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Abstract

Adding various amounts of Mg-Al-C (Mg:Al:C=1:3:1,in weight ratio) grain refiner in AZ91D as-cast magnesium
alloy can not only effectively refine the alloy grain but also substantially enhance the mechanical properties
(including low cycle fatigue life). As the addition of Mg-Al-C grain refiner reaches 1.2%(wt), which is the most
proper in ratio, the average grain size of the alloy is reduced from the maximum 162um with no addition of grain
refiner to the minimum 57um, and the alloy can offer the best comprehensive mechanical properties. At the same
strain amplitudes, the low cycle fatigue life of the magnesium alloy is proportional to the grain degree refined. When
total strain amplitude, Ae/2 is 0.2%, the fatigue life of AZ91D + 1.2%Mg-Al-C alloy can reach 13615 cycles ,
compared with 7694 cycles of AZ91D with no refiner added; when Ag/2 reaches to 1.2%, the fatigue life of AZ91D
alloy is improved from 21 cycles up to 113 cycles after adding 1.2%(wt) Mg-Al-C. Summarily, in the low-cycle
fatigue experiments, both the initiation and propagation life of the fatigue crack can be prolonged with the addition of
the grain refiner, so the whole fatigue life is increased.
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7E AZ91D &4 T INAANG B Bk 4iik7] Mg-Al-CUR &t Mg:ALC=1:3:1)h A& 4, KINiZE &L
HRhAIk AZ91D A &SR, HaEENEa %t (BRREEY Fa) BRRRERE. 2R
B 1.2 (wt.)%Mg-Al-C i, &&R T RN ST B EGH 162um 40463 STum ik BIHME, I & & R84
IR, EMF N AR T, SA SRS Ha KNS SRR R IE L MM ARTE Ae/2 N
0.2%M, RIWINAIILF AZOID & & W57 mN 7694 IR, WINT 1.2%Mg-Al-C & &5 F it
13615 FlUR; 4 Ae/2 N 1.2%H, A&REs Farti A 21 BAER] 113 FK. 58A8, 7ERE 5 5256
o SRR AT N E AR R T A AR 5T AU AR R A R R R A, T RE K TN 5T A

K. AZ9ID BG4 kg, AL JiEbkhg; RS
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MK ZKE. SR, HATJCR AR E A E Y, G e o7 PERE T T i AL TR0 B, &
FERIAE: RTEHANTT G B G M 57 1R RE 5 WAL 2 181 5C R (T FU ¥ A X0 3L 7 45
R RN BT ED AN Lo 27 SRR B 4 S & @)W FERITR AN 48 R RO 7t TAF 2
S PR B < 1 e R 57 AT NN 57 B ELYT R AT N DT I, TN A SR XA R 8 57 47 D B FEASAR
D, AARBEIURCR AR RGP Bk, B SR B G R 5T A A R X TR
B A TR N B A IEH BN . AL 2K AZOID NEAA G4, IR
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1. SRRk

ARSI KA AZ91D+x Mg-Al-C (x MIEUAEN 0, 0.3%, 0.6%, 0.9%, 1.2%) &4 N
%, FHERDNSiEE. 4ith. 4t Dl & Mg-Al-C (FiE Lt Mg:ALC=1:3:)H &4, Hf, AZ9ID
B E R (Wt%) N 8.7~9.2%Al. 0.78~0.94%Zn /L& 45 Fe. Si(3<<0.5%)% .

BENBETZN: LA EAE 150 C T HIRTMA SO O fEHE NS, Bk, HE
B E— 2 A #1178 %771 (MgCI2-KC1-NaCl-BaClI2 255 &) Riak, HEE 710~730CHiz 54
AL IR BUIMAATF & & Mg-Al-C HE G & E (B e E), FHRE 820C~840°C, Jfik
ITIELHERE, W 3~5 28l a, FBIREFEE 730~750°C, R 3 8iAAh, BiEdAE. B
HIETER SR, B Ja kI T Rhs S A RRE . LR AR 37 R

R JE I 55 iR I8 2 GB/T15248-94 7F MTS858 Wik fal R i 75 SLIe AL 3T« SRS FRBLIEAE IR
(Re=€min/ema= - 1), = AWIEINE, Fil, NABEEEA 2x10°~1.2x107 , FEaINEZE Wi
JIE FBE 70% M1k, RAMTEHRHRN 1HZ, 5 AXIOSKOP2 % 4 il & v g R
ERGAMIAPS EE WA S . & AU RIE . £ WAW3200 L% & HL T 7 BEAS
RHRIE P 47 S iR R A B

