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1T W R R RS 22 1.0 ym), BK T p-Fe MK =4
TES, THE T ZAH SR N SR R TERTI
WL, WA Fe & & AlSi &4 W f-Fe MIAISLIA
=4I E S AR AT T RS EUAGE L) 1.0
um), K Fe FEmM, & Fe fHLUH KM ook
i B-Fe NE, FHNFLIARMIEZEER; TEX R
AlISiMgMn & &Hi 47 a7l R B, BARE Fe
LRI AP R SFAUA 10~20 um, {HEERE Fe
X ERGY A F M, HEm R T LI . xf
S S AlISiMgMn &4, KT Fe fl Mn & &
XI'E Fe AHFCM AT FL 32 BRI T = 4e S AHY, ff
H 3D u-CT X% &4 % Fe M =4ERFE (B 7K W,
i, JUHSEXS I R R (1 2 ] A
RERE 78 i AR T o
A I L R & T AR Fe(0.10%

0.15% A1 0.20%) Al Mn(0.6%  0.8%) & & 1
AlSiMgMn &4 . i TEM 1 3D u-CT 437 TR
Al G4 E Fe MHER RS MR DL = 48T 50
fiE, WEFL T Fe fl Mn & &8X'E Fe AHAKA =47
[REAE (RS, HEXFHIAE a-Fe AHIOAE KALEEREAT T
wig. 3T % Kmeans fl DBSCAN %3751k, it
HT 64 Fe &R LAWK & BRHIE

1 SLif

T I U R A £ T DY ZHA [F] Fe Al Mn & &
1) AISiMgMn &4z, b, fiTH Al-10Fe A& &
M AISilIOMgMn % & /£ 720 C F il % &
AlSiMgMn-0.5Fe H[E] & &7 Fe & & {4
Al-10Mn H A& &A% Mn 8. LR & KA
TOYO BD-250 JE%#l, HC# Wanda BT R4, &
Bt R ST B A FE LN 4800 Pa; AELEL AR &
180 C, AT 680 CHEATHEE:, fayidt e it
K FER 2 mi/s, SEIEIE TN 80 MPa. R854 4 &
1 B, 4 MRGT AR — B R AR o A fE R TR
FORREERIO, B ME BIA KON 6 mm. 4 mm,
8 mm 1 2 mm, R4 )@ HE 788 s I i &K
FAAE . FUIRT RN, 4 mm BEERHHREE 1
EpERE IS, Rk, ARFFEIE 4 mm f R RE
BEAT AT . GEBIEHE /T, S8 R B A S bR
WE 1 fn, HhE4 1. 2 M3 AAE Fe 581
WTHRZH, 2 A1 4 9AN[E] Mn & 2R A .

K H FEI Titan Themis &5 H 8L (TEM)X} & Fe
AR SR AT RAE . 7E 4 mm Hr ke b e, 28
PIEIH 1 mm X 1 mm X 10 mm %K, FHRPACE T
B XHH AR Fe AT ROREE =4E X HHZ&BZH
i, T B N = SR B DR A A IR A
nanoVoxel-2000 R4 X 4 =425 CT, Hin
HE2EN 0.8 um, FEFE T A SCHRIT 7045 1012,
N T RS =AEEMRCE, K 600 pmX 600 pum X 600
um B S VG Studio Max2.2 ¥k, i
ITE Fe &AM EY) =4 TE S EN .

1 R FulhE

Fig.1 Die casting specimen

F 1  AISiMgMn /& B2 R 5 G 4 S bR il o3

Table 1 Actual chemical compositions of the HVDC
AlISiMgMn alloys

Alloy Mass fraction/%

No. Si Fe Mn Mg Al

1 10.2 0.10 0.62 0.40 Bal.
2 10.2 0.16 0.61 0.40 Bal.
3 10.6 0.20 0.60 0.40 Bal.
4 10.2 0.15 0.82 0.40 Bal.

