mL CH;OH ¥ & ¢ Jif MTP-1A
TR0 XS EEL AR ek A ) 4 @3 mm A, A H A JEOL
A A7) JEM-2010 3 S LR AE 200 KV INIE H
AT .

2 HZREHMH

2.1 Mg eENEERMEALNF M

K 18 Mg &M 2.96% N3] 9.28%H,
Al-xMg-0.5Mn-0.14Zr-0.35Er & 4 K421 3% . 1
Mg 2 M 2.96%3 N F] 3.91%0, A& A GBS
BN, B EREEMN, KSR
LB SR, B N /ANEBE IR . Mg B4k SR
FI| 5.54%FM, sTEEE A SRR, EW kA RE,
EH PR SRR ) 20 /N i IR AR, A /3 4 1) 43 OB R
e 24 Mg SRS 5.7%F, &b [ A& 8t

£ 1 AI-xMg-0.5Mn-0.14Zr-0.35Er & & ML ZE K 5
Table 1 Chemical composition of Al-xMg-0.5Mn-0.14Zr-0.35Er
alloy (w/%)
Mg Mn Zr Er Fe Si Al
2.96 0.56 0.16 0.36 0.07 0.03 Bal.
391 0.49 0.12 0.36 0.08 0.03 Bal.
4.52 0.56 0.15 0.32 0.08 0.03 Bal.
5.15 0.56 0.14 0.35 0.08 0.03 Bal.
5.54 0.56 0.15 0.36 0.08 0.03 Bal.
5.7 0.56 0.14 0.3 0.08 0.03 Bal.
6.8 0.57 0.16 0.31 0.08 0.03 Bal.
8.0 0.55 0.12 0.36 0.08 0.03 Bal.
9.28 0.6 0.14 0.3 0.08 0.03 Bal.




%52

AR S Zr 5 Er A ININE I B G i B T RERIT 7

*611-

BN, AARECONS, AN EE RIS L R
oy RIEKR, DI N NEBE SR, Y Mg B &
I E| 8.0%I, 5T MR AR S RSN, FRsR
REHAMAK, X Mg &8y 9.28%H, EAEGE
HH R 43 52 TR K R B 5/ B B iR o

XL R R R R el A EAT EDS 0 HT, o
HEs M NAL Mg, Mn, ENE4&H, R
ZAGHEAE R ESR, Mg SEEN, 54
Mg TR HE T &4 HMEE. il s 3 kRS
KA Mg TR & BN 4.31%, Mn TE & &N 0.14%,
Zr TREEN 053%, EI/NIUR, WWHEET Zr
TLER R EEVETEE, BEEBT (AL, Mg, Mn,
ZnNE G,
2.2 Mg REXNEEERMTENEIT

K 2 N Mg & &N 2.98%~9.28%I, Al-xMg-
0.5Mn-0.14Zr-0.35Er & 4 Ik I /B8 162 % 451 &R 0 ih 2% .
2.96%Mg~5.54%Mg 7 & G 4 i R IR 1 2R £t

N

?'/‘ I:\;od shape

“\'.‘v«* i

Poinflz

g, B Mg SEGIN, AL R R R
WK, T 400 s 9 BEHE 4 5E S #2400 s BLG
Wi BEHE R BE % T . 5.7%Mg & =& & Bt
I R 45 2R AR e P B W 3 G, ERRUE M B AR AL
K, £ 1.3 K4 . 6.8%Mg~9.28%Mg & & &4 ik
FEWEIS PR R At 26, B Mg &350, 400s LA
JoBEE ZREEAE 1.11~1.15 2 (A, BT T4,
9.28%Mg ¥ BN, FEE REFLNS AIAALE AR, HEEAS
JEE A A R AR e I TR RE SR B K

3 N Mg & & 2.98%~9.28%0, Al-xMg-
0.5Mn-0.14Zr-0.35Er & & BB LW . FEHE Mg
SEMEN, GEERELEETRARGEEETHRES
FEARF. 5.7%Mg 1 6.8%Mg & & 4 BB Rk
4 0.03 g, HHEL 2.96%Mg & & & £ iR B 45 = BRI
80%; M&&H Mg SE4RSRIG NN, & &R B
EITHE SN, £ 8%Mg~9.28%Mg S E&4& T,
FE T AN 2]y 0.048 g.

