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Fig. 1 Pulsed magnetic field processing device

1.2 etz

BEBAZIIDMIMe-25Lah & S IRB EEBRIE
WEIACRNNINZET20 CIRIES min, SFLARIPSK, FH
2ERIAERINETRN200 CAHRIHIBS, BAFZENE
TR HAMNEREEE S ERTREE . RAKEEN
BB (BR] mm) MEBEEROUENRERE . it
W T2k,

®1 RABRTEZH
Table 1 Test process table

%> Gy Jkmp LR s % Bk HZ
0 AZ91D 0 0
1 AZ91D-0.5La 0 0
2 AZ91D-0.75La 0 0
3 AZ91D-1La 0 0
4 AZ91D-3La 0 0
5 AZ91D-5La 0 0
6 AZ91D-0.75La 20 40
7 AZ91D-0.75La 40 40
8 AZ91D-0.75La 60 40
9 AZ91D-0.75La 20 20
10 AZ91D-0.75La 20 40

1 AZ91D-0.75La 20 60

EBSE Founore

1.3 MWit5ZFEA

FAZIIDH T EE =L EE R, NETEOERY)
E¥10 mm x 10 mm x 10 mm=EEidHE, B2, K
IRFTENEE, FRA%RIMEERESEMNR, WREMW
ADFIR, FEAEKRE (0.3 gBIKER. 10 mLEKS
2. | mLKZER. | mLABF/KIREAR ) BiHE
WEREHFHE; ([FFFACTSAGEREMDZ A ITE
AZ9IDINAE T LafF FER I A941E; fSEFINETZSCH
ZHRAILLL0 C/minfIFHRIEE N H S SAORDHT
Hh%%; {FFHPANalytical X Pertpowder XEIESZA 759N D>
WESAELERL; EFEDM4000X1 218 BEEHTSE
PEAMER, HRItEaERARIFERBE LERE;
FEATAEIE(YAIZEISS Sigma500i7 & 513 EF B
B, #—UEFROMUERIIFEEEMXITED
r; fEEFAMHVS-5/10/30/50AT 4 FCRE E -+ X+ R T4
FCiEENE .

/,ﬂ—;L—H\\ é

10 mm ¢ 10 mm x 10/ mm

100 mm

55 mm

ST
— —

@60 mm

E2 AZ91DHmIHEESOERNF B REE
Fig. 2 Sampling diagram of AZ91D rare earth magnesium alloy core

sample

2 RIRLERNDHT
21 X Lad AZ91D EREBERIST

E3RIBII FACTSAGERHHEER N F1T & B HAY
Mg-Al-Laf£600 CEHHERE FI=J0tHE . EFT]
B, 75600 CT, HEEAaEREADELALR9 : 19
IMANMENFE T LasE o -Mg ( HCP_A3) 8. &i8H
AlLLafs T8, &&Mg. AlflLa=FcEMB RS
BUA1.31. 1.61F01.11"a]40, Al-LaRyEBtatEzE(ER
0.50, Al-MgHIEBfMEZE(E50.30, Al-LafyRBmMtZE(E
BEX, AlstEHMLacEFEMNOER, FIEEAZI1IDHMN
NDERIFETLa, SFEAFAVYIEALLa,

El4RNNLapi[FAZIIDE &It HERIX BT & T8 E
=, HEEY, AZ91DE2H « 'Mgﬂ] B ‘MgnAIlzl_ﬁ\jﬂltm
1HLERL, MEAZIIDFIIALAEHILT ik o -Mg.



F

1] oo BEEE

Mg-Al-La
600 T, 1atm
Mg
HCP. /( '}.uA. (s)
— Ry
HCF, 4; L }\[ m—t«.
i et
Q?_ ! | e
af v{. \
f \|I -)ﬁ;
X i
o,
s | e
|
| o
"%cr-_:\v Lafi:is) + Lallgl )
4N LY
»/ \
i Y%
;‘ \l
o 4 b
S ‘:q‘a'.-l
/ \
i W b
LIQUID « LaAki(s) ™
Q::Z \00
_.N.’f La{s2) + LaAlis) + LaMg{s) A o
O FCG aua‘fvom\ ahis)
VA 7 i \ T repATYaNs)
La 09 08 07 06 05 04 03 0z o1 Al