2 RNFRBRREUE

. 4r Kmeans #F1 DBSCAN(Density-Based
Spatial Clustering of Applications with Noise) & f 7
FR PR Rk, 4 Kmeans & Kmeans 4
HEEE, I R E &A% SSE {H(Sum of Squared
Error, %2 T 7 FidiAT 52K, AHXET Kmeans,
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4y Kmeans AJ LAVH BRAIUG SR b0 s IR PRI 52
M, 5 AR Sy WS T SR B AR PRk i, RIS s v
MIRAT IR RS, (EZSEVE B X L LB B R,
B FFEARA — € B3R . DBSCAN J& —Fh 3t T4
FEMIZRET I, 2 m % B i XS8R 7 g, )
TEAG e 75 (1) 25 8] SR AT B R AR DT {3
DBSCAN J5 ik T RIS, AT EIRATIR LR A
B, AT R e AR R, (S S KR
FHFIEATHREE . SHNAEE, BrEEER
BEA ) B R B A 22 1 KR, SR
ASCIE I 4y Kmeans Fl DBSCAN P Fi 5 27
LS, AT E Fe &BIMAAM =R,
AR EAE H AR AN E Fe MAK. &
THEE a8 2 Kmeans 358 =452 ] & Fe &8
LAY AT HEER) 73, P8 DBSCAN ZFRE
HEr, DA R T, RN HARIA I |
S0, T L G A 77 ) 2% AH 22 K I SR 28 0 B 22 1)
i) f5, A ] Python 8 5 BT AR N 25 [RL 7 [B1 7%
THEAR P, XPSeaa kB E Fe &BIAML &t
17T RN, B8] T Bk e EREE,
R RN SRS EEMEE. &2 A6
INNE Fe &R AMLAY R HIRER .

Inputting coordinates of Fe-
intermetallic from u-Ct

1
| Calculate total SSE: S |

!

Clustering with bisecting Kmeans
and calculate SSE
respectively: S, S,

i

Selecting cluster with larger
SSE to clustering and calculate
SSE respectively: S;, §;

-

Yes

DBSCAN

2 F[ERLT BRI TR A
Fig. 2 Flowchart of calculation of spatial particle clusters
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Kl 3 s AR SR RS S Fe MY
B E. HE 3 TR, &4 1 BE Fe MRS
KRN B4 2 M3 hIF A IR E Fe
M, FEEBFHUR; 54 4 PEKE Fe fiNEF.
ELE I 3(b) M 3(c)RT %1, BEE Fe &N, &4
KIUE Fe &J@EMLEMEER M, HRSTLEHE
Hahns AHEEZ R, Mn SE$EEKIERD T/NE
Fe & @ MEVIMNEE, JEEE LR T RHE &
WEMKIES . HTAEE 1 E Fe MINRSTEN, A
LIEAT EDS RAE, FrLAX G =F &4 E Fe il
177 EDS 81, ERWNE 2 fior. HE 2 WH, =
Fh&4F Fe MfI(Fe,Mn)5 Si EE/RELIZ N 3:2,
A b, 27 F AT LA a-Ala(Fe,Mn);Sip! (R 3¢
& FR N a-Fe)o

Kl 4 i A4 a-Fe M40 9 TEM 1% 22t
N7 () PRSI AR 4 R ((FFT),  F {110} & 1 8] 2 2
TN, 455394 0.89 nm iif . BEE S 4T Fe &
w8, o-Fe A Fe & &340, Mn 5 Fe FE/KLL
HH 3.925 Wb 2 2.33, HAOWRIN N Fe J5+ 5
T Mn JEFALE, HBTHRAGERERFEERMHER
N, XF a-Fe A fb AR 25 A6 01 5 T 8] 2R 35 A K,
5 XCHR20145 1 & xt ek 2 FE 4 &4 2 4
LR ATH, Mn FEEINE, &4 o-Fe M E
AN, L T TR R JE B S5 AR AL

32 E Fe &RBELEYIN=%HNH

Bl 5 Binh 3D w-CT 3RS 1S Fe 428 10
WA =42 53 A, 3% 3 BT A AH B R R R B dR
Bl 6 BT N Z & @ L S 0 RS o0 A o 43 BT A

%2 H%&"'E Fe fl TEM-EDS 43-#r4%

Table 2 Measured Chemical Compositionsof Fe-rich
phase by TEM-EDS (mole fraction, %)
Alloy .
Al Si Mn Fe
No.
2 68.7 11.6 15.7 4.0
3 63.9 12.4 16.6 7.1
4 69.6 11.2 16.0 32
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3GE 1. AE2. Ae3MEE 4 NE Fe I RUNE
Fig. 3 Backscattering patterns of Fe-rich phase in alloy 1(a), alloy 2(b), alloy 3(c) and alloy 4(d)
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110 = * 110-

