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STUDY ON MICROSTRUCTURE AND PROPERTIES OF A
NEW ALUMINUM ALLOY AL-CE-CA-MN BY SELECTIVE
LASER MELTING

ABSTRACT

In recent years, selective laser melting molding (SLM) has
become another important molding method different from traditional
casting. Selective laser melting has the advantages of a high material
utilization rate, a simple molding method, etc. Moreover, selective laser
melting molding technology has a high cooling rate in the printing
process, which will refine the microstructure, and provide the possibility
for improving the properties of the molded alloy. Aluminum alloy has
high specific strength, high thermal conductivity, and good corrosion
resistance, and has a broad development prospect in the aerospace and
automobile fields. At present, the development of aluminum alloy is faced
with the challenge of not being able to serve in high-temperature
environments. In this paper, the problem of the high-temperature service
of aluminum alloy is studied.

In this paper, Al-Ce alloy was taken as the research object, and
a series of experiments were carried out on Al-Ce-Ca-Mn alloy by

selective laser melting technology. The solidification behavior and
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microstructure of the alloy under the condition of rapid cooling were
studied, and compared with the cast Al-Ce-Ca-Mn alloy with the same
composition. The hardness and tensile properties of Al-Ce-Ca-Mn alloy
with different printing parameters were analyzed. The main research
contents and results are as follows:

(1) Printing speed and laser power are two critical parameters
that affect printing. The experimental process parameters are: scanning
distance of 0.13mm, powder coating thickness of 0.03mm, turning angle
of 67, laser power of 330-370W, and scanning speed of 1200-1400mm/s.
The influence of parameters on printed samples is studied by changing
the laser power and scanning speed. By comparison, it is found that when
the laser power is low and the scanning speed is high, the energy density
is low, resulting in incomplete fusion defects and cracks. When the laser
power is high and the scanning speed is low, the energy density and the
temperature are too high, which will cause some elements to gasify,
resulting in pores. In this process, the optimal parameters are laser power
of 370W, scanning speed of 1300mm/s, scanning interval of 0.13mm, and
powder coating thickness of 0.03mm. Under these parameters, crack-free
alloy samples with a relative density of 99.69% can be printed.

(2)To highlight the advantages of additive manufacturing, this
experiment compares the Al-Ce-Ca-Mn alloy printed by selective laser

melting with the traditional cast Al-Ce-Ca-Mn alloy with the same
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composition. Scanning electron microscope and transmission electron
microscope were used to analyze the microstructure. Traditional casting is
equilibrium solidification, and its composition is hypoeutectic. The
primary a-Al phase formed during solidification can be observed, and
then the lamellar/rod eutectic structure can be observed. The
microstructure of the alloy formed by the laser selective melting process
presents different morphologies in different areas, with fine equiaxed
crystals at the edge of the molten pool, columnar crystals slightly inside,
and cellular crystals at the center of the molten pool, which is the result of
different thermal history in different areas during solidification. The grain
size of SLM molding alloy is much smaller than that of casting alloy as a
whole. This is because the cooling speed of the SLM process is very fast,
and the grain can't grow up. The reduction of grain size is beneficial to
improving grain boundary strengthening, solution strengthening, and
other strengthening mechanisms.

(3) The mechanical properties of the printed sample were tested,
and the optimal laser power was 370 W and the scanning speed was 900
mm/s when the scanning distance was 0.13 mm and the powder layer
thickness was 0.03 mm. The average hardness of Al-Ce-Ca-Mn alloy
formed by selective laser melting is about 103.5HVo.. The yield strength
of Al-Ce-Ca-Mn alloy at room temperature can reach 337.38MPa, the

ultimate tensile strength can reach 435.85MPa, and the average
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elongation after fracture can reach 12%, showing good mechanical
properties. At normal temperature, the yield strength (YS), tensile
strength (UTS), and elongation (g0.2) are 321.12 = 14.89MPa, 428.57 =
7.78MPa, and 10.96 &= 2.25%, respectively. With the increase in ambient
temperature, the yield strength gradually decreases from 321.12 =
14.89MPa to 153.90MPa, and the tensile strength also gradually
decreases from 428.57 = 7.78MPa to 160.69 = 22.17MPa. The higher the
temperature, the greater the strength loss. However, the elongation of the
alloy at high temperature is increased by 153.02% compared with that at
normal temperature. Based on the analysis of the microstructure and
mechanical properties of the alloy, the decrease of grain size is beneficial
to improve the strengthening mechanism of grain boundary strengthening
and solution strengthening.
Lvsizhen (Materials Science and Engineering)

Supervised by Huang Zhongjia

KEY WORDS: selective laser melting, new aluminum alloy

Al-Ce-Ca-Mn, process parameter, microstructure, mechanical properties
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o-Al/AlLCes FE A A, 1 3 F A 1 Al-Ce & 4k [ B vb 2 A8 b K &2 2411
AlnCes 141, {HJ2 ASRM i 2 i Bk EDEFR R, 2 (i 3L it 2 2 1 3 o 2H %%
A%, BT MR B R B4R AlnCes HE 4

H5UWAEGEME, Al-Ce Ga 1 %R ) ERE R LU E R H AlSioMg, AHEL
FHAE A SERR TRERI, Al-Ce REEEmME FALE AT, HilE
T E R Al-Mg-Sc-Zr & a7 =i T H IR Als(Sey Zr)2 R KR, T2
sEACAE PR L SOR, dEi S 3G S0 SR T 15 MR B 11 Al-Ce RA &R
HLUAa-AVALNCes Hedi2H2, H Al Ces AHTE B FBONRE, TEmE Nl CAAR
R RIFIITERE

1.3.2 Al-Ce T B & S E IR

Al-Ce L& HA RIFITHVERE, BEREAE 400°C RA RIFIIALIAFEE
Mo 3 BB B PR B B S A5 E (107KSs) 113 Al-Ce &4 &K@
A e e P T FAVER POV 0 o SR, AR S KRR, i X OB AL ) 46 1 Al-Ce
LA SRR L LGSR RT LA — DI TR AL, A A T
£

