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Fig. 2 Morphologies of primary o phase in semisolid A356 aluminum alloy at different magnetic field frequency of two-way
continuous electromagnetic stirring: (a) 10 Hz; (b) 20 Hz; (¢) 30 Hz; (d) 40 Hz
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Fig. 3 Average equal-area circle diameter and average shape
factor of primary o phase in semisolid A356 aluminum alloy at
different magnetic field frequencies of two-way continuous

electromagnetic stirring
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Fig. 4 Morphologies of primary o phase in semisolid A356
aluminum alloy at different electromagnetic stirring ways:
(a) Single way continuous electromagnetic stirring; (b) Two-
way intermittent electromagnetic stirring; (c) Two-way

continuous electromagnetic stirring
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Fig. 5 Average equal-area circle diameter(D)and average
shape factor(F) of primary o phase in semisolid A356
aluminum alloy at single way continuous electromagnetic
stirring(SCS), two-way intermittent electromagnetic stirring

(TIS) and two-way continuous electromagnetic stirring(TCS)

W TESURFAE AR S AN AR o 1 80 PP AR s 4 it o a2 882
F ) AR AL BRI, AR ARR D B E T,
A P S s [ TSV T2 P8 1) RIS RS A 52 B0 PR 5 g e
AT, B TR, BRSO, BRI AR AR T
IR AR 46.2 um. TERIRT 0.71(41E 4(a)
Fi7R)e B A4) Tk 2 B A A a AD AR ) 8
HLREBEFE N IITES . B L2 RS kR 9 2R
FHEE AR A 207N B ERR DA SR DR, s PRI A iy A
M, WIS HIAEAH P SR AR R 42.5 pm. JTEAR
K72k 0.78. 18 4(c)ram 2y WL Il L ri i bk S 414
o AT, BEIHRT A AR IS LA B RS AR A T H [
HELLREHE . Xn) Al AR 2 T AR s, &
FELAAN /N R ER G AR PR . S
pn Rl EARN 36.4 um. JEAREEIF28 0.82, ME 4 ]
Bl WU S AR 1) AR AR R T SR RS
AHEG T HARPT R it R 7 X i/, R
RIET: — 7T, s R nT, &5 o il
V] P A s A B R 7 — S (R )3 B, A R 7 TR A R
BHRSERN: XA ELE R, W3 R k)
FELE R ZL I AERAZ By, AE A3 A v [ AH 1) R Al 4
BYUINER IR, mIESEWIAEAR I AnAt . 5 — T, AL
) S BGRB8l 7 T AR T BT
ARAk, W5 AR 1) AR TR Sk R 8 A 5 R D I T P A T



28 455 1

OB S QU HUBEPE X [ 2 A356 13 ikt AU 35

Fs® MR AR T SR AR R A . ek, XUk (]
HORMEREFEIN, SRR SRS A AR N {5 B, e
W HI AR A PTRAR. NI, fEAHE 5
fhAsE 5 SO0 A S ORHEE I 2L SN2 I, O LE S5
SUORTTRA, UL I8 F A SN A A T 3RAs 4 A AT
AN [ 2SR

3.1 EBESHTESIS IR P YR Eh X A 4B A S0

BT UV B8 A TRE [ el v 2 A A 3 B
i FARNT . S A AL Fr s R R Bl
D e T W N [ I £ 976 29 O 7 1V 5 G G 22
53 A KA L R e 1) T (1 A P = A B 3 s, e
R EE R A IES . RO T s, Bl
SR BE o

FHT, BT [ R AN 58 3% ST B Rk,
NATDRE T B B P )P [ S A 4 i sl
R S s AL R S e 52 31— e fR i, &
HWTUHRN, R E R TS S8 s A
FUR RO, T HARBACAR (W B sl T, iR
B E IR T L AR IR s P X R AR
WEEFE T 24 2L A A356 G4kt i, i
TN3E 2440 LG REAE A356 BRHA IR AL TR IR .
X Bl T AT R 2535 45 A A N TRAKR TR A 2
SRR I AR 2 B A A S A A R
MR AR S, AR IR 4 2L 4R
HE, HATESEEDRS Y S H S5, A
T 403 G ik ] 2 4310,

HL AP A SRoRE 40 AT 22 A2 . Wl ]
P ey < 2N R YRale S B N T ieas) I & /R R i e
JRIERT G, 2 R A A ) LN, AR B
PR R R B B AT A b A SN L, R
i 5 g A AR FIAE 4 4K %2 3] Lorentz /. fH T
Lorentz JJ A 421 V) il m) 3 A~50 8, £ 3 A
JIWAERE AL A A TORE AL FEURE 37 P At = 4
1B, IR, AEAF P IR AR B
TS Ao, UG SEER, WA A Rz
Mt WA S AR P BEE Re(an i 5 2R AR R 2
S, IXFEATYIAAR 5 A A Z 201 Lorentz 141
JEASIE], I T HIAEAR S s AR AR 12 8) . B
LS 2R (PO G 0, TRVERE R, AHXE B