E3 Mg-Al-La 600 C=7CHEE
Fig. 3 Mg-Al-La ternary phase diagram at 600 “C

B -Mg Al ,FFEZ I, WHEINT Al LaFBINT831E,

IESE T fEMg-Al-La=JoiEEIFALLaNFE . BETE
AZ91DFLaZ 2180, AlLafiT5TIEMsiski=,

75T ISR ERSRAR, FAT B -Mg, Al fiTSHIEREE

SRR\, RBAIRLEE S LafZALLa,

na-Mg
' ¢ P-Mg Al
L} y 'Mlxl"n

af . AZ9ID:SLa
1§ 4 AZ91D-3La

a3 AZID-ILa

cps

_ai #AZ91D-0.75La

48§ AZ9ID-05La

N PRV
1

o -
1

60 70 80 90

El4 AZ91D5AZ9ID-La& St HIX ST fTETENE
Fig. 4 X-ray diffraction pattern of AZ91D and AZ91D-La alloy

samples

E55AZ91DF1AZ91D-0.75LafIDSCER S
e, NEBFATLIEHAZIIDFIAZIL-0.75LarEN
AEREPEERDRAE, BXONRAIEREX

DAXEL., X2, Xig3fIXig4., E5EHE
AHZ2HHED, HdhXE1IRPRAIEREXE RN
422.98~442.31 C, REXEHNAZIIDAIHEIEEE
(a-Mg+B—L) IBEXE, IEEN432.17 C; X2
RAE BEXa/0551.83-61287 °C., HREXEHAZI1D
RIEHEAERE ( a-Mg—L ) iBEXE), IEE/H597.97 C; X

Vol.73 No.1 2024

Invm i ]

lxsah :423,38-441.76 -1/ Y

Wi {f:432.27 C

(2) ! .
[ O E4:569.66-611.25 C |
Lot ER(I:598.63 T -
[ 1% 1:422.98~442.31 °C t N
{43217 C

[XIR2:551.83-612.87 C g1
KR{l{:597.97 T

300 350 400 450 500 550 600

R T
(a) AZ91D; (b) AZ91D-0.75La

Els DSCERDHTHIZ
Fig. 5 DSC differential thermal analysis curves

3R PG R FE (X (8] 9423.38~441.76 C, ILEE
X8 AZ91D-0.75LafIH R ETIREX(E, IEER
432.27 °C; XIARRITSE S REX 8]/9569.66~611.25 °C.,
B E X8 AAZI1D-0.75LadEiRIEZEE X, 1§
{8:59598.63 °C, KIMIEAZIIDF NG T LaEGHER
HEZREXEMAK, RNIENIEEFLEZML, 8
EERETSEEXER/NT16.21 °C, BERFEZAEHEE
9852, 1RBBTEAZIIDHNIANFG T LaBEBENNIR o -MghIFE
B, (€A%, BFIFENHEWL.

Ee N AELaS BIAZIIDE S IX RIS H
F. BEGanJLAEH, AZIIDEAEEHHAE® o -Mg
EERFIRE . SHARIREER B -Mg Al B ; H
EebrlLIEHY, TERINFELLAE, B-Mg,Al,HiEEE
AORPREEFD T HRTEERIRISOIR ; REBINLaf B &,
B -Mg, Al TEIFHRL> , FFUA/NEUR 75 T E AT &R
Hep, ERFHIMBENEREEYALL, NE6c-dFT

T BEELaS BAVKLIEN, B -Mgy, Al AIRNK X ZE
AR BURDA T VoS, HMTAELAIMIK, AlLa

thEEZ, 9Dl6e}5ﬁ—ﬁ, I ENLafe SERR
B -Mg,, Al RYE5, AT B IBFNALLaEE R4 ER
wIE, WE6FIR. E51t, AZIIDFHRERRTH
H274.3 um, ERNN0.75%LafE, FEHRKRIEREL
79156.3 um, EIRTEEEMBIMHY 43.81EI1ZEHV 53.8,
FEAZIIDHINA LA SE B -Mg Al B /DRI E
ZEHEEARHE A B -Mg Al,FATTESH LLafl TR
REEBENFREMFTNFE L NEY, FTLAEAZIIDH
MIEERILa, JLMEESESETHRMIGR, KB
BIfHRABE LU EYARIEE, WRRERHER
[ERSIER, RHaEEUNER, NMBFFEHE
WHIRESHFEMEE. TELaSAIFEAEKRIALLa,