Content, o/%

Point1  Point2  Point 3
Al 94.83 60.72 95.01
Mg 4.81 4.72 4.31
Er 0 30.59 0
Mn 0.37 3.97 0.14
Zr 0 0 0.53

K1 AR Mg & &1 Al-xMg-0.5Mn-0.14Zr-0.35Er & 4x 2 #4143 J2 EDS 73 #t
Fig.1 Microstructures and EDS results of Al-xMg-0.5Mn-0.14Zr-0.35Er alloys: (a) 2.96%Mg, (b) 3.91%Mg, (c) 4.52%Mg, (d) 5.15%Mg,
(e) 5.54%Mg, (f) 5.7%Mg, (g) 6.8%Mg, (h) 8.0%Mg, (i) 9.28%Mg; (j) magnification of area A in Fig.1f
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Fig.2 Instant friction coefficient of Al-xMg-0.5Mn-0.14Zr-0.35Er alloys: (a) 2.96%Mg, (b) 3.91%Mg, (c) 4.52%Mg, (d) 5.15%Mg,

(e) 5.54%Mg, (f) 5.7%Mg, (g) 6.8%Mg, (h) 8.0%Mg, and (i) 9.28%Mg
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Fig.3 Abrasion loss of Al-xMg-0.5Mn-0.14Zr-0.35Er alloys

Kl 4 N 2.96%~9.28%Mg 7 & A 4 1 55l i .
M 4 ATH1, 24 Al-xMg-0.5Mn-0.14Zr-0.35Er & 4
Mg & TE 2.96%~9.28%[A1 R (LI, & 405 B Y bl 5
Mg & E 3 IE #T i w, £ Mg & 24 8.0%~9.28%
B Bt T P e . 24 Mg & &8 9.28%0, & &8 & (HV)
X F K AH 970.8 MPa. BE#E Mg &= m, Lk
2.96%Mg G SR ST 70%, HUERIN—
EEM LR Er J5, BiliEm Mg &, 58K
B (AL, Mg, Mn, Zr, Er) & &6 H T 3%
HEHEESWE,

3 W #
3.1 EEBEMMESEHANXAR

Al-xMg-0.5Mn-0.14Zr-0.35Er & 4 Mg 7T & K7
oy AR AP AE T 54k, EDS 4 #iE 8, Mg o
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Fig.4 Microhardness of Al-xMg-0.5Mn-0.14Zr-0.35Er alloys

RAEF LA ME —H (AL, Mg, Mn, ENfifE. B 5
N Mg & 2.96%~9.28%H, BRI G A 4K H SEM K
EDS 73#fr. 2.96%Mg & &K &4, HENHINEZ R
WP HOR, VORI, PR T A S BRI
PER T BEHR T 52400 7™ 8, BT B oK 245, B

al B

Content, w/%

722 Element

Point 1 Point 2 Point 3 §

Al
Mg 105 29 355
Er 7682 0 0
Mn  0.28 0 0.39
Zr 0 0 0
0

21.05 85.53 96.17

K5 AFE Mg & &1 Al-xMg-0.5Mn-0.14Zr-0.35Er
Fig.5 Morphologies and EDS results of Al-xMg-0.5Mn-0.14Zr-0.35Er alloys after friction and wear: (a) 2.96%Mg, (b) 3.91%Mg,
(c) 4.52%Mg, (d) 5.15%Mg, (e) 5.54%Mg, (f) 5.7%Mg, (g) 6.8%Mg, (h) 8.0%Mg, and (i) 9.28%Mg

