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AISilOMg R Z, S H )5 kRe, Budinm
FE 1A 530 MPa, HEK R >15%., FE[E Aeromet 24
AFFCN B I 1) Al-Cu & 4 i\ TiB, 34 55 AH ,
s SO e, K ERTTIE 12%~15%. BR¥ESI0
TiB, fll TiC 9K ki 4h, TAN ZEU58E i in A 99K
LaB kL, w34k 7 H0BIE X AL AlSi1oMg &
SHERMAL, FR T PSP 1.6 pm 5
AR, 1RTE T AR .

WISy Zry Tiv Ta%5n &2 W H 4iib i
HM GRS SN, BRI LI EEREN
RN R o R A B R 2 TR R ALX A AR
NIEAZ TR SR A%, St aiibia & & B 4.
[Fb, BRIy BEVAER R, 55 e ot i
HHRTHT 40K ALXCER AR T, B R TR0
WM SRS &R . B0, SPIERINGS %24
18 Sc Ml Zr 70 K U Al-Mg & 42 (Scalmalloy & 4)
KU T W 2R, P b 5E FE ATk 520
MPa, K3 >13%., LI%EPF]H Zr 201 2024 &
&, WENE T 2024 5 &ML ERE, HRE R
1% 580 MPa. TAN 25! YR FH 942K Ti UKL e P
2024 Bk R, RIS INDEHIK Ti(0.7%, i &
30 T AR HI R ADIR & 0 r2 A, 3R15 3 S 1 A
pn 2R, REIRTE T M 2024 & &R LR A 1
e, HPPITREE N(432+20) MPa, {HKZFKAIA(10+
0.8)%.

0 Si 762 0T LU I3 A i i 7 o R )
Bk, MRARG R g, 38 Al-Cu fl Al-Zn %5
&4 R I B . WANG 2523 i+ 7 — Fib AL-
3.5Cu-1.5Mg-1Si &4, Z5REIMA Si & aT BLE
F M3 Al-Cu-Mg & & M OB . FRATT AT H T
PEPA 38 3 75 0 Si o 3R B 7075 586 4 (N U
A, SRR UIBE ST E N, MRS E
A, I BAHRARIR Al i) . 24 Si 3 & 4.0%(J5
HEOBOR, PG T MRS S

N T S EC OIS A i ) = R LR A M
Bl BRATHTIA T AR AL-Ti-C-B i8] & 461 ok
K, FHRHANBIR AW 7 ER Z B KM A
AlSilOMg &4 . 458K, HI110% Al-Ti-C-B
o A] A 4 AT DLE 2 414 AISi1OMg & 4 B 41,
& T+ H 7 5 P BE (58 FE 29 500 MPa, fifi K %4
10%). SR, KAXM TGS MEES, &%
RSB K G, sRIERRIPEAG . A T R — A

ARSI T —FioHr S B IO G A 1 3 =5 R
HEMARMETE. HhHl& T e AR
TiC KL 1) 2024(TiIC) R & A R, I HURIE S 1)
774145 T AISi10Mg-2024(TiIC) IR &k K . —
[, NN TiC 4K 0N B DAAH AL 38 b i & 55 6 6 8
AL SH— 5T, #2024 44 LASI N Cuss
TCE, REWEAE G SR A B AR A AT B AR
T, BN GRIIER . A TAEE ST T O
1 AISi10Mg-2024(TiC)JR A H K 1 WA H 243 K
J1% R

1 g

SIS SR FH 9% [ F JE 4R A W) SE 1) ALSi10Mg #i
Ay LKL Z5 B BOEAM R R A BRA 7] 5E i 1)
2024 5B A S AR . HF, 2024 RHEEH 1.5%
(R HO B TIC B 5w AH, ¥4 A & % N 2024
(TiC). & SO R EERAEFE: 1) BEHN
AL-Ti-C W& 414k 2) I Cu. Mg ALK Al-Mn
) G & AR AR R sy, L 2 AR dE (GB/T
3190—2008: AP AR R G & E ) 2024
BEMTER; 3) T ESBN A S TE, Kk
R EE A BN, BT R B BT TR R oK. K
JHl ThermoFisher iCAP-6300 ;143 & 5 Feh ok A )
T2y, SR 1. B 1R N 2024(TiC)# K
BN . HE1@Fb)ATUIE R, HAREZ
A5 AN AL ARz DL B ) AICu/AlCuMg AH .
RS AT AR TR PR R [ ok R, TR RGN AL
afLe P 1(c)~(d)iE T LAE i, TiC $UkL 3= B4 A
T, FHBLT FIRMA.
=1 AISi10Mg f12024(TiC) 5 & &k K Ik 2 K 5

