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W OE . RAHh-R R T A 3wt%TiB,/A356 -4 #kH, It Mg b in A Al-Ce a4 477
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Effect of rare earth Ce on microstructure and mechanical properties of in-situ
TiB,/A356 composites

WEI Jiayang', YU Jiakang ™ , JIANG Dapeng’
(1. School of Materials Science and Engineering, Northwestern Polytechnical University, Xi'an 710072, China; 2. College
of Energy and Power Engineering, Changsha University of Science & Technology, Changsha 410114, China)

Abstract: In this study, 3wt%TiB,/A356 composites were successfully synthesized via a salt-metal reaction method
to investigate the influence of the rare earth element, cerium (Ce), on their microstructure and mechanical proper-
ties. Ce was introduced in varying mass fractions through the addition of an Al-Ce intermediate alloy. The findings
indicate that Ce promotes a more uniform dispersion of TiB, particles within the A356 matrix. Additionally, the
presence of Ce, alongside TiB, particles, contributes to the refinement of a-Al grains and the modification of
eutectic Si. The optimal mechanical properties were observed with the addition of 0.3wt%Ce. Specifically, the
composites demonstrated increases in yield strength, tensile strength and elongation by 9.2%, 11.5% and 57.1%,
respectively, compared to the composites without Ce. The analysis suggests that Ce enhances the dispersion of TiB,
particles by improving wettability and interfacial stability between TiB, and the matrix, and the modification of
eutectic Si is attributed to increased constitutional undercooling due to Ce segregation, which leads to the forma-
tion of Ce-containing nanoscale precipitates within the eutectic Si, thereby inhibiting Si growth.

Keywords: aluminum matrix composite; TiB, particles; rare earth Ce; microstructure; mechanical properties
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s UURE il £ AR BE 2 G MR T DL — D4R S A Y
oR SR ME, JRAL B A4 TiB, Bkl UL oS iR | &
WA SEIEARL S BRI AIER AL R IE A%
WA sE th LA, UM AR S E A AR EAR 1Y 5 1k
B, ¥ K, TiFg Al KBF, 1A 6 A B ik rp it 17
- & JE RN, WOIE R A BUR AL TiB, Uk 1S 58 4R
B AR A SRS, B, RS I 9
KA K R SF ) TiB, WOkr e R e K, &5
TV IR A3 43 A AE B A b, 2 T o 4 80 AR
PRET, SCKE HI 55 TiB, 1E 3 amAH i iR AL O . 5
Sk, TiB, Wk Xt TiB,/Al-Si & & ¥kl v 2k 5y Si Y
MR FHAS B, A7 78 A BT 1 R R i Silt
FE KB R AL S JE L 5 e R B, S
Wk B ECY R AR, XA R 88 R A et
AR R ORI A A e Z T, A dE s
P Ll AR HJE, X T RERE k3 TiB, BURL 4
Wbk, NREMMEILR Sin A4 onE, Huifish=
5%

Wang % 1) SR FH 3 05 R0 R R O 2% DR AL il 45 T
3wt%TiB,/A356 & & M kL, JEU I T K[ & & 1)
Sr, WALT SrAERFIU IR T SR, 25231
FW, G AL Sr U INER S T 2 A ARG TR,
SR A ME AR = A R S E S AR . 3 Sr
XF TiB, JURL A 3R 30 42 1 5038 AN B i . KR Bk 4 4600
TE VR TN AL-Ti-B 41 £k 550 A48 53590 Sr 09 £ 0 T A
fli La, &4 La REAEIF o-AL G A4L, [ A
fiE E— A b ok Pk 3 Si. Zhang %" #F5E T TiB,
1 La % AL ik 20 £k 1 Wr R VR FH o 38 2o ) 9 44
INTEE La, o-Al 1972 fhn )RS S8 G PR 5
A, Lalmins i Ky, 7 ALEER PR T &
La JiUki, i % B La A7 £ Al /TiB, 0k F i, 34
58 T TiB, PRI a-Al 1) 5 JRIE R BE 1 o Xue %5 ™)
AEJE A 2 o7 3 B2 in A CeO, BF 5% H: X 5wt%TiB,/
A356 & 4 HF RS IR . CeO, B %S il BE ik % TiB,
WK B A EOPE L A4k a-AL SoRL, A AR
RS ES B N TR 8 = =R N O |
S