K ARSI, el s, Ikl T g
THT (3t R AR, e ] DX 3 ) Joy it P2 b o il A 14
W5 s AL E ARG T A 2R R A A T S T 20
1IN, PR AR BN IR FRDRE i 0 A0 26 AR &
PEBTUMEI, B TR A AR, AR S
A A T, VR TR A AR A PR
FIORVELJ o XL W KA 8 B P2 U 3 -
PRPRR, - [RD IR A o PR ARG i 2 1) AT R 5, K LB
AT A

3.2 AEEREEE T N T B AR sh 5 1 3T 48 40

ezl

DN TS W e % N7 e 2 SR S P R % 77 N2 A 2N )|
SRR A AT B . AR SIA
W7 X 45 i N I S A356 B & it AN 7]
() R FE 7 B AR RN, A S AR A e s R 1k A
LRGP 7 A TR H BIUBRRALE

B SR RERCRE T R S A IR ] )
B, A sl 7 2l R i T 2%
1) )2 PRI X S bl 0 5 5 I R A e S R
BT RS B AR N G TR IR IR e sl T, 45 A o P 0
TSN (1 28 ELAR BER 59 50T DA S AR (1) A8 H i 56/
R, R RE RS s fsit—0
FETE, WIAEAH 2N K 4T R IHR KSR TES
PAR WU ATIISSERRTE S . SRTT, A S ARAERL
) JE SR LR PEVE D RIS, fR T XA FRE S R O R
PSR, SRR S 2B SRE R, XA
PRI AR A (R A B o A SN A, AN e T vk
W ZH 2R o X ) i 58 P 1 AT s A 1t 8 7 X DA 2R
HA, BREAR K. G NS AR TR,
TF A RT3 0 D] L B A 5 L PR A A TR T B 0 ¥
PHOR 2 [ SRR AR 41 A A i O,

FEXUAPESRHAE N, AR WIAR B EELT )
IMAREIE AR5y B RN B e R SE AN R i3
SERFR ST, NI S IR A a8 A [ RUBE R A [R) 42
JFRRE R IR, (RAREN R R A2 I8
tho J34b, MBS RIRADRASE, R TR
M W2 )48 s T (R B8 ) LA Ak T I 4 R 1 £
o —AMAHRFEE IR EE A CRUE Sd BRI ZAk1k . 4
PR BB . & SR PR A A AE R ) %
SEHMEREE TS, BT RS UL S e ) 4R
FEANEEE IR EEXUE AR H, Rk T el 20 2 i 4k
B AE AR 230 i B 4(c) BT s B AN/ R BE R BRTE



36 hEA SR R

2018 4F 1 A

R [ () B FRLRAOE R I, P A TR S VR LA R 59
E XU SR A R R AR LG, B TR R R s
TAPIRSAAAE R 7 B, DT 3 B0 A4 A (1) BY D) 5 2
JE AR 1) 2y B NI AT AT I ik DRI, 49420 P 1)
FUTRRAAE B RIS, AR TR E S G &K
Blo ikl 40)Fras, XU A RGP I R AR AR (1)
SR A 7N RV ER ity LA SR IR R 2D B PRI B o

Zr BT, RS G I R AN [ )
T FE 7 2NN, S AR IR SIPIR AR T AN [ R VR LA
[ o B 1) G J7 OB AL A5 S AR 2 TR LA
FEiE R, T DL S e A A BT IR R Bl R L
e e ECHITRS S Wi G Wik sPN K7/ 317 PN
M, T LIS S5 R T AN, TS A356 A4
PR, s AR 1) AR T O R I 2 FRURE R -
I H R T 2CRE S T R A AR A RS Al TESRER
[53] 2E 1R) ~F- [ 25 4 4 JR R

4 it

1) K HH X In) 3% 285 F G A0 4 1 20 m] i & i 0 B 1)
P A356 Bkl WIS, FAF T HIE
ISR FE T 2540 1F 620 CHRIS #A 8 5
T WA 30 Hz XU HELL G FE 12 s R 590 C
S 10 min 55 T 240, MIAARDESA R
LB

2) {EREHMIA 30 Hz 44 N, L T 56 400
ATt B ) S S R R L) ) B R R . L)
LRI A A3S6 A RN . 4
AR XU ) 3 252 VRGO AT A T A Pl L A
Jra, AR AR AL TR AU R OIRES, iR
AHREAE B D) I s AR I K. S, B AIZ )
AT bt s, R T R A4 R AR AR A, X
B THEAHPTESA RS, PSR AR RRAR
K743 4 36.4 um F1 0.82.,

REFERENCES

[1] FLEMINGS M C. Behavior of metal alloys in the semisolid
state[J]. Metallurgical Transaction A, 1991, 22(5): 957-981.