¥ [
20244 EHIET35 EEBS5E rFounorv

(a) AZ91D A& La (b) AZ91D 0.5La (¢) AZ91D 0.75La

(d) AZ91D 1La (e) AZ91D 3La (f) AZ91D 5La

E6 BSEHMUWER
Fig. 6 Alloy microstructure

BAALIMEAMREMI DB AEIUR, FEEE 80,
o -MgFE—ERINNEF, REXLENIEFAIXI

SHNGEHIER, NMEINEESRIAEN SR 2.2 BohEiA S S EEIR LRI
¥5AZ91D-0.75LafE K IR I AOFR S MRS 221 B AT E S BER SIS0
RO 5= NROPIRERIT & £ S EIH LN 24 E7FES A BT O T e & T AR

(¢) 755 Eh40% (d) 575 H60%

E7 AEKRAE=C SRR LA
Fig. 7 Morphology of rare earth phase of alloy with different pulse duty ratio



» [y
conoree HEEE Vol73 NoA 2024

35 FHRKESITE . NERRILIEY, FIEnEKR#n
&, $PREIBALLaKEHEFRERERR), EE
BFERN . (EEERGTAHEEM, $HRELE
ALLalRERTHRIBIN. SJfKiRH=EE920%0F, $HK
WEEALLaR IR ER/)N, H14.42 um, IESE Rk
PR IR R IRIRR LS -
AT REEBMIXI KRBT E# L HAOE
, RAEAEBIRI AR PGIEMZT P IEERY
AZ91D-0.75Laif T34 . E9J9RRK I PLLIRFORK D =
Z Z ' tb7920%. SRE920 HZET & SIS EITEE . B
Bk 4575 L% HERLEL, ®PLHENSESFHE L LaTTERR
E8 FEBRESH FETENEYKE EAIE%ZHE%Hﬂ?Ej:TEAIZLa, Eﬁ%ﬁﬁ%ﬁi*aﬂjf)ﬂu
Fig. 8 The average length of rare earth phase at different pulse duty BIR, AMESITBEAEE, $HikFE L8
ratios TSN, BFEL, FEFRESHERAES, WAH

PR LaLal Al Kal Mg Kal 2

20, b
LJ ) -
3 g --
SI]Opm

100 pm
(a) AHLEALIT
Al Kal Mg Kal _2

100 um

(b) HREALBS

&9 AZ91D-0.75LafE i i Al
Fig. 9 Scanning image of AZ91D-0.75La energy spectrum

=]

P um

[

pre——

MEIBE, NTTHRS MRS, il
E10R R B St FA S NSRRI

T, HETLUEY, ASRThnLER 1501

FHSRRRBBEE/N, MREBHAIERT156.3 pm 5! £ 140

J/NE105.1 pm. 126.4 um#F1137.9 pm, Eokkds i‘

T A20%AT, BRIRT RN, FHSKRT FRE 2

51.2 um, 4T £933.76%. = 1200
Bt 528 HoHE — N A PO S4B AT 1) o5 2 B a0 EL "l

B, BRGNS, BEEEESE . ERE

SRR A S HEANBRREREL, Y 0B Xt SER B Rk 0 % 30 % %0 &

RT3 AT 9 0 SR ERAI SN B, PR G oSth ETdE b

IR HRRRRE . 7E & 23 E M20%0T B4 R < 8 E10  FERH S FASHTHRER Y

Fig. 10 Average grain size of alloy at different pulse duty ratios



2024%F F1H/IE73E

AN, MR RARRF R R R A RN 2 EB S
FEpsREEZ BIRYAEIRINER, BRI THIEME o -MeiIZ
Bk, RHANRIBE, KEHRZAIMIRS TR
Al Lap9E K, LRI BKIHS RO R0 S 182 BT
i, ERERYNER, SEEPREIEKER
Ny BEE SERYIEN, B REER A AL 52
ESBI17BEERT MBS BRIA, BTKHR
FERE LW, RRA/NEZIEIN, FHREEAE
KEHREM.