HAR o0 E Ce Bl iIE I X} TiB, i ki /Y 43
A B2 X I SR R A R, (HR T
Ce X TiB, FURL F1 & 4K I 9 52 i S % 3 & Si ek
PE I AIL T 0 B AT BH B 1 8 . A S 3R -4 R
VL il £ 3wt%TiB,/A356 & A A1 kL, I U I AS [ it
BB Ce, WFE Ce XJ R AL A 4= TiB,/A356 & &

FEHE SV ) 2 PR RERY S, JF A S 2 RE
B BURAE, R Ce B3 TiB, UKL 43 HU1E
fE it a-AL 44k S 38 Si Btk i pLA] o

1 LB BRAE

K FH -4 8 SR 32 1 4 3wit%TiB,/A356 B &
ME, &8N A6 A 4, RA R4
99.9% F¥ K,TiFs. KBF, fll KAIE,, ¥R &4k (Ti: B
HYEEIR oM 10 2) B APOIA CS101 4246, 1 250°C
T 3h KRR R RMIR G . A356 1A 4 W
AR AR AL RE 4 SRR s MR, 7E 780°C
P 10 min J5 AR &L, OB At R A B i
PEAEBE R, R RR 30 ming SN 5E T B R
., FRACIRE & 740C, Sl A C,Clg 4 % 20 min.
R 5 38 5 1) AR o A AL-10 Ce HP ] 4 A9 7 =X
0B B BN 0.1wt% . 0.3wt% il 0.5wt%
1) Ce LAl & AN R A9 52 & A1 RE,  [RIBS 78 00 0.36wt%
i) 2l Mg LA Ab 58 5 I Mg iR O R, 7E
740°C T F C,Clg X1 1& A K 20 min, BRik 5 A
TG4 B

WE ST g, T . b, #H
0.5vol%HF 7K ¥ W e il 2 10 s AR %) 1 h DUE 7R
R0 4R S eI A . B & A Oxford
SDD INCA X-Max g i 1% 1Y) Tescan Clara GMH 37 &
O EEE R TR E . (1 R T s A |
Thermo Scientific Talos F200 X 3% % 4 % & H T &
5% UL %% TiB,/A356 & A #4 &L 1Y) TiB, HUkL AT
HAH; H Image-Pro Plus 6 K14 1 4k 141 & a-Al
TR A S [A]BE (SDAS) AL Si KB L A AR IRk
P MERRPE 7R R 2 D IR EL 200 A4S f kL
A Si b4 480t . R H Instron 3382 HL ¥ J7 fig
MAEHA IS HLIEAT 2 PP, I GB/T 228.1—
20217 (4 & AR ES B — 30 IR
k) BORE, PR W AT, RFRE
ElanE 1 pros, FofE B4 1 mm/min, P15 3 4
I 41

% H Thermo Scientific ICAP 7600 Hf, &5 & 45
BT AT T AN Ce FIANA 0.1wt% . 0.3wt%
0.5wt% Ce )52 G MR fL2E 5, I 5 W 3L 1 i
F A356 & & fELLEE, k1 in. BRILLIAN, B
T 153 TiB, UKL S bR & 1, #E4T T TiB, BURLHY
PO S e AH R 0 R -4 TR RN Tk A
3wt%TiB,/AL & G KL, M4 HLZY 20 g AE il i
A 10vol% [1) HCL i W H A il Al s, 3R15
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Fig.1 Diagram of tensile specimen (Unit: mm)

A TiB, WKL TR . X RTE R T B U
FAE®, B 3~4 . KA B TiB, A M
K DZF6020A H.23 T4 v T4, 153 TiB, B K,
I3 3 X 5 £k 717 55 1 (Malvern-Panalytical X'Pert
PRO) XJ 4 A U053 K 4T 40 A0 537 o