Rl P 388 3 TR RS s T B R T AT AE R R
%ﬁmﬁ}:' EDS i R A Er m R S ER A,
2 1 HFrEAtS (Al, Mg, Mn, Zr, Er) B4/
PEAEAE B T 0 72 v 52 R 0 TR R G v, X R AE
BEAE AR it — 2 2 5 I B — AR FE 0 B R B 4L
T it Pl o L7 P VAR T 35, Ui B 2.96% Mg 5 FE A 4
B 451 75 TR B R (0 R o B 450 % S R A (1 TR B A
M 3.91%Mg~5.15%Mg & & & & B 3 LLE
o, AR T AR u*&i%%bn 43 1 B L
BERCH F, 5.15%Mg F & A 4 B 1 AL VA i AR T
2 Mg & &N 5.7%~9.28%I, BE 4515 20 35 B Ok R R R
. Mg & 5N 5.7%F01 6.8%F, = 5 1 A VA VR FE 3 i
Mg & &N 5.7%H1 6.8%IN, ZLVAIRFERSAH G N, HA
AR, UiBH Mg 2 530 mT 5 2 o035 S B 4 1
k. 9.28%Mg & &I A71E — 2 FE BN U545 -
3.2 Er+Zr E4RMEE 1B EEER 4 REA ST
K6 AEAEBRNMERTICHK Er+2Zr J5, Mg &
&)y 4.52%. 5.54%. 5.7%. 6.8% % 8.0%I, Al-xMg-

Content, w/%
Point 1 Point 2 Point 3
Al 93.43 73.59 94.08
Mg 6.03 7.84 553
L i34l Er 0 1833 0
PNt 2 Mn 054 024 039
L zZr 0 0 0
0 0 0 0

il
Content, w/%
Point 1 Point 2 Point 3
Al 90.02 87.81 88.15
Mg 595 6.05 6.32
Er 31 555 53
Mn  0.69 058 0.23
Zr 0.23 0 0
(e} 0 0 0
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0.5Mn-0.14Zr-0.35Er 4 411 TEM 14 & EDS Jt % [
4. B 6ah Mg & &N 4.52%0, B E 4 HUIRH
FEH AMNEr )R EEH, X5 5 fEA4&F
AlgMn AHEZEMMIT, 24 Mg & BB, &4 K850
Mg JC & [E¥E T 54k, D8 Mn 02K 5 ER + oo
F ErJER AI(Mn, ENE & 4 - & 6b H Mg % &4 5.54%
i, S M EEH Al Mg K Er TR, AN
S B AR/ NBURCIR b7, UiBH & 4 1F 5.54%Mg & &
i, Mg JG 3 KE o [ T34k, D& Mg eE TR
Er J0E  “HHEMHE”, Rk AEMgL)ZEEMH. B
6c 1 Mg FEAN 5.7%H, EFRKLRE HEEH
Al. Mg J Er TG, AHEL 5.54%Mg & &6 %,

5.7%Mg &4 Mg [F Er JCER “HEEME” E

.
.
.
.

Al(Mg, ENSE &I MK RTE s 260K, BB & Mg
SR, Mg [ Er TERMN “HAEMEE” MR 4%
g, HERR AR AR AL . #] 6d H 6.8%Mg =
B, &4 Mg R Er I “MAEAEER” R FRLE,
B MR R M RPORE R . Bl 6e Mg SEAN
8%, G “HIEME” AW AL, KE Mg TR
TER T HUR AL, B o0 31 B 200K
T amAh.

Al-xMg-0.5Mn-0.14Zr-0.35Er &4+, A —EE
WitooE Er, BEE Mg SERINE, ZE MR (Al
Mg, Mn, Zr, Er) EAMEMEMESE MR “HEMEER
(1) AI(Mg,Er,)F1 AIEr (Mg, M) )iRkBAREEAS, &G
e ST E R (AL, Mg, Mn, EnNE &, &FH—

..
..

..
..