Table 1 Chemical composition of AISilOMg and 2024

(TiC) aluminum alloy powders

Mass fraction/%

Powder - N
Si Cu Mg  Mn Ti Al
AlSilOMg  9.46 - 0.33 - - Bal.
2024 (TiC) - 432 145 042 0.89 Bal

Kl 2(a) TR N AISIIOMg # R TES, By K 24
FNTEAR, BRER & 288, X2 2 K iR
B M. R A WO KL EE A (Malvern Panalytical
Mastersizer 3000) W15 2 107 5347 Wi 2(a” ) Fir
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PP, &5 BOGIEIX A 2024 Bl AlSi1OMg &4 3259

El1 & 1.5% TiC kL) 2024(TiC)40 & 4 AR AR 22l 4R

Fig. 1

Cross section microstructure of 2024(TiC) alloy powders containing 1.5% TiC nanoparticles: (a) 2024(TiC) alloy

powder; (b) Al grain around with AICu/AlCuMg phase; (c) TiC nanoparticles on boundary; (d) Enlarged area marked in (c)

N, M ARORLBE 4y A X ()R, R A A AE 32~
80 um (D5,;=50.9 um). B 2(b) 7~ A 2024(TiC)H A
e, BAARRIVEE . RIMPELY, HAERZM
gk, 2RI, 2024(TiC)H A K45 4341 B
e, EFOAGAE 22~49 pm (Dy,=33.1 pm). K
BUMIR & (1 77 15 1) 46 A SE S0 BT 76 IR G ok R, B
] AISi10Mg ¥} K H 48 Il 30%( 5 & 43 ) 1) 2024
(TICK AR, HH=4BEGIIRAS4h. HIBEG
(k) A i 4 O AISi10Mg-2024(TiC). & 2(c)Fli(c’)
JIT R 43 il VR 6k R I T3 LA SOREAR 43 A o H
2(¢")A WL, AISi10Mg-2024(TiC) ¥y &K KL 4% 43 A
B, Dy Dy Dgy 535l 24 22.2 pm. 37.7 pm
61.9 um.

S2 06 75 JE 44 RenAM S00E % [X 306 4% 1k
(Selective laser melting, SLM) & 7%, #06 TAERII
kR H AR S ERT IR G S
BE<Ix10™. WOLEXIBHU T ZSH08: Both%x
275 W, RiEE 80 um, HEJEHT[A]40 ps, F45 A R 80
um, ik EE 40 pmo F54H SR B IE AR A
JE e 67°, 265965 S mm. WIE 3w, 3t
il & 7 AEE, Hod 32 7 H(10 mmx10 mmx10
mm) A T & % B e WA RARAE, K5 R (72
mmx12 mmx12 mm)H Tl & SR . B 3(b) P
TN ATFE ASTM E8—21 btk iy hiz fd ik, -

TBOR SN 32 mmx2 mmx6 mm. F T6 #ab# T
SR BERIAT JG AL FE . 520 ‘CREIE 2 h, BRJGAE
190 “CHf 2410 h.

IEEL D 4847 B )5 K Archimedes HE7K 22042
HEURRE, mBUNR R BB A, AR 3
W, BCFE N 2485 5 . I H COXEM EM -
30Plus $1 48 HL T B4 (SEM)RAE R A 3 FE S it
T RS R A LR il R R 70 3R A5 A0
FEfh o R SO AT 5 R 4 (EBSD, JEOL
JSM-7800 14 Fi1 5% A1 Oxford NordlysMax3 Ft 1)k
FAE LY BRE 1 d R T2 50 % 238 . R Rigaku
Smart Lab X 5 AT ACRAEFE S AH, ¥
N Cu K, ¥, FHE#EE N 10 (°)/min. K H HVS-
1000A 2 [K 2 Ff i 255 11 I 3ARE R T B, 48y
49N, PRENTE 10 s. RHMTS H 7 J5 ge il Kbl
BT Z R PG, NARHE 2N 2%/min, i F bR
P07 25 mm f) 51 oF I 2 R A AR R i )
AR