Bl 4 a-Fe M7 # TEM (GO PR 5 IH-22 15 (FFT)
Fig. 4 TEM images and Fast Fourier transformation (FFT) of a-Fe phase: (a), (b), (c) Interplanar spacing of {110} planes of
o-Fe phase in alloys 2, 3 and 4, respectively; (d) Selected area electron diffraction pattern of a-Fe phase (Alloy 3) along [001]

axis; (e) Fast Fourier transformation (FFT) of a-Fe phase (Alloy 4) along [110] Al axis
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Bs5 641, 642 683 ME4 4 NE Fe &A= 423004
Fig. 5 Three-dimensional distribution of Fe-rich intermetallics in alloy 1(a), alloy 2(b), alloy 3(c) and alloy 4(d)
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Fe &)@ AV FAERIZ KT 54 1, H=FE
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2) Wikl 6(b)F(d)Fi7r, BEE Mn & & 136,
A4 4 TNE Fe B EYILT AN
Ky L@ AL G T S AR R B R AR AR 4 i R

&3 3D u-CT HARNE Fe &8 AL & YECEFAFA

Table 3 Volume information of Fe-rich intermetallics in

AlSiMgMn alloys with different Fe and Mn contents

Alloy Average volume/ Maximum volume/
Amount 3 3
No. um pm

1 3551 150 9826
2 1295 642 8124
3 1774 490 9058
4 926 1312 22227

1312 pm® A1 22227 pm?, #8444 2(0.60%Mn)f] 2
(1N

SPTEEE R & Fe I AISiMg & S UTE ]
E o-Fe fH. a(ADFEAR. HL8h Si M3 g a-Fe #H, &
JE LD B MgoSie A WF AR, A58 B (13
IE A a-Fe AT a( ADIER 1T i 22 A Wik,
YA H5E FE A F] 100 K/min I, ¥4 a-Fe FHAT a(Al)
BN R TE . R85 8 T W AR P B, =
A HITEFEEYIE o-Fe AHAT oo ALY AR (1 7 Al 22 ik
A, FEE R BN AR BT K AR . R
Fe Fll Mn JGC&R AT LM S HIAE a-Fe AHIITE SO %
AL, 24 Fe Al Mn & & & 2% s, RIE7E 74 A
W T WA T A a-Fe .

Kl 7 B AR & & s fUR RIS Fe 68
FED. fEE4 1. 2 F 3 FERKERELEY
o, AT DL SRR U Blghr), RIPHLET a(Al)
Hodn KB, W E & SVEMN a(ADAHE; 12—
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Fig. 6 Size distribution of Fe-rich intermetallics in alloy 1(a), alloy 2(b), alloy 3(c), alloy 4(d)
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HAA a-Fe #H; ¥4 o-Fe AHEIFE A RVEFE T
K Fe #l Mn Ji5, B0k B I 70 3= 2 B KKk
b, SEOLREARE Fe &BNIL S,
Hi FAEVIA o-Fe #H EEAZ. Bk, Z&5&TE
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JE AL A 5 L B BB I (L S(d)AT 6(d)).
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(d)

Volume: 9826 um?

Volume: 9058 pm? Volume: 22227 pm3

G811 682 58 3 NEE 4 W KE o-Fe
BB A E Y = 4ETE 5L

Fig. 7 Three-dimensional morphology of the largest volume

&7

o-Fe intermetallics in alloy 1(a), alloy 2(b), alloy 3(c) and
alloy 4(d)
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HRHEE 1Y
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B8 s 4 B ILAR A
Fig. 8 Reaction transformation during solidification of

alloy 4
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Fig. 9 3D morphologies of a-Fe phase at different growth stages in alloy 4

(@ (b)

T [TTT]

[111]

B 10 ¥4 a-Fe MIIAKHLER &K
Fig. 10 Scheme of growth pattern of a-Fe phase
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R4 3D u-CT 193(10'E Fe &J@IAMLEY =4
FEOE, SEEUARUKT 320 um’ (E Fe MIGZIARL)
XFRLT B9 BRI E Fe AU 6.9 um, /N T
SCHER[12]P 0 £ R G AL thE 1 FH IR 4R a-Fe &
JERAEDRY), TR PR R T E . Bl 11
Fs AR &4 Fe &8 LA ERRI 01T
SRR, 3R A PFRBNAH R B R IE S 4L

H3& 4 WA, B3 Fe Al Mn & &880, F#
G, ERABIEA &8 R &Y 8E AR
AK(5.5~6.5). KtFH4 1. 2 f1 3, i Fe &&
¥, HENTRIERREN, RPHBENE Fe &
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L ]
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or’ 8% To,° 300
. o °
200
100
0