R 1 A356 $BASFIARE Ce FMER 3wt%TiB,/A356
SaMBBLERS
Table1 Chemical compositions of A356 alloy and
3wt%TiB,/A356 composites with different Ce addition

Sample Si/wt% Fe/wt% Mg/wt% Ce/wt% Al/wt%
A356 alloy 7.18 0.140 0360 - Balance
TiB,/A356 7.32  0.141 0.326 - Balance
TiB,/A356+0.1wt%Ce 7.30  0.139 0.321 0.092 Balance
TiB,/A356+0.3wt%Ce 7.28  0.136 0.324 0.303 Balance
TiB,/A356+0.5wt%Ce 7.25 0.137 0.319 0.486 Balance

2 #BRE55W
2.1 $REK TiB, AL 52 FA4H 43 4

W E 2(a) Frzx, 1833 XRD 43 B M TiB,/Al &
AR L AR EUY TiB, FIURE 19 FH 41 B LA 4G 56 TiB,
R A, 45 R I B TiB, A, Bk, o RAfR
TIESE T TiB, H0hL (4 S bR 2 LR i HERf 1 . 18] 2(b)
R T HEBCH Sk B TiB, WOk A TE S MR E o B
Az WA TiB, THURL AL 5 49 K RO AOK I Fp RSF S 44
KRSk S BRI, RLAR 2924 100 nm, W fHCK
RO ) JUkL 52 75 7 AR I 454, K 4 ki 4% 7
100~500 nm 2 [i] . TiB, U 1Y S5 Br & & R 85 3 1K
PR A Rt E P EA L . k2R, &

2 $RELMY TiB, PURIAHY XRD i (a) Fil SEM 14 (b)

Fig.2 XRD pattern (a) and SEM image (b) of the extracted TiB, particles

AR RE R TiB, JHURL Y -2 5L B = 2R 2 R 92.6% .
2.2 Ce X1 TiB,/A356 E&## o-Al FA Si 952N
Kl 3 AN TR Ce B i 1) 3wt%TiB,/A356 & &
ARG R R s fR) ) 2 el 2. iR 3(a). BT 3(b)
Al 0L, 3wt%TiB,/A356 & & A4 kL1 i i 41 21 = 2L
F o-Al A AT A ST AR AL . IR XSk R R o-Al i
i, HAA e e MR AR (A L & S
¥ 3(c). &l 3(d) 7T LA 2 WL 52 21 3k 5 Si ) =48
i, X LEEF ROR B St ST A, KEA N

®2 RARREBH TiB, BRI~ EiTE
Table 2 Calculation of the yield of TiB, particles synthesized by in-situ reaction

Quantity of the ingot for extracting

Quantity of extracted TiB,

Actual mass percent of

Group experiment/g particles/g TiB,/wt% Yield of TiB,/%
1 20.461 0.568 2.78 92.5
2 20.729 0.579 2.79 93.1
3 20.273 0.561 2.77 92.2
Average — — 2.78 92.6
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5-10 um, H 4 TiB, ok 7 F & AR 3 5 Si # 18]
B, 1] TiB,/A356 & G M KB T A 0.1wt%Ce J5 |
a-Al i SDAS A Frisi /N, & AR 36 5 Si % A8
PRLIR . IR 3E S Sio B 4y S, JEHEL S
Ui S B A B AR A B AL, AN &l 3(g). 1 3(h) BT o
2 Ce 19 7% 0590 2] 0.3wt% I, A7 Z /N
IR 0 AR 2L A s, Wi 33)~3(D) B s .
24 Ce W SN 2] 0.5wt% BF, g Sipg R IE
WA — LN, WESHE &K, Ce st
Howt% . 0.1wt%. 0.3wt% . 0.5wt% [ TiB,/A356 &
AR a-Al ) SDAS 433k 22.25 um , 18.15 um
15.34 um, 16.62 pm; F & Si (9 F 2K 5 431 4

6.81 pm. 5.35um. 4.59 pm. 5.65 pm. A WL,

T

A Ce Bl o-Al Zlifk . >4 Ce HYUS N 0.3wt% Hf
AL e, e dh Sif 30 Wk vk, i E S
B o-Al /) SDAS B AH LE A TSI Ce 195 5 41k
W/ 311%, 5 SioE YK U 32.6%, {H 4
Ce YR AN L F] 0.5wt% I, Ak Rkt SR el 553 .