2 HR5NE
21 BERE

28 MR 15 2O IE X IE 10 AISi10Mg 3R (1%
JE N 2.67 glem®, X % E N 99.6%, o
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El2  AISi10Mg#3 K 2024(TiC) & 4k A « A1Si10Mg-2024(TiC) ¥ A T 5 & oW K Ride 43 #i
Fig. 2 Morphologies and particle size distributions of AlISi10Mg powders ((a), (a’)), 2024(TiC) alloy powders ((b), (b")) and

AlSi10Mg-2024(TiC) alloy powders ((c), (c"))

(a)

B3 ok X KL AlSi10Mg-2024(TiC)4a &

(b)
R6
32
70
(Unit: mm)
SRR AL A U RS

Fig.3 AlSi10Mg-2024(TiC) samples fabricated by selective laser melting(a) and dimension of tensile samples(b)

AlSilOMg & 4 1 B8 % J N 2.68 g/em’.  AlSil0

Mg-2024(TiC) i A (1) % & 08 2.72 g/em’,
2024 584 A T LE AISITOMg /. NN
R VLR FE S I % B . B 4(a)~(c) T

XEhT
2024 =1
NUTRRES

AlSi1OMg W FE I A 2, AU S 3] T /> 2 i/
AL, KRR R REEEGR M. B 4D~OFTR
N AISi10Mg-2024(TiC) ik FF 1) & f 2 23, ¥ Jn
30%2024(TiC)J, A HILH B RL, SR RE
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R, HAFLERREEE AISIIOMg &4 H .
HERYE, 20248548 Cu. MgERE LR R
B, RO IE DX A PR a1/ [ 1 A5 5 7=
A R BUFRFER, AREFFLRY, AISilOMg & 4
I 30% (1 2024(TiC) & 42, A2 B 6 520 L pl
TR

22 BffLAR
E 5 BT AR S TR SRR S B 2. B

5(a)ff7n A AISI1OMg iAFE I B R, v W B35
I g, Ho%E R 2108 135 um, = B2 90
um. [ 5(b) s AISi10Mg iR Tt 2 b ) s
G, HAP RO X EON e AN, FEh
Al-Si LA WTLUE W, BOLEXKIEH SR H
PRI B ], 23 R T o AT YE L, R T A
ANIRTRR AL ZA . A Tt P30S P LR ZHL R vl i 25
SEINAH/N,  FE BRI N A R ZH SRR B
AR, RS L 2 2 O T . 5

B4 oGk IEL AISiI10Mg Fl A1Si10Mg-2024(TiC) & 4= iR ) i ZH 41
Fig. 4 Microstructures of AlSilOMg((a), (b), (c)) and AlSil0Mg-2024(TiC) ((d), (e), (f)) alloy samples fabricated by

selective laser melting

El5 PRSI LAR R B ROE 3

Fig. 5 Etched microstructures of as-fabricated samples: (a), (b) AlSil0Mg alloy; (c), (d) AlSi10Mg-2024(TiC) alloy
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(©)~(d). KN 2024TIO)VHH & & EEH 1.5% K
TiC WK, 22 W I S B A 70 AN 2 5 i P 3ok gt 2]
TE B AR EH ZE S

Bl 6 AT/ NPT IR AT T 42 K 5 1) (Build
direction, BD)[J EBSD &5 & . Wi 6(a)ffi~, VIR
A AISi10Mg A 480 5 A R R P AR AR i S Js it iy 25
AR TR AR /NS R o AR R AR AT A K AR S AR T )
— . WOLIE X AB R 24 12 B 22 3504 B O
TERPRE, B ok R AE AN EAE K, VR R R A
KITIAKK, AT 52 2R X P
ZSINETY A SN = W (e - AL ESlp v p SR R o
PERT, [ 6(a)H AISi1OMg & &I R, &
SIRUTRRDT MR R T 58<100)//BD R 222384 o

W 6(b) AT, JUAAS AlSi10Mg-2024(TiC) &
& AL S Y/ Sl A D R AR & PR
FiRSFAUCA 2.8 ume HHF 2024(TiC) & & AN T
1.5% K TiC JURL, 4K IR AE Bt [ 72 R Dy
JRIEAZ 5, 0T DME ik a(AD SRR, B R A
AR 5B T8 AN K, 3 T A AR 0O B A I G
AlSi10Mg i . Bl 6(b)H i Zs AlSi10Mg-
2024(TiIC) & < I AR BT R W, & S UTAR J7 1] JF
KA R MLTE R, ALK Tic FUki i 7
FEAR A IR B, AT A A% 3 U AR 3 R 1 &% 1)
FtE.