2. EWEER KRS
2.1. BT Mg-Al-C X AZ91D #EE502 A R 19 #4005

1 iR’y AZ91D Ba & il SN S B A S . NPT 53], AZ9ID & &
A ROT BRI IR IR AR o-Mg FIFE & 5 B ANTESE IR 7041 ) 2 £ B-Mg17A112 FHZ
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Fig.1 Microstructure of as casting AZ91D alloy
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Fig.2 Microstructure of as cast AZ91D+Mg-Al-C alloys. (a) AZ91D+0.3%Mg-Al-C, (b) AZ91D +0.6%Mg-Al-C, (c)
AZ91D+0.3%Mg-Al-C, (d) AZ91D +1.2%Mg-Al-C

K 3 4 T ARkt Mg-Al-C I INE S AZIID BG4 PP ST R, oIl &
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Fig.3 Relation of Mg-Al-C content with average grain size of the alloys

4. B 5 351N AZ91ID. AZ91D+1.2%Mg-Al-C 84 41 XRD A7 5 Btk . i Bl 4,
AZ91D &4 H a-Mg il B-Mgl17A112 AHZLL, 11 AZ91D+1.2%Mg-Al-C &HHRH o-Mg, B-
Mgl7A112 FI Al4C3 A K. HICATHEWT, IIA—E & Mg-Al-C J5, AZ91D & &AH44 HILrkL
RILEHIRIN Al4C3, 33X 530D w704 T — 2.
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Fig.4 XRD spectra of AZ91D alloy Fig.5 XRD spectra of AZ91D+1.2%Mg-Al-C alloy

2.2. g it 7 Mg-Al-C Xf AZ91D HE 5 1u 1 PEGEHT 50

AZ91D+ x Mg-Al-C B:E 4 1A MEREINER 1 Fin. 3R | BdEE i, Skigiies) Mg-Al-C
I AZ91D ARG 410 o« 0 v vl E SAPERI R AR 2R & . AR gk sf] Mg-Al-C
P INE 1.2%0, 54800 o« o 73 H AR M1 152.13MPa. 103.09MPa F} & 2|
255.63MPa. 140.34MPa, JHEilEEE > HIEF] 68.2% 36.1%, w A 1.3%THE%] T 8.6%, E M
0.85GPa Jt = 2] 1.42GPa, LFHIREIE . W& &0%56 1=t s .
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%1 AZ91D+ x Mg-Al-C & & ki A

Tablel Tensile properties of the AZ91D+ x Mg-Al-C alloys

Reduction of

Tensile strength Yield strength yield ratio Elastic modulus
Alloy arca

o 1, (MPa) o (MPa) y (%) 0./0y E (GPa)
AZ91D 152.13 103.09 1.30 0.68 0.85
AZ91D+0.3%Mg-Al-C 186.68 118.62 3.90 0.64 1.10
AZ91D+0.6%Mg-Al-C 207.31 123.44 4.60 0.60 1.18
AZ91D+0.9%Mg-Al-C 223.44 129.79 5.90 0.58 1.32
AZ91D+1.2%Mg-Al-C 255.63 140.34 8.60 0.55 1.42

2.3 da it A Mg-Al-C X1 AZ91D #5515 5 57 7 iy 9 #2 Je HHL %)

2.3.1. Mg-Al-C X1 AZ91D £E52 /i 55 7 iy 72

EARFINNE N ANE (Ae/2) T AZ9ID+ x Mg-Al-C & 4 K JE I 55 5 iy B AR n g 2 P
e HIZR2TTLLEH, FEEAMINENASIER THE, AZ91D+ x Mg-Al-C & 4 AR JE 95 55 75 i 51 B {2
PN TEAHE RSN NS R, N T Skigifbsfl Mg-Al-C [ AZ91D & 4N 55 %ty
R ET AZIID A& 4. 7 Ae/2 N 0.2%0F, AZ91D+Mg-Al-C & 41 AZ91D FAR & 4 1 %
FHr M 7694 HIRER] T 13615 i, £ Ae/2 N 1.2%H, AZ91D+Mg-Al-C & & fdi Sk &4 i 5
FEa 21 A ETEE] 113 A B3 F A Mg-Al-C MVUR&41M S, BEE SR 401 7 in & /34
o, FEAHFI SNSRI R, A& DR 5 55 75 ay S P WIYE KA, BHE Mg-Al-C INInEA
1.2%, fRiAER AL, AZ91D+1.2%Mg-Al-C & 4 IR 9% 55 5 e K o

* 2 AZ91D+x Mg-Al-C B & & AEA SIS SRR N KRR R dr RO

Table 2 Low cycle fatigue life for AZ91D+ x Mg-Al-C alloys under different strain conditions (cycles)

Total strain amplitude

Alloy

0.2% 0.4% 0.6% 0.8% 1.0% 1.2%
AZ91D 7694 2619 627 158 54 21
AZ91D+0.3%Mg-Al-C 8992 3354 852 296 113 48
AZ91D+0.6%Mg-Al-C 9800 4000 1000 460 170 65
AZ91D+0.9%Mg-Al-C 11260 4862 1453 503 259 95
AZ91D+1.2%Mg-Al-C 13615 6014 2097 658 342 113