Hyer H.BY%5 N JERE O KIRIE S (LPBF) 4TE0 AlsCeioMg &4, 1EHOL
ThE N 200 W i, JiE ARERSE N (YS) 377MPa, HEERFLHHEE (UTS) N 468.6MPa,
(B L ZE AR R AVAN A AT 1.8%. Zhou L B34 A K Bl LPBF L. 214111 AlioCe L&

7
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&, FEAHEREIE 10.8%, HA 4K YS Al UTS (X HAE 222.1MPa 1 319.3MPa.
Manca D. R POV i i ife X OISR B4 (1) ALCesCu &4, FTEIAH YS
FUTS 437128 274MPa Fll 459MPa, IEfHZHAH 4.5%. Kk, ik Al-Ce &4
S L R S R P £ ) ) U S T AL-Cee A5 Gk — 35 N P P oA AR ke P ¥ A

1.4 iIRAR

AHFFL B TEWTFL Cas Mn b Al-Ce £ 4 IR DX SOG40 U A RE 14 5 ) D
B, TELESMER B FTEISHOL KA RENNATDT TS se B, SR E &
BT HARL G &, BEEATEE, ERY T Al-Ce & & 1R i S ¥ B =)
Tl o AT EARBIFE 9 250 -

(1) EX B Al-Ce-Ca-Mn i 3L 45 & SR ARIIH & MR
(I I BA BH AR AE AL

(2) Al-Ce-Ca-Mn & 4 7E 18 X BOGIA b AL AR 8RB 7= AR AL . IR LA
IR TZ 35, #KINES Al-Ce-Ca-Mn & &1 EIHIRIE TS5

(3) RA65 BE . F BT RAs LSO I BT B S, Wa
EHHATHORA LM, IRIASLIRAHLER . SR AR o #6538 Al-Ce & &4 4T
X B T, 48 BH 328 DX O A RN EG 3G 1 AN ) 1 2 RHaRE SO 2 SR04 R PR s

(4) £ 250°C. 300°CHI 350 CARIREE AT, XF Al-Ce-Ca-Mn &
SHATRAPPERE DTG, W FAEA R0 B2 2% 2 (R B P AR A A e o
ERWT VAT ISR, A LTI . R 2R IE X OB AR Al-Ce-Ca-Mn £ 43 1)
SRR IR S LA B SR AL o



LRI R 22 A S

228 RWHH, HEREE

2.1 SEEGRE

ARSI U 2-1 o, B e fESRIR A SeB AT RLBEAT 08, R JE xR
RFAT SR, BOHOCT AR AT BV 2 X A S M BRI A 24, AR
S8 T BB I SR O T AT BV EE P A S A RIS R VLK TS e
A SR JE R FLBUE BER S BORE B EAT A R M. SR)E S E O 18 iE
Al-Ce-Ca-Mn & & AT H LALLM RE XS LE, BRI FLam AL, 45tk XOE A
WEEMBETHEE eI,

BRE. MARRE. ik Al-Ce-Ca-MnS &

ITE. WEEBESE = *ﬁEE‘l‘;"ﬂUiil'.
— [Al-Ce-Ca-Mn& % b AE 3|

LSSHMR [ OEEE ]
| LEREER

a Al-Ce-Ca-Mn3JED
T4 (XRD. TEM) Eﬂﬁ%@iﬂéﬂ&q

HMIRALZ (OM, SEM)

v EHEE |
SV (EBSD) R v FaftE e

K 2-1 sEEGmRE

2.2 Al-Ce-Ca-Mn & &%

2.2.1 Al-Ce-Ca-Mn & & ¥ RAVEHI&

LIRS 54 % Al-Ce-Ca-Mn S M K. K 2-2 NS AIEG e
RENEBTLE DPGEIZ B AR CRUREE @) b B 5 V206 < s v
PR AR/ N, AR5 & R BUAE R T 5K 77 AR F R AN BRI, SR )5 v it
JoSG ] ARy 2R (1 1 26 D i o
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AENHIB R B A I AR S sl —. BT SEIUA,
JRZ TR S BRIT S MR AR o g B A s iR S e R 2
nsEALEn . LS. e A, 2 3D ?TEUm/mnlWF%Dm%’%F“ EAL A ) E AL

B 2-2 K
2.2.2 Al-Ce-Ca-Mn & & R B4R e

SERARIE Fi FRD R ARLAR, HRSIE BE, VR AN S5 BRI e X e R ot 14
AR EE AR . 1A sh M fE nT MRS AR 2 05, R T LA 2]
METERT, BibEik A . EHBOCKIEAL (Mastersizer 3000E) X473 A 1)
RAEHEATINGE, G B AR PRI (BT1001) A4 R #ivkae, @I E
IRV TH IR 2R 1 88 AR VA

(a)

B 2-3 By AREFHEMNRAC 28 (a)  Mastersizer 3000E Botk 258 (b) %‘ﬁ%%‘%%r

MR (BT1001)

10
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2.3 GASHEMAITENSHMmE &

2.3.1 HiEHmbIE

DA 0144 PR R B bnifE, 1B FH4E Al AloCe, AloMn, AlsCa &4
AR HRTRRC L S G S E, BEMEHL RFRANSE (i 2-4 (a)),
FHRIRTE R B e RIREREINA =M (K 2-4 (b)), R FHEITAH,
FEAEIGE R, AR 2-4 (o) NHiE Al-Ce-Ca-Mn & 4. A JEIEIALIN
TI7 =, K HIN LR AR RL 2 IR, 85 X LR AT 2L 250 i F g 24k
BE I