Bl 7 fiT 7 N 48 T6 #4 kb B 5 30 FE i B A i 41
T6 #AbBR G, WGk XA Y U A I R 2 21
TESATE A REIR, R IR 3 & 2 21 56 4 o i o

El6 WIS 1A 1 EBSD 45 H b A ]

% . ; e
, A ', w.'_ ] \‘»‘\‘_ g = f
(h ] o
Sy ¢ (&
0, KR
it s ". Lk olielle 5

BT HBRCK 2 Btk Si Rz . X b B 7(a) F(b) °] LA
iy IIN 30% 2024(TiC)J5, Btk Si foks i) 50 %
BIAK, {HAE AISi10Mg-2024(TiC) & 43 b H
T REGUK SIRRL. A RER BTN 2024 & 4251
AHKIMg. CufEnz K T SifE AUEAR R SE
B FE A HL R T oK Si L. LTS i
FRY, 90K Si kb RE Rk Al & S 54k, ki
PRI HARE .

B8 FTon Nk K UIARAS K& To # b 5
AlSil0Mg F AlSi10Mg-2024(TiC) & 4 ] XRD i .
HH 8 1] I, AISilOMg ¥ K W A7 7E ALFTSi i AH
2024(TiC) % & <k AR v FF 2R A6 il 21 TiC A1 ALCw/
AlL,CuMg #f, FEE & KA TiC 1 ALCw/AlLCuMg A
RSP/ HA B, R XRD BoAR M LA IS . 9t
MEEGETHT R T AU SiAH, 4 Te #kk
G, Aah SUEATHESREE TS, FER L
B3 Si AR T, XS RO
SEH—H, 1F AISi10Mg-2024(TiC) & 4 3F AR A
F| ALCwALCuMg A, W RE 2 N H & E5IK, Af
XRD A LU I E] o

2.3 HEMEE

&l 9(a) it 7~ N AISi10Mg F1 AlSil0Mg-2024
(TiIC) & VIR AR To AL B 5 A E .t & 9(a)
ATLAEH, W IN30% 2024(TiC) & 4 )5, DU IR
FEREEEME A B0, M 122HV B8 n%] 130 HV; 458
TOHALFR 5, WA & 1RE R I TR A BRI
{H /& AISi10Mg-2024(TiC) £ 4= I FE MR /1N, A A
130HV [ 4 126 HV, 1M AISi10Mg & 4 [1A# FE M

L

Fig. 6 EBSD and inverse pole figures of as-fabricated samples along growth direction of additive manufacturing:

(a) A1Si10Mg alloy; (b) AISi10Mg-2024(TiC) alloy
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AlSilOMg
(d) Si
Al
AlSi10Mg-2024(TiC)
0 O.I S T.O 1.5 210 24.5 3.0
Energy/keV

7 ToHALFE(520 ‘CREA 2 h, 190 CTHF R 10 h)Ja slFF 12 AL 2 EDS 45 R

Fig. 7 Microstructures and EDS results of samples after T6 heat treatment (solution treatment at 520 ‘C for 2 h, followed by
aging at 190 ‘C for 10 h): (a) AISi10Mg alloy; (b) AlSi10Mg-2024(TiC) alloy; (c) EDS result of large particle of AISil0Mg
alloy; (d) EDS result of large particle of AISi10Mg-2024(TiC) alloy

* (111)
ST
+(200)
* (220)
«(311)
I
>

AlSil0Mg-powders
7
2024-powders
.
AlSi10Mg+30%2024-T6
b
AISi10Mg-T6
il
AISi10Mg+30%2024
A
, , ‘ , AlSi10Mg

20 30 40 5I0 60 70 80 90
20/(°)