Raske Al Morrow” 5 Hi, %5 S ARF H (KR 07 S0, SRIARIE Aey/2 W] LAEKS B
ARG Ae/2 FIBIERI ARG Aey/2 Z A1, EIY):
Ag,/2=Ag,/2+Ag, /2

FIH Coffin-Manson 2

A, /2=¢,2N,)

QD)

(2
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R & RS RAG ¢ ISR O A R R b ot ss N ok
HE SR OB I UK B A R
XU RS BR E BT Ae/2-2Np S RIS, HHZETT DU AT 4 Bk JAYELR Aey/2-2N HaiE
2 AeJ2-2Np EATAE SN T A FR I A 5 fr, BT fr 2Ny, B8 S 4 BT B 43
RN M AR TTRAR ) . 7R — D, BI04 2N; <<ONp I, 904t S A bt e S A1 £ P
TR, MOBHOR S IEME b R KIS A, BI34 2Np >>2Ny I, S 57 A5 I b 90 e o A
WEAEFITE R, 375 7 fr b T 43R S vk o2
AT 2 AT 3ANATR 1, 5305 AR IR 5 1 F 9 55 75 2 [T 9 2 9
Ag,/2=¢ ,(2N,) +0,(2N,)" | E (a)

AR, AR — R A 9 57 IR E G (4) A AR 55 2 B ) LR
BRI 133 Aet/2-2Nf R RAHI RARKILTE A, FFRETT LLAMINE S AZ 8 2 B & <5 AR % 55 75 i
BEAT T o

6. Bl 7359 AZ91D. AZ91D+ Mg-Al-C 864 &I NARIE Aey/2. HYENARIE A2 Fl
B NARIE Aeo/2 5 BA S FTIREL 2N Z RN B0 R Ml 2k, Horb Aey2 Bl Aey/2 ¥ H1F-F At
PRI B Jo5 [ 2 (B 82— A8 i 2 ) sk 15

A, XT AZ91D. AZ91D+ Mg-Al-C &M H, H Agy/2-2Npn Ae/2-2Np Z [8] {155 2 1A 735
A 20 250 3 kitiik. FIHE 6. B 7 drgiksesdi, RALZERIES 72, BRI E H
AZ91D+x Mg-Al-C & & ) 5 AR BHUH . BRI HARII TR 3 d.

UL by Ty e ANER B E, ARG EIPEMRE SRR . Ty b ISR
RN 7 39555 YEBE #OEN b AR, MR EAREAIERR IS . o BB R R
s ERe, =S RN o K, MIMRLEA S IIEHRIAZFE 7). SR 3 WAL, AZ91D+Mg-Al-C &4
bt AZ91D &< B A S m OPEIA R J3 B G IR SIAZRE 77, < (A5 57 1 REAS IR MR 52 ) 42 i«
AZ91D+Mg-Al-C & &I RN 57 2405 Mg-Al-C FIRINEZ YA B Mg-Al-C &1
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Fig.6 Strain amplitude versus to failure curves of AZ91D alloy

1813



1814 Yesheng Li et al. / Procedia Engineering 27 (2012) 1808 — 1816

107
m total m total
* plastic| . * plastic
= £ elastic| g 102k 4 elastic
£ -
g 2
3 2
5 =
£ £ .
= g 107°F
s s .
(7] -
3 (b) *
10° 10° 10" . . .
? Reversalcs) failture,2N 0 10° 10° 10*
,2Ng .
Reversals fallture,ZNf
= total = total
* plastic .
- X * plastic
—~10%¢ :
£ 4 elastic T A elastic
é E 10
1S
5 E
3 S
3 10° 2 =
£ ST
@ €107 F
£ ©
£ £
@ S
3 (d)
10‘4 1 1
10° 10° 1C 10* - .
Reversals failture,2N¢ 10° 10*

Bl 7 AZ91D+ Mg-Al-C 854 4 1 ARG - s Sz 16 J] v Y Ripglp faiture. 2Ny

Fig.7 Strain amplitude versus to failure curves of AZ91D+ Mg-Al-C alloys. (a) AZ91D+0.3%Mg-Al-C, (b) AZ91D+0.6%Mg-Al-C,
(c) AZ91D+0.9%Mg-Al-C, (d) AZ91D+1.2%Mg-Al-C