B 2-4 43 Al-Ce-Ca-Mn & &HkE () MRS (b) 75 BHHR: (o) %25 ALC-Ca-Mn
oS

2.3.2 FTENHEGESIE

ITEN & 4 % 4% N8 [ 42 77 (1) EOS M280 SLM T ENHLES, iZHL2SHl % —
400W BOAs, Wl 2-5 (a) From. SEf U BT T EN Y BT S 40
SRIGAE A AT UL, B 28 4T BN 3N EOS M 280 Bl 41l 2-5 (b).
RIERHREING A, XTERICF G BT, By b AR 5. 285 FR
VU S 22 BR3E TS, LARHHT ENIDR 2 R 94 %R L, AR5 Mk 2 il A #E — 2
ik 2 SR BN HA, FENE TN AN, ZA A AR IR P44 80°C,
FTEMAEG U N EAT o S EEBURE N 80°C IF HA S &/ T 0.02%H, BJ
A TFREFTED, 4TENE R 2-5 (o) , MARFEIE 2-5 (d) B,

11
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K 2-5 (a) #TENES (b) FTEIFRE (o) FTEILRE  (d) FTEREGA
2.4 Al-Ce-Ca-Mn & &3TEN TZE¥

EOS M280 #11 5 SLM #T ENHL RO T Z B 400W, AR A4 FH Al B 85 2
-1 AT, ARREE % RO ThR . AR, EEMERREA L.
AR B T O D A AR X BN S8 IE A S T2 S8k 2-1 iR,
BEWOL DI Dy 290 W-370 W, WOGTh AR AN 20 W, 3 ### FE 4 900
mm/s-1500 mm/s, FRGESE B EIEE Y 100 mm/s, #0632 )E 30 wm, AR
0.13 mm, F3#RMEANE 2-6 fs.

4 o Layerntl

30um

Building Direction

K 2-6 SLM 4T E sE %

12
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R 2-1 fTEHISH S5

BOLTIE/

290 W 310 W 330 W 350 W 370 W
A
900 mm/s Al Bl Cl D1 El
1000 mm/s A2 B2 C2 D2 E2
1200 mm/s A3 B3 C3 D3 E3
1300 mm/s A4 B4 C4 D4 E4
1400 mm/s A5 B5 C5 D5 E5
1500 mm/s A6 B6 C6 D6 E6
2.5 HEanaRIE

251 REEMBES

ITENSE UG R ARE U, 3 2R D) E R W BV, SRR 4
BRI, 250 1004, 400#. 800#. 1200#. 15004H>45AT 3.5um Kift i)
SN T I, 55 1 SAH BAETE 100X M, A-SMEUh 15
sKEDR, JERPHERRRR P, TS B LBR A, B3 2R AR XY
BUEE, SHVEGEWE 2-7 Bs. EER M EH Keller W71 (ZEHK: ZHIR:
HhR: MHER=95:1:1.5:2.5 (ARFRLL) ) XHHLGH S v 15-25s, SR 5 LETEAS b gk
AT E D, BB S SLED R WOXWLIEAT T4, AR5 SLEME A BB AN T
A A AT R I

K 2-7 (a) AR OM Kl (b) BRI

13
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2.52 FAMBFEHRES

5 FH} EM30AXP U314 B S B X 1 EDRAE B s i I 50 . i & 410
FESRIEAT IS DA hi AR T 24T, R FH RE RSO & 4 N SR I T =

}T“
K& EHITIE,
2.5.3 BT ERE TS 94

1 FH A5 A T 1 B AT 2 S0 (EBSD) R HL 7 W48 (Tescan Mira3S)
NTRE SO 25 #3047 204, E &S e, Mg AEE M (Y-Z 71D
EBSD #7126 KA 50nm.

2.54 BT RMEBES

{8 FEI Talos F200X AL3% it H - 5 (0B 0T & 4 P i A5 i EAT 0T,
LN 200KV, BRI E MR RO A, R & HAADF #RK AN
%] BF/DF ##3k .

B ERYIRIR Imm EEME R, FLITEESOum ifi, REHE
Gatan 691 BT % Lt — Db AT IR . S8 5 033 5 - S OB X i Ak
MTESURIHT 58 AR HEAT 8, #f e i HARANGS SRR AL 1] G R, DA KATT HAH 19
SERAGALER o BT A3 = 2 FE B R (HRTEMD , ST HAHEAT 3 X HL AT 4 (SAEDD,
f# 1 DigitalMicrograph ¥ #f% HRTEM P Jr #EAT M Bt A2 ¥ (FFT) 047, 5
MDI Jade FAFHEAT LU, 45 HAT HAR I BAR R

2.5.5 X GHETHT 4

8 A8 [ 41 B 5 D8 R X S RATHAU Al-Ce-Ca-Mn JR 468 K\ 85184 4
AT ENZSAFEEATYIAR AT, Bl FHEEA 9 B #E A, TIXPRBE Imm, FHHEZE
N 4° /min, AL 10° -90° o FATHEIEG S MDI Jade B A AR HERT ST I
FkriE PDF £ H#EAT 6 EE, J5E Al-Ce-Ca-Mn £ 4 FPIAH 4 1 DL R 5 k45 K 28
.

14
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2.6 Al-Ce-Ca-Mn & & HIMEEENIR

2.6.1 AEBEESFNMK

] FD-102 BY-5-347 BL S R AT 4T ENAS Al-Ce-Ca-Mn & & #E4T H SRR .
BB AT B, LR IE S, REXRAFESENE 347
R=ER, BRI BERZE,

2.6.1 AeERNHEESRA AR

FTENH 80 mm* 18 mm* 18 mm [ T7 R AFE, FTEREREMNE] 2-4, FH T
NE 2-8 Fsii RS, B 2-8 (a) NERAHAEE, FRFEN 25 mm, JEEE 2 mm,
B 58 mm, FEEN 8 mm; K 2-8 (b) NEEBLMIRFE, FREEN 30 mm, JEE
3mm, &S 78 mm, TEEN 16 mm.

25 Y N 7 R R A BT T R L N B45.305 LT T RERIG ML, R AR AR A
0.5mm/min, FMREEMR =K, 15BN AbREZ

78

K 2-8 A R~F (a) IR (b) iR Rt
262 RHEE

{5 FAFRHELE IG5 A8 B2 1 HV-1000Z &, {# FH &R &Sk BN S A E i
R, 75 200 g A1 10 s B H &M AT 5 RIS, SR )5 Bt o &R IRIR

15
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T EE R B B KB ME, SRUFSE T EE.