8 MR .UIME KA To # 4k # 5 AlSilOMg K

AlSi10Mg-2024(TiC) & 4 ) XRD i

Fig. 8 XRD patterns of AlSi10Mg and AlSil0Mg-2024

(TiC) alloy powders, as-fabricated and T6-treated samples

122 HV F#K 4 86 HV. XK B BRI T 30%
1) 2024(TiC) & <= » 1H 173 2 8% XJ AISil0Mg-2024
(TiC) & ke BB W 2 I oA E H

Kl 9(b) T 7 9 PR Al < DURR S A1 T6 Fivak 2 s
RN S - AR 2. I 9b) T LR,

G SV R Z A K, A 30%
2024(TiC) & &) > PUhiomfE i (435+5) MPa 1 i £
(451£12) MPa, J& Ik 78 J& H1(285+10) MPa £ Jii1 F
(300+21) MPa, fHKRBMALE, N 5%~6%.
M6 A, BT 2024(TiC) & 481 1.5% TiC
YRR, TN 30% 2024(TiC) & 45 AT LA 25 4]
WIS A S aRL, (B2 IFRA BT R
A,

HE9b)IE AT LLE H, TeHAER S, W& 4
LR R B AR, R KR T E . AlSiIOMg &
S PSR P PR AR IR, M\ 440 MPa [#1K 2] T 260
MPa, F#{KIEFE 180 MPa. AlSil0Mg-2024(TiC)
A 4 TR M 461 MPa [#{X 2 400 MPa, (%
& BEA A 61 MPa. 3 BL{EEHI/E, 4 T #u it
J&, AlSi10Mg+30%2024(TiC) 2 4 ) Jm IR 58 25 T e
%2336 MPa. X FEE [N 2024 & 4 7EHAEEE L RE
2> B i ALCWAI2CuMg(0' Al S’ #H) %5 &5 — # i
T, G AR AL G BB

K10 Fis NPT AT T6 AL BE 5 AISi10Mg M
AlSi10Mg-2024(TiC) & &= I B LS . H S A
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160 500
(® N As-fabricated (b) AlSi10Mg-2024
I T6-treated AlSil0Mg
400} g
2 1201 AlSi10Mg-2024 (T6)
£ § 300¢ AISi10Mg (T6)
= 80 S
%’ 3 h
E 2 200f
=
40t
100

AlISil0Mg

9

AlSil0Mg-2024

4

6
Strain/%

10

TURRZS I T6 # AL FE 5 A1Si10Mg b2 AlSi10Mg-2024(TiC) 4 ) 5 (Wi B b FLF {8 7 - A% ph £

Fig. 9 Microhardness(a) and tension stress — strain curves(b) of AlISil0Mg and AISi10Mg-2024(TiC) alloys both in as-
fabricated condition and after T6 heat treatment

B 10 PRSI TE #4

Fig. 10 Tensile fracture morphologies of AlSi10Mg and AlSi10Mg-2024(TiC) alloys both in as-fabricated condition and
after T6 heat treatment: (a), (b) As-fabricated AISi10Mg alloy; (c), (d) As-fabricated AISi10Mg-2024(TiC) alloy;
(e) AlSil0Mg alloy after T6 heat treatment; (f) A1Si10Mg-2024(TiC) alloy after T6 heat treatment
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HIR WL S)RAERT 51, WO X G AL-Si &4
L P AN R A G R o i Ao R PP iR B A
W) (AR B R AT, AR AR/ i ST
Wbr=AR R AR, MR TEIE T AR TR,
STEFH AL RS, B ANINRE S1iZ 5 5T
WERLOEEKARY R, JFRA&FEAE™. HE 10
(@~ LLE H, PTRAS AlSi10Mg AT AISi10Mg-
2024(TiC) & 4z W 1A K B i 24 T 54 U 2L 5 B
B B T 2, I LA R e K A T
(WLE9(D)). Fhb, FEIRFERT bt e R |8 %
(I FLIT DA B R il S5 b, R YR 2 B
Ryu)g, FHIEGE, MRS 80 1
RECY. HH B 10(e)~(D T AR H, & To A2 )5,
AlSi10Mg & AlSil0Mg-2024(TiC) & 4= f) 7 11 7 55
AL, W B AR, RIS (R
2, HEEHRSTZ085 ume 5 TR K D3
FHEG, 2 T6 #Vb B G W5 A8 KA R, BIS3 T
BER .