£ TiB,/A356 & & MBI 0.1wt% . 0.3wt% .
0.5wt% (%) Ce i , JE WL T — L& 76 95 HL 5 1 +
(Backscattered electron, BSE) &l A F % b B & )
BB EY, WK 4R, EDSArHr R, X
BeRENAGYETH AL SiflCe L ., ¥ Cell)
oA, BRI E7E 0.1wt%-~0.3wt% B, X
L6 AlSiCe & JE AL S W/, RAF252h 2 um, L
S R R B R R S AR AE T AL S A RITE & Si 4k

LJ 3 A Ce f‘ﬁuiﬂ@ 3wt%TiB,/A356 E%}fﬂﬁmmwﬂﬂﬂal [(SETEp e A\Mu Ce MIFESE T 10 s ((a), (b)) W*" it 1h ((c), (d)) #Y SEM [EI1%;

AN 0.1wt%Ce FIRESHETH 10 s ((e), () FEMH 1h ((g), (h)) A9 SEM EIZ; M 0.3wt%Ce FIFESHE R 10's (1), () FUEH 1 h ((k), (1)) 7 SEM B W&
1 0.5wt%Ce HIRESJED 10 s (m), (n)) A& 1h ((0), (p)) B SEM &5

Fig.3 Microstructure of 3wt%TiB,/A356 composites with different Ce additions after different corrosion time: SEM images of the samples without Ce

addition after corrosion for 10 s ((a), (b)) and 1 h ((c), (d)); SEM images of the samples with 0.1wt%Ce addition after corrosion for 10 s ((e), (f)) and
1h ((g), (h)); SEM images of the samples with 0.3wt%Ce addition after corrosion for 10 s ((i), (j)) and 1 h ((k), (1)); SEM images of the samples
with 0.5wt%Ce addition after corrosion for 10 s ((m), (n)) and 1 h ((0), (p))
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EEMRER

Y Ce FR N4 K F] 0.5wt% I, X 24 AlSiCe 4 /&
bGP 0T A0 R AR 0 2 Ak, DR IR AR R
B ) BT AR BLF SRR . EEREE], X EER AT
HeAR 1Y AlSiCe &R [ fL B 5 AR A AR, fill
SR B T EZ LB, i 3(m) Bk, XA
AR T F R AR . B Ce U N it 19 3%
i, Ce5 AL, SifE 4 Ja [l 4k & 4 i k4 538 i
Syl ALAH RN SiAH B TE AL A R Ce B i, AT
S H Ce I b Si A RCHEAE IR TS, X5 Z TR
1B 1Y ALSiCe 43 J& [H] Ak 5 4 38 in S B3k & Si el
b B BRI AH — 2P,

~

2 3 4
Energy/keV

2 3 4
Energy/keV
54 A Ce FRINE Y 3wt%TiB,/A356 & 4 #1 K- BSE Wi {151 Fr A

ML “+” bRSALEY EDS 43T VRN 0.1wt%Ce 19 BSE [E (a) bR S ALAY

EDS 4347 (b); VA 0.3wt%Ce 14 BSE [ (c) Fidz S 4L EDS 4347 (d);

7SI 0.5wt%Ce [¥) BSE [&] (e) FA7 25 4LHY EDS 4347 ()

Fig.4 BSE microscopic images of 3wt%TiB,/A356 composites with
different Ce additions and the EDS analysis of intermetallic compounds
at the corresponding “+” point: BSE image (a) and EDS analysis (b) of

point with 0.1wt%Ce addition; BSE image (c) and EDS analysis (d) of

point with 0.3wt%Ce addition; BSE image (e) and EDS
analysis (f) of point with 0.5wt%Ce addition