[2] CHEN Z Z. Preparation of semisolid A356 Al-alloy slurry by
introducing grain process[J]. Transactions of Nonferrous Metals
Society of China, 2012, 22(6): 1307-1312.

[3] DONG J, CUI J Z, DING W J. Theoretical discussion of the

(4]

[3]

(6]

(7]

(8]

9]

[10]

[11]

(12]

effect of a low-frequency electromagnetic vibrating field on the
as-cast microstructures of DC Al-Zn-Mg-Cu-Zr ingots[J].
Crystal Growth, 2006, 295: 179—-187.

ZUO Y B, CUI J Z, MOU D, ZHU Q F, WANG X J, LI L.
Effect of electromagnetic field on microstructure and
macrosegregation of flat ingot of 2524 aluminum alloy[J].
Transactions of Nonferrous Metals Society of China, 2014, 24(7):
2408-2413.

OH S W, BAE J WKANG C G Effect of electromagnetic
stirring conditions on grain size characteristic of wrought
aluminum for rheo-forging [J]. Journal of Materials Engineering
and Performance, 2008, 17(1): 57-63.

ECKERT S, NIKRITYUK P A, WILLERS B, RABIGER D,
SHEVCHENKO N, NEUMANN-HEYME H, TRAVNIKOV V,
ODENBACH S, VOIGT A, ECKERT K. Electromagnetic melt
flow control during solidification of metallic alloys[J]. Eur Phys
J Special Topics, 2013, 220: 123—137.

JI S, FAN Z. Solidification behavior of Sn-15 wt pct Pb alloy
under a high shear rate and high intensity of turbulence during
semisolid processing[J]. Metallurgical & Materials Transactions
A, 2011, 33(11): 3511-3520.

MR, sR&WE, 1R 9., AT, RLEABIRRAT A AR
BHI RS . RIAFIEE Y BB, P EE AR
Z£4R, 2010, 20(5): 937-945.

CHEN Xing-run, ZHANG Zhi-feng, XU Jun, SHI Li-kai.
Numerical simulation of electromagnetic field, flow field and
temperature field in semi-solid slurry preparation by
electromagnetic stirring[J]. The Chinese Journal of Nonferrous
Metals, 2010, 20(5): 937-945.

NAFISI S, GHOMASHCHI R. Microstructural evolution of
electromagnetically stirred feedstock SSM billets during
reheating process[J]. Metallogr Microstruct Anal, 2013, 2:
96—-106.

Mro A&, BRICR, BRI, MR, dURT, ERET. MR
WYERI R Pb-Sn &&4IZUFAR ). Tty & m k5 L.
2007, 36(11): 2012-2015.

CHEN Zhi, CHEN Chang-le, CHEN Xiang-yan, HAO Li-mei,
HONG Zhen-yu ,WANG Kang-ning. Microstructures of Pb-Sn
alloys in rotating magnetic field[J]. Rare Metal Materials and
Engineering, 2007, 36(11): 2012-2015.

MUSAEVA D A., BAAKE E, ILIN V K. Experimental
investigation of Al-Alloy directional solidification in pulsed
electromagnetic field[J]. Materials Science Forum, 2016, 870:
471-476.

BAI Y L, XU J, ZHANG Z F. The Research on the annulus
electromagnetic stirring for preparing the semisolid A356

aluminum alloy slurry[J]. Solid State Phenomena, 2014, 217/218:
241-246.



28 455 1 X

B, S WU HUBEREHERT 2P [ A356 456

SR AL 37

[13]

[14]

[15]

[16]

[17]

[18]

oM, A, TR, DR, ANk R A356
BB AN K ILEE AT s ). h A e R,
2009, 19(12): 2090—2098.

WANG Jing, LI Pei-jie, HE Liang-ju, MI Guang-bao, ZHONG
Yue-xian. Influence of electromagnetic stirring on structure of
A356 melt and its solidification behavior[J]. The Chinese
Journal of Nonferrous Metals, 2009, 19(12): 2090—-2098.
SIMLANDI S, BARMAN N, CHATTOPADHYAY H. Studies
on transport phenomena during continuous casting of an
Al-Alloy in presence of electromagnetic stirring[J]. Transactions
of the Indian Institute of Metals. 2013, 66(2): 141—146.
DWIVEDI S P, SHARMA S, MISHRA R K. Microstructure and
mechanical behavior of A356/SiC/Fly-ash hybrid composites
produced by electromagnetic stir casting[J]. Journal of the
Brazilian Society of Mechanical Sciences and Engineering. 2015,
37(1): 57-67.

X, RS GBI A AI-Cu SRR 2
ZUASEmII]. b EA 8RR, 2015, 25(1): 49-57.