ZE ERTR, NS TiC 99K Bk i) 2024(TiC)
4T LLSR AL oL X M ik AlSiTOMg & 4x, £
Jif IR 2 41 s A AT sk . Rl 6 PR, N
TiC S PEM 2024 J5, ahkifR 2] T B4k, JHUIR
J7 ) AR A PR KRR 5 A8 At /NS it 4T
TERAM I P4 . M4 Hall-Petch 56 £ 3 1] 20181,
AR ), R R B S . SR, ASSEER I
KM BN GURES G S MBI RIET, wTREE Y
TEFE A A LT B AR il B S R R 3R T R, A
MEHER T FE R . 70 2024(TiC) & 42> 5
AMg. Cust %, 7E#ALEREH 2 ALCw
AI2CuMg(0' F1 8" )55 58 AR, fH15 T6 #ib
5 AISi10Mg-2024(TiC) & 4= 58 FE 2 3 = T AR 1k
PEAISIIOMg & 4. BbAb, B RGd RE dhodr H i gk
Si R AR PT S B — g s A AR A

3 Zig

1) ¥ IN 30%(J5T & 73 F0 1 2024(TiC) & &K K I
R R FMTRE W AR RIEVERE . 2024 &6 H T &
AEZWEGEIoER, EREE /R TR+ 5
ARG . A TTAE S A AIS1IOMg Hin A
30%2024(TiC) &4, TRA M AR IRFFA R IAF I RUE

2) M 2024(TiC) & 4= (& 1.5%TiC 4K ki) af
DL S AL OGO 2. B0tk XIS AL 72
1, 2024(TiC) & 4 2 BEOK & 1 TiC 9K BkL, 1]
VER S RIEAZ AR HE AUTEAZ, 0 R R & 1
A, HEIME RN/l A2, R R 25 554k
7 (100)//BD(Build Direction, 4= K 75 []) £ 43 ¥4 (¥
TE R o

3) £ AISi10Mg il A 30%2024(TiC) &4, 7] LA
FINCuZE& 4T ER, fi AlSil0Mg-2024(TiC) & 4
FE R B2 R R S SR E AN B8 . 20 T6
AL B S AISi10Mg 7 4 1 58 5 % K 22 260 MPa,
1M A1Si10Mg-2024(TiC) & & (Pt i o AR EF T R
K, 400 MPa.
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Selective laser melting of 2024-modified AISi10Mg alloy

JIA Zeng-qing"?, GAO Tong"?, WANG Gui-long"?, LIU Xiang-fa"%, ZHAO Guo-qun"?, WANG Xie-bin'-?

(1. Key Laboratory for Liquid-Solid Structural Evolution and Processing of Materials (Ministry of Education),
Shandong University, Jinan 250061, China;
2. School of Materials Science and Engineering, Shandong University, Jinan 250061, China)

Abstract: In this work, 2024 alloy powders with 1.5% (mass fraction) TiC nanoparticles were produced first. The
special 2024(TiC) alloy powders were added into the widely used AISi10Mg powders through mechanical mixing.
Selective laser melting technique was used to fabricated the samples. The microstructure and mechanical
properties of the as-fabricated samples and the samples after T6 heat treatment (solution treated at 520 ‘C for 2 h,
aging at 190 ‘C for 10 h) were studied. The results show that the TiC nanoparticles could act as the heterogeneous
nucleation site of Al grains, leading to the suppression of coarse columnar grains. As a result, the microstructure
could be refined remarkably. Moreover, the strong (100) /BD (Build direction) fiber texture is suppressed
largely. After T6 heat treatment, the strength of AlISi10Mg alloy drops to 260 MPa, while the strength of 2024(TiC)
modified alloy, i.e. AISi10Mg-2024(TiC) alloy, maintains at a high level of around 400 MPa. This is because the
addition of 2024 alloy will introduce Cu element, which promotes the formation of second-phase particles during
subsequent aging treatment, and thus strengthening the aluminum matrix. Moreover, the precipitation of nanoscale
Si particles may also help to strengthen the T6-treated A1Si10Mg-2024(TiC) alloy.
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