2.6.3 EEZERIRIERE

5y B FEXERIT EVAS Al-Ce-Ca-Mn £ AT S5 LBV IS0 (38 08 1
MRH-5000W ) LEHIREIRLR SRR KU HL, ALBERDELY SiiNa, HLBLA
%9 50.00HZ, BP9 3.00mm, BEFE T RO L BER . SU0i Bt B
500N, 1719 20 min, FFHURS 02 R BRI R HI IR L, R0t B
ST

16
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#3 & Al-Ce-Ca-Mn A& SLM TZLHIRR

&

XU CIE T BN LA 4 = AR 2 R R v, Hoh T2 340 sk
DX OGBS AR BT A 4 2H RN ) 2 i 1) B 2 i R 2 — 401,

GRS, FMETENRES UG JE MR I R B SO WOk, WOk
PR, Bk)EE, ARREX 4 NS, T2 ARG GG,
AL, BRI G BRIE A4 . WOGTh = e WO R RE B %5 FE I RS2
WOt DA RS BRI BB I 7 AR 2 e, 25 5 IR FLRI AL,
T A T 28 T B DU R A e bl B2 A 2 US4 S oK 78 A I8 Ak, S BUR R 7 7
JREERBUR TR . WO LS, RISOCRESMR R BB SR, sy
i 7 5 2 (R SO ZH ZARIAR AR AT Sy o 341 1 P A PT A5 BOBO 6 i BR e [
Ay it B0 FE A AL R AR I R, 184 K78 5 )25 ) o RS I BRI AR
P Tk v AT BB A A TR e A A, FEUE B R S HL A

AT EE I T O TN Al-Ce-Ca-Mn £ 42 iR R 54 LA K
T BE A Al-Ce-Ca-Mn & &M T 55 AT IERZSLR TESHEITN:
BOBThER N 290 WL 310 W+ 330 W+ 350 W, 370 W, FIH53% E y 900 mm/s. 1000
mm/s. 1200 mm/s. 1300 mm/s. 1400 mm/s £l 1500 mm/s. 72 S04 4 (] FE [
SEN0.13 mm, k3 EIEHN 0.03 mm, FERBIHGREN 80°C, E5E AR
R 67, BEATENREG R FHHT. ESTEZRT, a5k
(1] Al-Ce-Ca-Mn & &85 R AT, ERH Al-Ce-Ca-Mn & &80 RFEATHT ED A ]
AT

3.1 Al-Ce-Ca-Mn &£k

3.1.1 Al-Ce-Ca-Mn & & ¥ AR B045 M4

B R BT R S B TR (ICP-AES) 1S, BEARRS 3k 3-1 fr
Re B3R, 64 CeIEEN3.0%, Mn TEEZEN1.9%, Ca tEG&H
N 0.8%, IEHRIHMEN Fe. Cu ik, AJLLZBSATT . M AR RAE N &2 R an
3-1 s, MARKIZE A D10=24.508 um, Dse=42.488 pm, D¢=72.177 pm. i3

17
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MARYRSLHE RN 1.77 g/em®, Fa3EB RN 1.55 g/em®, LA 50g #3 K V& S 1H]
62.31's, BATT GG JEIEMHIE R ER

100

50

Volume density (%)
\

D,,=24.508 |

T |
2+ 1 10
I H
i |
0 I 1 1 1 |_|| =l
80

1
20 40 60 100 120

Volume accumulation (%)

Size (pm)

3-1 Al-Ce-Ca-Mn & & ¥ KRR 0 A
# 3-1A1-Ce-Ca-Mn &4 %4y

TLER Al Ce Mn Ca Fe Cu
B (Wt%) RE 3.0 1.9 0.8 <0.2 <0.03

3.1.2 Al-Ce-Ca-Mn &£ KB ™A 5R

SEIG ] Al-Ce-Ca-Mn & 43 AL 3 AL 2 Cofy TS A 18] 2-3 B, il &
3-2 (a-b) FLLWLER BRI BT, Kok RICNERTE, (H2AA D
Gy HABTEAIRD AR, Al 3-2 (a) s HELL K& 3-2 (b) WLt HE I LR
By, X EEAK TSR K 22 5 Mok R R s, FHEXTHT Bk i A2 i e — 52 19
SN, R R MR B IR B R REAS4T),

I B 3-2 (e-d) AL SR BA St AR N RAEAEFLIR, i 875 4E P ¥k
A, SR BITE R E ERAE R BRI L B, Sl & E s, SR
G B AREEE AR T, SRR BAUASRAS J kit , AT B . FE4T BRI
TR, B G A AR AR AT E N REE N, 2 S BUILERIE, 87T
Re2x SLEATEN -G S MR or 5 T IR A6 R R, AT st i) LA (1 380 BE AN ) 2 P g

18
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@) ¢76°°'f };g&o ) |
e ¥ 0676 o Ly 3 25, =

< )20 ¢ -

O, O

i ‘ot o g Sy o
P 3-2 (a—)Al—Ce—a—Mn B AR SEM T3 (c-d)yt Rk 5

155 FH BE SO & e RBEAT I, &) 3-3 4 Al-Ce-Ca-Mn & 48 K] SEM
TS S R & Te 3 A tE O . NI TCER AT AT UKL, &<ef K FE IR
N AL Ce. CatllMn, &&MKEICRSMBNIS, D IURYEIW AL
B ZANA L

K 3-3 Al-Ce-Ca-Mn &4 ¥ K SEM-EDX Ki%

3.1.3 Al-Ce-Ca-Mn & & RAV4IHE S

K 3-4 A Al-Ce-Ca-Mn &4 ¥ K1) XRD Kt 3@ it &3t 0644 5 b5 v PDF &
Fi 04-0787 XF Lt ] %1, Al-Ce-Ca-Mn & &8 K B F B Na-Al, FEIEE A1)
a-Al,  (200) o-Al, (220) a-Al, (311) a-Al, (222) o-Al, S5#rifE PDF R