2.3 Ce X TiB,/A356 £ & #1 # H TiB, FAL [ 2 M

T #ESE A A TiB, B0 AE 3 4 DX 40 A 5 L
TEE 5 PR T JE M 1h (19 TiB,/A356 2 & #1 KL EE
fn % SEM EIME o 38 2 X 1] 5(b) A9 T 471 41 B 15 S %
B 5(g) o+ 7 Bric B SORL Y S RS A AT
AL LUR X 28 BURL N TiBy, WEZEK R, A7 AR A
(1) TiB, UK 77 3 AH X 52 B0 S EIR 1 o0 A, L
AR R B Sy LA 80 ) 44 DK JBORE R /N JBURE HA % 14 T8 =X

FEAEFEF R R 3L 0 Si i 2 i KL RIp . & 5(h)
Hh R 18 /N U 1A 7 HR Y TiB, UK R B 3T (LS
FARCIR B A, R (A EORG 7%E, X A Si s
R TiB, MR AT 4011, HAF 4 RS 290.9 nm.,
e i DX/INBORE P 5 14 T8 A 1R T DA A 1 40 oK
TiB, ki LA KRR, Efl&Z R ume
T1 0 B B AR ORI o SR, R LA
TCE 7= A A 1 BT U ) SR AT X 6 0k A 5
Bifi 5 58 [ 3 B B 64T, X 46 TiB, FURE A 7% 22 319
A= o-AL M A HESH P, R AR B R S A X . (AR
WM, X4 TiB, ORI & 4 W52 T 4L 4
Si MBS . Wil 5(a). Kl 5(b) frs, 7€ TiB, Pik:
Bz X, S STARIR SR Rk gs e, R
10~20 um 2 [8] 5 107 76 0 4R X, L Si AR &

T'\Bz paxficles y
el ’

i il
#
5 3wt%TiB,/A356 & A FHkH I AL IX 4G SEM BRI 1 eI 04T «
((a), (b)) LA IX 9 SEM % ; Al(c). Si(d). Ti(e) 1 B (f) JLHE A EIE;
((g), (h)) TiB, WKL fiy SEM &%

Fig.5 SEM images and EDS mapping analysis of eutectic area in 3wt%
TiB,/A356 composite: ((a), (b)) SEM images of eutectic area; EDS
elemental mapping of Al (c), Si (d), Ti (e) and B (f); ((g), (h)) HRSEM

images of TiB, particles
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Az el WK BN 2R R S5 R L A, RSEN T
10 pm,

Kl 6 J& 78 T % 0.3wt%Ce Ji5 TiB,/A356 & &
MRBYBERE /- HT . MALL Si. Ti. B Al Ce L& K
SAER AT LA, Ce iR EE B EELHMIX,
H 5 TiB, #9501 & 8 — 8. fE% X3, TiB, kL
LA K SR /N R A 7 00 T XA 76 T SO IR A
mm Si YR T ATE B o 5 RE N Ce BUAE A AH L
WM Ce J5, W RIULEE B A 5 AH X N AR 7R 2 8
BB TiB, WUk, 4018 6(h) Frs, I HIX 26 5 Hi iy
TiB, FURL AR T /N, 348 1751 nm, X IR
# Ce MM AHCGE T 354 X TiB, Uk A R BLS:
i T 22 5 /)N RS 4 TiB,, TR 25 1020 A5 o

TiB, MUK R T 43 A AE I X, K& 43 i 7

|86 ¥5IN 0.3wt%Ce [ 3wt%TiB,/A356 & &k E AL X ) SEM [Elf%
MG REIE 0T . (a) L5 X% SEM [B14; Al(b). Si(c). Ti(d).
B (e) #1 Ce (f) TLRAYIEE; ((g), (h)) TiB, FUkL Ay SEM [E1{4