LIU Zheng, ZHOU Xiang-yu. Effects of stepped electromagnetic
stirring on solidification microstructure in semisolid Al-Cu
alloy[J]. The Chinese Journal of Nonferrous Metals, 2015, 25(1):
49-57.

BEI, ¥, ik B, OB, BOLRE, AR S
BEPLHI% Al-Zn-Mg-Cu KRBV G S LRI SORI ). T EA
1642 8 244, 2016, 26(12): 2499-2505.

ZHAO Jun-wen, GUO An, XU Chao, LI Wei, DAI Guang-zhe,
WU Shu-sen. Preparation of large-volume semi-solid slurry of
Al-Zn-Mg-Cu aluminum alloy by weak electromagnetic
stirring[J]. The Chinese Journal of Nonferrous Metals, 2016,
26(12): 2499-2505.

EM, WA, A, £S5, e, ONE. BRiE
X Al-Zn-Mg-Cu-Zr &GO 23 J it P [ 5 52 1R 2 i D]

[19]

[20]

[21]

[22]

[23]

A 8 4 243, 2009, 19(12): 2083-2089.

WANG Shao-hua, YANG Shou-jie, FANG Can-feng, WANG
Jian-zhao, DAI Sheng-long, ZHANG Xing-guo. Effects of
electromagnetic casting on as-cast microstructures and solid
solubility inside crystals of Al-Zn-Mg-Cu-Zr alloy[J]. The
of Nonferrous 2009, 19(12):

Chinese Journal

2083-2089.

Metals,

SUKHRAM M, ARGYROPOULOS S A. Solidification and
melting of aluminum onto circular cylinders under forced
convection:  experimental measurements and numerical
modeling[J]. Metall Mater Trans, 2014, 45B: 1723—1738.

X OB, KRS, R RIS E R N RS SR s
i%i@%ﬁﬂ@%ﬂ%%ﬁm. HEA 8 E R, 2015, 25(11):
3026—-3032.

LIU Zheng, ZHANG lJia-yi, YU Zhao-fu. Simulation and
analysis on chaotic characteristic of flow in Al alloy melt under
electromagnetic field[J]. The Chinese Journal of Nonferrous
Metals, 2015, 25(11): 3026—3032.

ARRATIC P E, MUZZIO F J. Planar laser-induced fluorescence
method for analysis of mixing in laminar flows[J]. Industrial &
Engineering Chemistry Research, 2004, 43(20): 6557—-6568.
BRESLER L, SHINBROT T, METCALFE G. Isolated mixing
regions: Origin, robustness and control[J]. Chem Eng Sci, 1997,
52(10): 1623-1636.

AoOBL sKEEZ, B, XL IR T A [ 2
A356 fitr &I AEMIEIE T[], &85k, 2016, 52(2):
177-183.

LIU Zheng, ZHANG lJia-yi, LUO Hao-lin, DENG Ke-yue.
Research on morphology evolution of primary phase semisolid
A356 alloy under chaotic advection[J]. Acta Metallurgica Sinica,

2016, 52(2): 177-183.



38

P E A 4 2R 2018 4F 1 A

Effects of two-way electromagnetic stirring on
solidified microstructure of semisolid A356 aluminum alloy

LIU Zheng', CHEN Tao?, CHEN Zhi-ping'

(1. School of Mechanical and Electrical Engineering,
Jiangxi University of Science and Technology, Ganzhou 341000, China;
2. School of Materials Science and Engineering,

Jiangxi University of Science and Technology, Ganzhou 341000, China)

Abstract: A semi-solid slurry with solidified structure of spherical or spheroid primary solid particles was obtained by
using a self-designed electromagnetic control device to two-way electromagnetic stirring the aluminum melt in the mold.
The influences of magnetic field frequency and electromagnetic stirring ways (single way continuous electromagnetic
stirring, two-way continuous electromagnetic stirring, two-way intermittent electromagnetic stirring) on the
morphological evolution of the primary phase were analyzed when the electromagnetic stirring time was constant at 12s.
The results show that, with the increase of the magnetic field frequency, the morphologies of primary solid phase grains
change from dendritic, long strip, coarse granular to spherical shape, the grain size first decreases and then increases, the
optimum magnetic field frequency is 30 Hz. In this case, the average equal-area circle diameter of primary a(Al) is 38.2
um, and the average shape factor is 0.75. In addition, when two-way continuous electromagnetic stirring are applied on
the liquid melt to form strong turbulence and inertial impact, the mass transfer and heat transfer of the solidified system
are accelerated. The slurry structure of alloy is more compact and rounded than those by the single-way continuous
electromagnetic stirring and two-way intermittent electromagnetic stirring.

Key words: semisolid; A356 aluminum; two-way electromagnetic stirring; solidification microstructure
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