19
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FrHEOALTT A5 (FCC) 1) AL FYWEAEARMI &, 22 B 32 BEWIAH A 0o ar 7 45 14 [

AR, GemRERmRIEN (11D, mHAI (111 o-Al ZbIEE L 20 brifEa-Al
WEAE 200 K, ARYEAT R T 3-1:

2dsin®=n), n=1,2... (3-1)

e, d UAnTEIAIER, O NI A SAH R SR A, A XK, n

DA R 200K, Tl W T TR RGO, AR 9T ST G5, AR H UK,

VL HAR 7T E Cey Ca Al Mn EZ VAR 1L AL T8 244, 58K EDX

REWE TR A5

(a) (b)

Al (111D

Al (2200

Al (200) AGID

Intensity (a.u.)
Intensity (a.u.)

41 (222)) _— ~—

A NUS a_‘LW‘MW - —

20 10 60 80

2-Theta (deg.)
2-Theta (deg.)

K] 3-4 Al-Ce-Ca-Mn &4 K XRD Klitt
3.2 TEZEH3T Al-Ce-Ca-Mn # 7k SLM BB 2= E Y5200

3.2.1 FHNEE ST Al-Ce-Ca-Mn #5K SLM AR B 51 25 B B 221

3-5 | 3-9 5 T A LM AR 290 WL 310 W, 330 W, 350 W A1 370 W
WOLThR 44T, ARPRHER 900 mm/s. 1000 mm/s. 1200 mm/s, 1300 mm/s+
1400 mm/s 1 1500 mm/s ) TZEZHT, EIX B0 Al-Ce-Ca-Mn & it
FER R SAHE, AR LESHT, MAAEA R MGG, K SR Ae
ST LN 99.0%. 4IHEEE Y 1500 moy/s I, BERS KN, WFE (A6,
B6) WHBAEAE K E ARG . FAREE N 900 mm/s B, {FF (AL, Bl. C1.
D1. ED) ABUAX S ES R T 99.80%, LS. IR 370 W, FHHi#E
900 mm/s T ZZHU N, MFEEUHKFEIEF] 99.96%, MFIREREZ N 105 J/mm?, UL
RER T, WORE LI Al-Ce-Ca-Mn W AR 5E 4454k, 459 5 453t 2 18] v] LL 78 4y

20
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iy, TR LS RPAR, BEESLIEE.
* 32 LEBHMHLBEE

IhE [ 290 W 310 W 330 W 350W  370W
900 mm/s 99.82 99.90 99.93 99.88 99.96
1000 mm/s 99.52 99.77 99.66 99.84 99.92
1200 mm/s 99.70 99.65 99.36 99.92 99.91
1300 mm/s 99.13 99.53 99.72 99.52 99.69
1400 mm/s 98.81 98.47 99.65 99.75 99.87
1500 mm/s 96.35 98.59 99.62 99.23 99.35

B 3-5290 W DR S ECN AR R T A M B OM 1A

21
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Kl 3-6 310 W [IHESECF AR HEF TR oM K

(b)

€] 3-7 330 W D)5 80 F R R 2R B o B oM [

22
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Kl 3-8 350 W IS F AR HGEF T FE T oM K

Kl 3-9 370 W NIHESECF AR GEF T FE T oM K
Kl 3-10 25 THIFRIZHR R, BUR RS E AR ER . METREE

(P3N, R B B IR T - PR R s . IEAZ SR A6 WFE (6 Th
FRN200W, FARHEE AN 1500 mm/s) AERZEEHK, TLAHEE R A SNESH
WRERIRIEERIE, BUBEUN 96.35%, WOGTHREBAR, HMEET, #

23
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JCAE FHAE R AR AT FH RO T R, K AR BT 58 A0, T HH K & L B 5 R

0.0
1000 1 g 3 ” N
4 *
v
99.5 - - o ¥
8 4 *
A
99.0 -
—~ A
c\° 98.5 I
. A-290W
Z st 310W
z —v330W
2 975}
2 350W
* 370W
97.0
96.5 -
A
96.0 1 1 1 1 1 1 1
900 1000 1100 1200 1300 1400 1500

Scanning speed(mm/s)

K 3-10 F9483 4 SLM A% Al-Ce-Ca-Mn &4 5055 & 1520

3.2.2 HHIhEXT Al-Ce-Ca-Mn #37Rk SLM BB E 22 B9 221

AL 3-11 AT AR B 2 FOC R AR, BOt TR & e R BUE
JER)— AN . S AR, BE R L BB BOC TR AR N R 2 3
SedE RN . MBOCTIR N 370 W, THE B 900 mm/s B, BT
BB 99.96% . 8 HIWOL TR AT DA R b A AR R, Bt TR E
/NET, BRI LA IEN Al-Ce-Ca-Mn & &M K, IEMmshtzE, A w
IRAFE AL oD KIS, A AS AT Gt = A2 16 B R

100

p— A ‘ — R
2 = N
A
99 |
N
e
x 98f A~ 900mm/s
g —A— 1000mmy/s
-‘g A 1200mm/s
5 9T A 1300mm/s
a 1400mm/s
- 1500mm/s
96 |

" . " .
280 300 320 340 360 380
Scanning power (W)

Kl 3-11 HOBThZEST SLM A Al-Ce-Ca-Mn & 4 5025 FE 11 521
B 3-12 45 H 1 i KOG ACEA [F 40N 0% BE S5 R RE &% FE I A2 1L
M. B EME AR RN T, SRR KGR R IES . Sk
MR EREH 105 J/mm® (ED) I, BUHEIEZ] 99.96%. Al-Ce-Ca-Mn &4 H ik

24
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'