Fig.6 SEM images and EDS mapping analysis of eutectic area in
3wt%TiB,/A356 composite with 0.3wt%Ce addition: SEM image (a) and
EDS elemental mapping of Al (b), Si (c), Ti (d), B (e) and Ce (f);
((g), (h)) HRSEM images of TiB, particles

a-Al FRLPY X i [ RS TET 55 40 K JEURE A
Ve desE 7, A 36 5 Si AR B2 R, MR T
/N TiB, B B W1 A a-Al f3E [ RTIS 7R 5] 7
R T a-Al F TiB, FURL A O IE S, X 4k 5t
I ERIE (Y TiB, MURL 56 56 15 M, R b 73 0 7E a-Al
skLN o R 7 R BURORL AR AT G0, Ce BUERM
0, 0.1wt%. 0.3wt%. 0.5wt% [FE 17k
#4918 102.8nm. 99.5nm. 97.4 nm #1 96.8 nm,
JU-F- 08 5 A1 6] B9 K2 42 o R U8 I Ce 19 TiB,/A356
RE S a-AL b ORE P Y TIB, R 8RR D R
0.1wt%Ce Jii , 51 HUAE a-Al &fRL P Y TiB, ik:
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Fig. 7 Micro-morphology of TiB, particles in 3wt%TiB,/A356 composites
with different Ce additions: (a) No Ce addition;
(b) 0.1wt%Ce; (c) 0.3wt%Ce; (d) 0.5wt%Ce
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Fig.8 TEM image and EDS mapping analysis of TiB, particles in Al
phase: TEM image (a) and EDS elemental mapping of Al (b), Si (c), Ti (d),
B (e) and Ce (f); (g) HRTEM image of TiB,/Al interface;
(h) Corresponding fast fourier transform (FFT) image of Fig. 8(g)
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Fig.9 TEM image and EDS mapping analysis of TiB, particles in Si
phase: (a) TEM image; EDS elemental mapping of Al (b), Si (c), Ti (d),
B (e) and Ce (f); (g) HRTEM image of TiB,/Si interface;

(h) Corresponding FFT image of Fig. 9(g)
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Fig. 10 Tensile properties of 3wt%TiB,/A356 composites
with different Ce additions
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P RERIG I, BRI TR SR gk 2K ROIT AR i
BRI A . AR SR 3 MEHE, S FNA Y Q (E
(/N AT LA m(k-1) 310 v i) BBl 105 47 b s B,
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B QME . QMEMNE KA —EREEE T LU R
TiB,/A356 I &5 A1 &L IRl Ce fir S B0 SR 4 AL

®3 HH-THEAESEKRHIEF QFrEHIE"""
Table 3 Data required for calculating the growth restriction
factor Q for binary Al alloys®**")

Element k; m; m(k-1)
Zr 2.5 33.3 6.8
Si 0.11 -6.6 5.9
Cr 2.0 3.5 3.5
Mg 0.51 -6.2 3.0
Fe 0.02 -3.0 2.9
Cu 0.17 -3.4 2.8
Ce 0.004 -18.7 18.6

Notes: k; is the partition coefficient; m; is the gradient of the
liquidus slope, the relative magnitude of Q for the various solutes
can be compared using the data in the m(k-1) column.
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BOARHR 4 St 7 822 A, HF S 3 Si
PEET AR G AR AL N 4R B, SRR KRR
Wr<112>[ M 7 AR, DT B S8 6 e M0 4%
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Ce Ji7 2ty Si B A 928 46 54 i St 51 & 19 £F 41k
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Xof A i S R A 28RBS il hn, W
0.6wt%Yb, Bl 7ETRA 4T, WA Wk s
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Yb il Si 1 Ji -2 4% LR A R T35 5 28 R B .
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Si Bl F B A .

1
e Regio

P11 BeMEIL & Si i TEM G RERS SM T AN 73 B TEM 1&11% .
(a) TEM [&; Al(b). Si(c) TEMAERE; (d) I 11(a) Xk 11
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DX AL AT R
Fig. 11 EDS mapping analysis of modified eutectic Si and its HRTEM
image: (a) TEM image; EDS elemental mapping of Al (b), Si (c);
(d) HRTEM image of the selected area 1 in Fig. 11(a); (e) Enlarged image
of the selected area 2 in Fig. 11(d); (f) Corresponding SAED of Fig. 11(d)
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