# 3 AZ91D+ x Mg-Al-C 8 & &N A% 55 B 5

Table 3 Strain fatigue parameters for AZ91D+ x Mg-Al-C alloys

Alloy & (%) c o / (MPa) b 2Nr (cycles)
AZ91D 33 -0.465 118 -0.191 40
AZ91D+0.3%Mg-Al-C 6.7 -0.526 175 -0.211 83
AZ91D+0.6%Mg-Al-C 11.2 -0.539 196 -0.225 280
AZ91D+0.9%Mg-Al-C 13.4 -0.541 256 -0.228 418
AZ91D+1.2%Mg-Al-C 14.3 -0.546 277 -0.234 720

MK 3L EH, AZ91D+ Mg-Al-C & &R ML AZ91D Fepk-& 4 50 i I 9% 55 75 4
Ui BH KL ZE AL 77 Mg-AlL-C [N WA R i & i e 55 A, HLBEH Mg-Al-C &2,
AZ91D+ Mg-Al-C & 4 [ i ¥ 9% 97 75 i 52 BLAS W 38 K e 34, B 30 R0 I& B s a ik 10
AZ91D+1.2%Mg-Al-C & 4 I H f v (103 U508 57 4

2.3.2. AaFrA LTINS BE £ <2 AT T A7 g B s B 7

TP T H R A FIRE AT . TARENL I AR, R SEF PR 57 75 i 40 IR SUR AT iy AN 4L
V73 i o M BEAT A SR, AR A SRAN RS 07 i A7 i o AR 194 20 1) MR 55 R S0 AL AT Je i 5 T
T T ERLARAL TN AZ91 B S0 7 RS A AN A5 i B RE M AL

2.3.2.1. dgFEAIET IR NIFE T T B £ < IV 77 HE B - 77
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P57 AR S B2 i ST R ST R ML R ROT R 51, @RI Mg-Al-C FIIIA B
TEERIUEENTT R, M aEBRAFamfe R T IEK.

(D 88 TMEIE BRI . SRR KIER T, &7 L 5 # i 88 X 0T it
WEBA SRR RGN HIE . R 1 AT, 7E AZ9ID BRI S RI4IET] Meg-AlC J&5, &
S0 R LR IR B i, RS AU IR R IR, SEMERER ST K.

(2) FRAR TS ISR EYE, $Em TSR SR K. WK 1~3 harE L, £
AZIID FEMA G EHhBEE Mg-Al-C IRINE (0~1.2%) KN, & & PRk R AR, How
AR AR R, MR R, FETRAMPCR B A Z T 07 W 2 0RCIR 3R Al A T
> TR A BRSO, BRAREEYE, SR TSR SR, AT I BE SR T 57 A
U ER MR TE A, fema i), RGO E A dr. (3D ] T SRS
TR TN SRS 16 e, SRR AR/, RIS 31 e S 1) B8 o T 2 A 0 0 5 e H AR
b, INLHEFERR SRR R BT AR A, U7 AR R BE B T A i BB . RS RS R AL
KRABER IR, BT AR AR ok A2 R IO ANE, RCREUAA i dh 5, 4 BE S AR Sk
W SOERE,  BRAR SR SR NI, A RETE BRI R B3 57 440 DRI b 4 A6 A5 1 T SiE
K 557 REOY A3 4 o

2.3.2.2. daFTARIE IR IIEEF T HE B HIVE T R e A iy

W HEY A R=AM B, HAE—ME =B AFaik, # BRIEGREST RKX
TR 57 8y R g dr b b4l AL, WK E 78NS R M B K 27 i o
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da/dN = B(AK —AK )’ (5)
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By fe, & B AE i F a5l
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T . MG (6) ~ (8) SRIMIET ROy R RE B BEE R4 FI A Im A2/, S
BB P BUE 5 RO IR AR R B2 o BUN Y R AR an AR AR T Y A e Ak T
SPHAT, SR IE R 1R T REU A e T

3. 448
1. ERLHiE ] Mg-Al-C FIAs ] DLA 2 4ith AZ91D FEARA 4 10 Sk, 503% B-Mgl7AL12 AH

KA Ao 24 AZ9ID FEAR TN 1.2%Mg-Al-C J&, A& M TR 162um B3]
57um, & F M.
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2. EERIANAETT Mg-Al-C FIERINAE AZ91D B4R G & R MR & . Prdism s . Jim AR o B A0 T T s
GBI BRPE S 2 Mg-Al-C IR 1.2%0), & 40w Ak B B AR 4k 770 1
103MPa Jt = %] 140MPa, WiTii4a g @3] 1 8.6%, UL &S MILE & 1 thRe it

3. IO SR RLAHAG RIS AZ9 1D Bk & 4 AR % 55 75 A 19 2K IR B 5y o ZEAR A AN R AR g
T, BEALEMARET Fa i /NS SR AICRERE RIE L EANINEA 0~1.2% G N, Wi
1.2% Mg-Al-C v}, [FIBFZEK T AZ91D & 4% 55 LU i A 75 an AN9 J@ 5w, AT A6 A
WA WA, SRR, B SRR T R A .
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