(©)
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2 f14, BB Mn SR, HRESEA g,
75 A e AL T BT R B N, R B S Fe
SBIAMCEWENEE . BIENEREEY T
PR, RUVREREE R, EA S SBNIE
U], (R EUE

—
E&F

x4 Fe & J& ML &Y RIRFHIE S 4

Table 4 Characteristic parameters of Fe-rich intermetallic

clusters of alloys

Alloy Number of Average Ave.rage distance
number of within cluster/
No. clusters . .
particles in cluster um
1 18 5.5 42.45
2 51 6.5 40.29
3 57 5.63 34.08
4 71 6.11 34.54
(b)
sveoT s t 500
B 5 %o . 400
AR RO Y i A8 300 .
e ® e ."’. o © ° L 200 E‘
AT L X

(d)

11 &% 1. 642, 683 ME48 4 W Fe &BIAMLEYIIRIR T H 4
Fig. 11 Calculated distribution of Fe-rich intermetallic clusters of alloy 1(a), alloy 2(b), alloy 3(c) and alloy 4(d)



H32 B 1M

FEHER, % Fefil Mn S EXTHES L AlISIMgMn &4 & Fe M = 4E5AE A/ A5 (1) 520 35

4 Z5ip

1) EE% LR AISiMgMn & 415 Fe M Ak
LS 45 R a-Ala(Fe,Mn)sSia, Fe Al Mn & &4
AR E Fe M S ARZE MR G 4. 4 Fe A1 Mn &4
SR 0.80%M, HTEEWAIEAEEH,
WA AE-F BT 1) a(ADAH, & Fe HH 2 BLGE
WIE a(ADB AR U BG50. SPiE S EEdk
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RAeAK, MR IENTE, HIE 8 MM (111)
77 170 [ A AR ks B, e 2 AR KR IR
451, '# Fe &JBMLGY ISR\ MAIREL
v AH F R S5 4 o

2) Mn 554 0.60%, & Fe &M 0.10%
BINE] 0.20%, A& E Fe &BIAMLEYIN Fe &
M, HAP RSP A R R Mo &
HIEEZE 0.80%, & Fe &AL AY LR SRR
WK, HMERE Fe &J@ AL A% E KK
A, PSS RASURT B KRR S R 3

3) %&F 4 Kmeans fl DBSCAN HiE:AH4E &,
WPUFG4E Fe &R AMLAWIAT T BIFE R
., 837 iR ERHE. Fe Ml Mn & B 1Y
ey BEECE, (ARIEA & R E Y T8
WAKR: PiToa & B E /N T A SRR
BYFEEE, RPPIFETEARE, TR LGN
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Effects of Fe and Mn contents on
three-dimension characteristics and distribution of
Fe-rich phase in high vacuum die casting AISiMgMn alloys

WANG Xue-ling, ZHAO Hai-dong, HAO Yong-zhi

(School of Mechanical and Automotive Engineering,
National Engineering Research Center of Near-net-shape Forming for Metallic Materials,

South China University of Technology, Guangzhou 510640, China)

Abstract: AlSiMgMn alloys with different Fe and Mn contents were prepared with high vacuum die-casting
(HVDC) process. Transmission electron microscopy (TEM) was used to analyze and compare the crystal structure
and composition of the Fe-rich intermetallic in the alloys, and their three-dimensional morphology and
characteristics were inspected by high-resolution three-dimensional X-ray micro computed tomography (3D u-CT).
Combined with calculation of non-equilibrium solidification process, the influences of composition and cooling
rate on the Fe-rich intermetallic formation were analyzed and discussed. The growth mechanism of primary Fe-rich
intermetallic was proposed. Based on the 3D coordinates of the intermetallics, two methods of bisecting, namely
Kmeans and DBSCAN, were used to characterize the clusters of the intermetallics. The results show that with the
Fe content increases, the Fe content in the intermetallic increases but the intermetallic lattice constant doesn’t show
difference; the increase of Mn content does not change the intermetallic compositions whereas significantly
increases the formation temperature of the intermetallics promoting their formation before a(Al) grains, which
causes significant change of the intermetallic three-dimensional characteristics and distribution, namely the
intermetallic clusters are denser.

Key words: high vacuum die casting; AlSil0MgMn alloy; Fe-rich intermetallics; three-dimensional morphology;

cluster characteristics
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