B 6 A Mg & & Al-xMg-0.5Mn-0.14Zr-0.35Er & 4 TEM 1§ & 70 2 ¥ T 43 1
Fig.6 TEM images and elements mappings of Al-xMg-0.5Mn-0.14Zr-0.35Er alloys: (a) 4.52%Mg, (b) 5.54%Mg, (c) 5.7%Mg;
(d) 6.8%Mg, and (e) 8.0%Mg
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4 #Z it

1) BE%E Mg & &M 2.96%18 N %) 6.8%, & 4t
PEME IR s 2 Mg B E G N3] 8.0%~9.28% & 4
i & 1 T R 2, 400 s LA I A S 448 B 45 2R 40 0 IS 5
1.11~1.15 Fa € fH. 5.7%Mg 5 6.8%Mg & =& & 1B
WER/AN, 44 0.03 g, 8.0%Mg SESEEHEN
0.040 g, 9.28%Mg RS EEHEN 0048 g, 5
8.0%Mg & E AR,

2) Al-xMg-0.5Mn-0.14Zr-0.35Er & &% Mg &
BiEE, A&hmAadAlL, Mg, Mn, EnE &R
H A 250K 1 2 /N B IR SRR f B IR, B e
HERSE, 548 R (A, Mg, Mn, Zr, Er)
AR JIf AH T 4 O A Al . 9.28% Mg A4
T 5 fx KA %] 970.8 MPa.

3) Al-xMg-0.5Mn-0.14Zr-0.35Er &4:F8% Mg &
M 2.96%18 115 9.28%, Er. Mg TCERZH “AHLE W
R, FELL AIERMg,) AT AI(Er (Mg, Mn)y ) TE 5
AAE, B RHOR S & M AR I 510 A5 1 (Al Mg,
Mn, ENE &, BF—w@piERH, TEESEE
S PE PR BE A R
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Wear Resistance of High Mg-Al Alloy with Combining Additions of Zr and Er

Zhao Yanjun®?®, Lu Zepeng®, Ding Jun?, Liao Limei*, Zhong Caiming®, Liu Yingying®, Zeng Jianmin*#?
(1. College of Resources, Environment and Materials, Guangxi University, Nanning 530004, China)
(2. Guangxi Key Laboratory of Processing for Non-ferrous Metal and Featured Materials, Nanning 530004, China)
(3. Center of Ecological Collaborative Innovation for Aluminum Industry in Guangxi, Nanning 530004, China)

(4. JCC Copper Strip Company Limited, Jiangxi, Nanchang 330096, China)

Abstract: Al-Mg alloys (5xxx aluminum alloys) have good processability, corrosion resistance and weldability, but their medium-hardness
limits their wear resistance. Based on the main alloy elements of 5xxx aluminum alloys, 0.14wt% Zr and 0.35wt% Er were added into
Al-xMg-0.5Mn. The effects of different contents of Mg (Mg content up to 9.28wt%) on the microstructure and friction and wear properties
of high Mg aluminum alloy were studied. With the increase of Mg content from 2.96wt% to 9.28wt%, the content of (Al, Mg, Mn, Er, Zr)
composite phases formed in Al-xMg-0.5Mn-0.14Zr-0.35Er alloy increases gradually, and the size also increases gradually. Their
morphology changes from rod shape to fine fishbone shape, and finally forms uniformly coarse fishbone shape. When Mg content increases
from 2.96wt% to 9.28wt%, Er and Mg are often “concomitant segregation”, mainly in the form of AlI(ErMgi«x) and Al(Er(Mg, Mn)1).
These composite phases change from massive to uniformly distributed (Al, Mg, Mn, Er) phases, which have a certain strengthening effect
and can significantly improve the friction and wear performance of the alloy. After compound addition of 0.14wt%Zr and 0.35wt%Er, the
wear mode of the alloy changes from the mixed wear (adhesive wear and abrasive wear: Mg content is 2.96wt%-5.15wt%) to abrasive wear
(Mg content is 5.7wt%-9.28wt%). With the increase of Mg content from 2.96wt% to 6.8wt%, the wear resistance of the alloy increases
gradually. When the Mg content increases to 8.0wt%-9.28wt%, the wear resistance of the alloy tends to be stable, and the instantaneous
friction and wear coefficient u reaches the stable value of 1.11-1.15.

Key words: Al-xMg-0.5Mn-0.14Zr-0.35Er alloy; rare earth high magnesium-aluminum alloy; wear property; second phase
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