(c) 40 Hz

BE48% rounory

222 BOHIRERNIEEREHRIFY
ELFE122RRMET &AM ELRFNFLY
BRRTE. NELTTLEY, a&RETHhAE
B, ¥IERERBARIK, BINERPERD HESH
WE T, Eienilohi#inE, YEBRIBREN,
FHEHTRDRIGN, SRANERABRERENAL. &
SERRA/NGLT, HKTSAEI20 HzBT, SEaE5RE
PLAMUE I RERYF, FHIRRR T RE(EE)103.5 pm,
SREZFponInA IENAZIIDES S8, BHAtT

(d) 60 Hz

Bl FEpKRSRET S 2ARNER

Fig. 11 Microstructure of alloy at different pulse frequencies

> =
= =]
T T

I~
=
T

S R R fum
B

=
T

=)
=]
T

0 10 20 30 40 50 60
Tk sl He

E12 TEpRETEEFERNRT

Fig. 12 Average grain size of alloy at different pulse frequencies

33.78%, LRk PERERIEA0 HZFN60 HzAT, SRR~
53 FEZE105.1 umF0125.8 um,

BKIRSRERIE AT BN R B BRI B Y
FBREL, MEERKTSRAIGIN, BTSSR
FOEEREIB AR ARG, BRmk, mr
HREMNMIBSFEIZE, WINPNEERMINAK. 8
EFORSRRERIZ20 Hzfe, EERQNIERATIR
AR EAER, FENHREEZ, BERPNITLER
1€, SEREARRAZERE, S8,

223  BNRRGHTE SIS AIH A0S0
El132AZ91D-0.75LaE A= /DRt ES AR 2%
MBI LUE L, £FTESSBREIDRE S I



FOUNDRY ﬁ @,‘S%

650

600 P

g550 '-:\ 1“ B
= \ 2 4 6 8 1012 14 16
500 - S,
e
P 20% Bk e T
450" 0%k %3 Lo e
R ——
by LR Bk b R 2
400 L L '
0 50 100 150 200
fal/s

El13  AZ91D-0.75LatkE &L ERERE S AL
Fig. 13 Solidification and cooling curve of AZ91D-0.75La magnesium

alloy core

PR, HECRBHAENEGESHBREHEEFE
%, BINEETEEERE/N, XERTHEHEESNER
SHDESEM, FERNFE—CER. HTREM SR
RAER RSP ENAEERELINE, NikBE R+
ENMX AT sk B RAE R
Bl 135 Lo UK X AU ZR I I 1 5 (B ) HE Tz A VR T B

Vol.73 No.1 2024

E, HPRAAT,FZFRREVPFEHREEE, AnRn
EEEIHR T ERIRATE), aTLURIN, fERBINRK fER R
BRI ERE VD BRI ER R S FR AR LY AR B A AL IR A9 R E 4
HIMERIBEHLENTR, SREVEFEREEETT
51~3 C, EKREE2~4 s, TEREREZNERZ
TR EIEZ TR RYE RGN

2.3 BB EEHF MR T

E|149AZ91D-0.75La XA B fk d & = EE ST
ETHNEREEE, NEFTLEL, EghhitiE
EEENHEREEHEIAEEENRA. HEEERN
LB EEHV53.8~67.4; EHALKH A=t J920%0T
HRIEEERDS, AFIHV67.4, fEEINARBE DI
, BOfIRE 20 HzINEEERS, BEHRLAE
HV69.4 . IR¥EHall-Petch ATLRIED, SFLHAH/N, &%
EERES

0,= o, +kd™ (1)

X o NERBE, o8RRI IZENAIERIE
1, EREH, SRREMEX, JIRRTFHERY.,
HAAAZ91D-0.75LaE B =M EN R TFIEERF S ER
2T K&

75

70 |-

67.4

Z65 | 64.4
.:;{
= 7
W 60.6
£60 |

35 538

50

0 20 40 60

ka5 Heso
(a) dizsth

75
70 69.4
% 674
Z65h /
g
= 61.6
£60 1 /
st s3g % /
7. / .
L Y
0 20 40 60
$ 5 Hy,
(b) Ji%

E14 FENFSEHTAIUERERE

Fig. 14 Vickers hardness under different pulse parameters

3 g

(1) EAZIIDHIINEENH T La/F B T&EH
ROZE{L, TEAZ9IDNNNO.75%Laf= kI R T M 274.3 um
TPEZE)156.3 pm, HEECHEE MHVA3.8F+ZEHV53.8,

(2) AZ91D-0.75LagtESFE e npk P LA/ ,
PR T TRBALLaKER/N, EEBGTERK. &
B 5z E 920% AT R R B, M35.48 pmi/NEl