K
5

BRENRRRE. AR EE RN (A6, B6) , RERTERAL, BB
FES/NT 99% . LEWTFURBL, I v D RE R L AN AR (0 e B E AN T 4844 il
EnGerRE. EEEY G, FEESE, BotthiRd G, S AR
AR EH R R AL BB N, RN B SLER CEFLD  JRal A4 R IRIL R 2L
ERATE, WARAN, A4, 28, REEE . SRrfaeE
W, REEE AR BT R, W SR AR eI, L E)E
WARAS 2 DUHTE B i 5 0 2 R RS AL, T R RIS SR B2,
FEE WO & T2, Gl R LESET B E) A IR A B B RE
M

E

R

=L

£l
100.0F_99.9 i} i - =
. * .
-
99.5 L
99,0
=
£ 98
Z 9.0
=
=
D
8 g7,
97.0
96.
[ a6
96.0 . . . . . .
50 60 70 80 90 100 110
Bs (Jimm®)

K 3-12 fEEZ N SLM A Al-Ce-Ca-Mn &4 5055 & 1520
3.3 SLM A& Al-Ce-Ca-Mn & &£ BV ERFRTAZT

BESEARREARKKTESD, Kl b T HREE . BT EXBOUEIT
BN P R BRI IR G, SRIER RN G &, EXBOUIB LIRS I
WAL S22 R T AN BAREX PO IR & ST st 7 —+2
5, (B TR X BOCE T ENAS AT e 7 AR SR . AL AL )
PESE R L, e X O B AR & e PR REVI IR XE LA i XU R
LEAAILG . IR I GAGARS S, SREERTE R ZA Z
T ERE AR B 285 548520, AR5 Al-Ce-Ca-Mn & & AW FUN R, 204T Tk X
TEIE Y Al-Ce-Ca-Mn & <RI K 32 2P B R, Bt itk T Z 2 Hokjsb 8t
BRI i

25
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3.3.1 KRG ERBE

RMEEEREE (lack of fusion, LOF) R 3 22 J5 K2 3k X O I AL 72
RHRERIM N o ARME S SR IEST M o T BB T AT, BREE P &R AT e
ISAFAERTE AR A, Ul 3-13, w] DUWLER BIGREE A AT VF 20 e e
AR, BXEOUFHLZR -2 ZNEB A, B, BRETHMNERE,
e MNREEMERE. BOSTHRMEE A#EE S, =B ARBEATED,
M AR AT AR 2 [8) AN BEAA RS S AE kS, AT BRAL B 10 HL R ki —
FEAFAE TR S I S AL, e R A A AL 1 & R A A 2 IS 2=
HREZ B, M- SBEEER 4 FN, 23R —ERfdES, 6
RBEEA T EHLMNZEE, AR Xk R IR, Hie T R0X R
A AR O B AL 326 X RO AL T B I

Lack of fusion

Unmelted powder
20pm 50pum

K 3-13 RIGE BRI

3.3.2 FLiH

AL 2 i X FO G A AL 7 F 1 1) R BRI 2 — o I R XU R
WELFIFLBE R AP ISR AaefLE, 289E, REBTHESMAE (ND O
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(3) AR BT RO/, #2380 X BOGE AT BV Al-Ce-Ca-Mn & 42
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1 X O 8 OGR4 SR A, SR 5 BEAT VR A 6 ] (¥ 72
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Pk ERLIEAT A% -2 A PRI R o 17308 DX O G HA A (R 58 [ B A T, AT AR 3 10K s
Fit LLIX 2% 3 350 X WO AG FT B I 2L AR 85 135 AR IR 2 204

B 4-2 25t TAHFEIEOG DA MIE LT, A [F O R ik X6
M Al-Ce-Ca-Mn & &5 77 18] X-Z (624 AL 23 i [ 4-2 W DAE 28 W ¢
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RIAL, TG LR R 43 4 AT TE I 30 A o 3 BLARCFL 7= A= S5 DR v e 7
Fite — WTRRES R OOET BRI AR A SR CONGHD 5 #EFT BRI AR sk N A
W, RAREERE IR, SR SRR, AR AL A R
Re & BRI 2 DB R, 2 S BUSLIN & BB AR BRI 1 BEAT 1R 42 45 &
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’
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R PR B B, DTS it 1) 5 BT g o

GRFFURIL, 67° e MAFT BV BIE A IR KWL AE & ST EN I Nk, FTH
TR R AR A AANEK K, AR A i/l ok, A 250907 1 S A R X
) S AR AS R S BEAL 0 AT, 38 S AR SR 1 7= A, BETT RS & 4 1 ERE . Jithin
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TERR T . 1 HE I B 4-5 (a-c) , IR A REECT KSR B,
AT DL, A0 SRR s A 50 ) b R AR/ INAS [R] o X A2 T4 T 2358 2 AN
[ IR R A, 80T IR i DRI 5 X W £ by o it i Ak 4T
RS HEAT HEE, AR AR, RBURRLRA KK KTE A i X o it A%
T N AR E G BOR IR B, SUEHRIR & B Al R i oo e . B 4-5
(d-e) FEE BURB T WA R F A 2, AR B3 BE A 5 2 77 AR AN ] (1) 46
41, AT DALEE B i FAC AR B IR 2 /N8 A, I 45 A XRD BT
Ja I FAE B a-Al/AL Ces 5 212
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ML S e JE R, S EWRRLGIE R K . 1 X O 1B R AT BN
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FRIBURDR R AT AR 4 B b 3 3 Sk bm o, AR 22 2 60 S Am s RO SR KT R A o
N TR AR REAT E 2 b, dREEx &< iEAT 1 EDX HE .
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] 4-6 $TENA Al-Ce-Ca-Mn 442 (1) TEM 2B (2) HARRAX (b) 415X