14.42 pm,

(3) MEANBKRREAE, AZ91D-0.75LafI T8 &
FIRIH—L /AN ZPoP A= 20%. XS
20 HzfY, BoOHFIRRLT, @RI MN156.3 pm T~
[#Z103.5 um, M T733.78%, HELEE BN
HV53.8181ZEHV69.4,



F4H-
20244 $E18P/5ET73% ﬁ @,‘é@ FOUNDRY

SENE:

[1] 3%, EFM. EESRMA M] AR wZ T ERyE, 2004,

2] k=hk, FERE, RNIB, £ AZIB3EASERARMNFMERNIME [ AINTITZ, 2008 (12) : 15-18.

[8] #A%E, Fift, BFEE. FUMeSVAMCOEEE G ESARES [J]. #H4 T2, 2009 (6) : 56-59.

[4] ZEE BILaJAZIIESZAERMRERIFN [D]. AEE: AERERHLKS, 2015.

[5] EBF Mg-Al-REREHFEEEAVANSIEREMSR D] B%: AxETRE, 2021

[6] #A%E, R, FHCE B CeBBWAZIIDESSHAFNERERIZN [J]. FHHGMEFIR, 2014, 35 (4) : 121-126.

[71 #fdE, Sk, TXR%, & E8SNEMZSMmE D). FEEESREFIR, 2011, 21 (10) : 128-131

[8] WANG B, YANGY S, ZHOU J X, et al. Microstructure refinement of AZ91D alloy solidified with pulsed magnetic field [J]. Transactions
of Nonferrous Metals Society of China, 2008, 18 (3) : 536-540.

[9] ZHANG L, ZHOU W, HU P H, et al. Microstructural characteristics and mechanical properties of Mg-Zn-Y alloy containing icosahedral
quasicrystals phase treated by pulsed magnetic field [J]. Journal of Alloys and Compounds, 2016, 688: 868-874.

[10] B, i, D& Bh#HIHTAZIIDES B REBRNISNG [J]. #51E, 2007, 56 (2) : 4-8

[11] ZEE, FED. SRTERRASMBIRIERRIARIVK [1]. BiR5k, 2007 (7) : 333-336.

[12] BBV, 2K, R5eX, % LaXZn-Cu-TIEE2RERMNF NN ). FEEEEREFIR, 2016, 26 (8) : 1649-1658.

[13] 5B, #2fF, A, & AZ91-0.75CH T EERERNDITN B HEMME D] HIMHENRBERESE, 2014, 34 (5) : 541-544.

[14] BB, BRXR, ABE, % MohBRIpIE FTA0MES SEEIHLET [ #1154, 2018, 32 (12) : 2021-2027.

[15] BRIR. SRR T3S R TR RS MERIIN LA AT 0R082IE [D]. Jb5: WEKIARS 0T, 2018.

Effect of Pulsed Magnetic Field on Solidification Microstructure and
Properties of Rare Earth AZ91D Magnesium Alloy

LAI Hao-min", BAI Qing-wei', TIAN Ying-chun’, XU Peng', LIANG Zhong", LIU Xin-yang"
(1. School of Materials and Metallurgy, Inner Mongolia University of Science and Technology, Baotou 014010, Inner Mongolia,
China; 2. Inner Mongolia Institute of Metal Materials, Baotou 014034, Inner Mongolia, China)

Abstract:

The effect of pulsed magnetic field on solidification microstructure and mechanical properties of rare earth
AZ91Dmagnesium alloy was studied. The research showed that adding an appropriate amount of rare earth
La to AZ91D magnesium alloy was beneficial for grain refinement and the formation of a new rare earth
needle like compound Al,La; After applying pulse magnetic field treatment during the solidification process
of AZ91D-0.75La alloy, the length of needle like compound Al,La become shorter and even tended to
spheroidize; Meanwhile, the solidification structure and mechanical properties of AZ91D-0.75La had been
further improved. When the pulse duty ratio was 20% and the frequency was 20 Hz, the alloy had the best
treatment effect. The grain size decreased from 156.3 um to 103.5 pm, and the grain size was refined by
33.78%. Vickers hardness also increased from HV 53.8 to HV 69.4.
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rare earth magnesium alloy; pulsed magnetic field; solidification structure; precipitated phase
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