] 4-7 FIE] 4-8 itk X MOGIEAL KK Al-Ce-Ca-Mn &4 (1 5 1 3R I 317 1]
J (HAADF) VL& &EEHMICE (Al Ce. Ca. Mn) ) EDX figi/. il
HEWEE, AENEKIRIT A EZEARITE N Ce JLEM Ca JuE, MR
RHIHT AR EZ IR N Mn JeR, FI, Ce. Mn BSJHIFIELE Al FAk
W, Be IR Ea-Al HRE R BVE AT UK KI5 & & 1 e IR EEE, Ce. Mn JR
THEVER Al Bk, 2B ERENAY, S68MEEER, JFHSERS%E
A ATHE Mn SRR SFLE 80nm 2247, IX Rl EARCK 2 FIATT HE AR AN AT LA
PRAS O FE I3, $emaEn S rae, m RSBV, HA X6 6 0 58 i i
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VI ]

K FH 40 A2 S FL T AU T Ik X O I AL U () Al-Ce-Ca-Mn & 4 N
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AT L AR A B OB A, AR e e O G o T ) P DA R R T e S, %o BN R
HidniE PDF R B, f3H'E Ce. CafHy AluCes #H, H 5a-Al ¥ ia-AVALICes
AL T Ca 7EAT HARH EZLR BN E e Ce JETHIMEM, I Alii(Ce,Ca)s
SEMERELEY), & 7RI 58, AT 23 Al-Ce-Ca-Mn 5421 7)
FERE BT
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Al[0-11] & All1Ce3[13 -5 1]

Kl 4-9 (a) Al-Ce-Ca-Mn & 4[] HRTEM KL A (b) & Ce. Ca 5 Al FEAAFHL FALH]
muma@)M%%@i%%ﬁﬁﬁ(@AL@@E%@EW%&E%

80.17

N Ce 2.48
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f | Mn 6.48

9 5 2 < | :_ ﬁﬂ A gt C;T:LB;KK':IKB
Be. f - “
K] 4-10 Al-Ce-Ca-Mn &4 (a) BF (b) HRTEM (c¢) SAED (d-e) Al. Ce. Ca. Mn JLE &
%

B 4-10 Ca-b) RRAT AR S HFE R, BT E XATSY, 1521305
R 4-10 Co) o BIRTHBE R JEI S Bl e P ARREAT LS, 08 7 it — Dl E
Mn RIS, X & Mn BURLEEAT 3900, Wi 4-10 (d-e) , BHS TR
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TH, FIWHAF AT AT AloMnoCe 4. AloMnoCe #H7&—Fh A, X
e PR A RE R, P EROR IR B, Tt v A A T AR AR BA% »
AR FREM A, G e R Z AT
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K 4-11 N¥%5iE Al-Ce-Ca-Mn & 41 SEM 121 LK A5 B A= N (BSE) 4
2. SEM A5 UN A] DUWLEE 3 K& HHBOR B DR 4544 A SBRIR B L i 5 . 4%
T B I R AT, AR RN S . B ALCe B4 JE T WAL &4,
R4EE 1-1A1-Ce &4 I CAHEIFIWT, Zn & &g d g, o kEr
R Li—>a-AlLy, BEFEEEREAT, EEZAS IR, I PR 23 R N
I, RAEIL S OB La—~a-Al+AlnCes, #2538 5E 451 9 4) 4 a-Al Flo-AVALNCes
LA, 5K 4-6 MBS R 4R,

T
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Kl 4-12 %% Al-Ce-Ca-Mn & 411 EDX A i
Kl 4-12 A% G S EH BT WA T B R R AN RS 2R O 4 2 B
FReG M. LSRRIV 2 BOR R 4] AR a-Al AH A K o-Al FH ) E Ces
CafHl, Ce MR EHLEXIE Ca iR EHEXILFEE, W Cailiid B AlnCes
H1] Ce TGRTERK Aln(Ce,Ca)s &S BIAMLAY . FIR KW Mn T05 E 4,
Ce. Ca fl Mn LRI LI EAE B4R, &2 EERITER .

432 BSAENBEREES T

IR S T BB M55 iE Al-Ce-Ca-Mn A4, BT 4-13 (a-b-c)
3% (DF) .« i3 (BF) LA mapping JGE /06, FJLLRILE Al ALY
8T VP2 E Ce Al Ca IIMTHIAE, Mn JCRIBISIMEVETE AL AR, TR 4k
B Ce. Ca T HAREHMIER, —FRHKIUR, —FRERAE. HERRAEY)
A AliCes M, TR HLIRZ LA AlnCes A0, 1X—J0 & A 5 B 4-12 eI —
. Kl 4-13 (d) 2 Ce, CaffrhAHFI Al ZAKM HRTEM =20 HE B, R ILH
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MIAREAEAERT IR R 3BT 4-13 Ce-f) EBUATHBE S LA 70 R 00
ML — R A7) T V) R A RS TR B, HIMTH R Cen Ca AHDN Aln(Ce,Ca)s £,
Horbr Ca s RAVAE RN B Ce MIEH, JHRA BMSAH, X5 Al-Ce —JTAHE,
DA Hofth Al-Ce FHOGHT 5T 45 SR AH ] o

K 4-13 (a)DF (b-¢c)BF & LL A HAERE (d) & Ce A1 Ca Hr i AHAT Al kil A 4 HRTEM
(e-f) Al Ces F1 Al A K SAED

X E 4-8 HAE S E 4-13 FTEHE G ERRESE, a7 L]
FTERZS ) Al-Ce-Ca-Mn & < M HAH RF R R8N, #41& Al-Ce-Ca-Mn H 2% 77
R ALCes AR EERAAE 10 b m, FaEERLN 0.5 um, ik XEOEHEITED
[¥] Al-Ce-Ca-Mn &4z 1) AlnCes 3t 5t AH I RS BE R ZI7E 400nm, 58 FEAUAN R A
JUtahk, i H ik X O A 3T BN Al-Ce-Ca-Mn 5 42 (115 Mn BURLIR AT H A
AboMn;Ce [EARL KA 80nm. X i B 1% X OB 1 BA B (174 Hdl
F TR/ AR R SE, AT & 42 10 0 2 PR RE I8 AT HR ARG A 4 S 1 52
M o

4.4 SESFHTENS G Emi R~ MG RE KHLE

Kl 4-14 F85iE R Al-Ce-Ca-Mn & & FHIE X OB Y Al-Ce-Ca-Mn £
L RE (PP B ERER RS @i B 4-14 (o) AT RAEER], T X
FENEAG T2 AP B [ e A, BN FERUR, S EUR Il FAL SRS B R K
ORITT JF FSC /0N PR S5 A, DRI s 20 S e AT s s oo BAT 0 i RO IRLBE R B2, 50
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LA K I B 3 TR B A P R (it R O R K, TR RRERIR . JE I AR (TPF)
AT DL %2 2 o0 2H 23 B s AL 20 di X (PG At A 350 ) e TEAIR B X
(CG) LA, Jvithal FORUZ M P A 5 e n - DS 7, I R T I F 5 1
AR . SR EEAKTTAIN<L 0 1> <00 I>FI<D 1 I>g40H, %A 77 E
R REZH . it Al-Ce-Ca-Mn &4 KAEM I (KT 10° O (HHN 71.2%,
/ISR A R B 28.8% 0 1 X WOBIE AL SO ARE NI LA R S FE R R N, A
85.1%, /MR TG 14.9%.

(a) o

Kl 4-14 EBSD (a) #&464 (b) SLM &4
K] 4-15 RNEGIEFATENZS Al-Ce-Ca-Mn &4 K . EXEOGE GRS
B KR B L S ZER T T 19 . SLM &4 h S IR ] UL i) 3 22 L
BT G K T7 ) M7 AR R L TR K 2R o TENAS G & MER G R
EIrr I SCAE (11 1) AbEoR i KR BRI 3.44, B BOLEAL 67°
HAEEEMARIE T2, R4 SRS,
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SRR B8 R AT BTN R, ARSI S AT 2 IR AE S Ak, wT AR b
(I FLBR B o

(2) #i& Al-Ce-Ca-Mn & <& s A AH W K I H) A o-Al A AT a-Al/AliCes
SEE AT . 3 X O AL BB Al-Ce-Ca-Mn & 42 A # 58 4L A0 9 Fr 2 4R 1
a-AVALNCes H 51 AloMnoCe T HAH. 18I S0 HESE, AlnCes 5 Al ZE4A 2 I
PR KR, HTHIAH ALoMnaCe 5 Al =R 2B AR X R, NS S SMET
G Gdr, FRRLBL AT AR RS RN, AR T4 & S 1 kR .

) 1% O I AR A 12 SR A R Ib N 38 R IAN [F] 1) 454, It

GG/ A i PR i O AR IR R BB SRS A
mRL EBAERK T HN<1 0 1> <00 I>HI<L 1 1>, MR THEE4S, TTHE
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E 5E Al-Ce-Ca-Mn & MR

1 DX A B A Tl [ 0o R S P07 [, L o 38 2 R 2 T R AR AR
IR N Bd BT LLIAH 10°KYs, A H] T A48/ NS4l . 1 H. Al-Ce-Ca-Mn &4
FUA B A X ), JEH A R TR RO AN T, e At 18] [X (R fE 45 ZE 4T B
WA G = A RRGUE T RUT R . AT R BB TAF L2 S41 Al-Ce-Ca-Mn &
SRR, R LR R R B BB IR A B 0 T e AN [ FE PR B FE L
il

5.1 Al-Ce-Ca-Mn & &R SR

K 5-1 NEESBE N SR, 7 LURIMFTEE Al-Ce-Ca-Mn & 4115
HLURAE 15.8%IACS-16.2%IACS XA (JACS [E FriR K Hiks#E) o @i Matthiessen
Hit, SBNORIRETE, S0 b PS4 R I A B AR ()5 P,
AR 5-1 FaRN:
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A p(T)R SRR R, p RS ABRE . mokBeE . ArAFA <M R
o ARSI SSAE =R T T, p(T)IARM AT LLZBE AT, §Emd & 43 A £
TR Z AP FTENA A SAE RS ) B A PR R R, SRR RN a4 K E
RS AIE AL, TP SRR, IF ARS8 T B
KAA—HIFLBE, Wik 3-5. 3-6. 3-7. 3-8 F13-9, XELFLFRAFIE H HHE T HIE
), MM FEAR A 4 1 3 B
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5.2 Al-Ce-Ca-Mn & ERMEE

1% X O Al-Ce-Ca-Mn & 4 Il FE i 25 B — 52 me (Rl 3R CH s o
Tha) MMM E 5-2 i, FTEIA Al-Ce-Ca-Mn 1k & 4 1 Y fifl i 7
95-110HVo X /8] N . AEIEXBOLIEL T2, Al-Ce £ 4 1 5 AHAH 5 ik R F R
A%, M4l Hall-Petch 23X 5-2,

HVo2=Ho+Kud 12 (5-2)

X, HVo AG SRR, Ho NE SR L Kah &4 Hall-Petch
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I A IO AL R B RE A BIARAL,  doRnRSE d ks, 3N Al-Ce & 4 RT3,
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HVo2, BOETHER R E I 2 5 A 6 0 RAEEE , WORThR I K& B EEA A
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JEWA —E RFEIA o

(a) (b)

los ==y —a— G00mm's

1o0 b .1 /-\ /

-
= | 3 ’ 105 b /
= ;
=
F ot S 1400
&
=

Hardness (HY )

L . L L L . L L . L L
Qo0 g Log 1200 1300 g 1500 Z80) o Jn 0 360 350
Laser speced(nm/s} I aser power W)

5-2 Al-Ce-Ca-Mn & <5 i (i FE AR AL % (a) AL (D) A FEOLDIAR

5.3 Al-Ce-Ca-Mn & & R EEIE EE IR

53.1 SHEMITENS & & B2 B M RENR

5-3 NP AT ENZS Al-Ce-Ca-Mn & < Y EE 15 28 8- [ () [ 1% o SE el A2 o
Xf Al-Ce-Ca-Mn &<t il S00N HUZfr, BEEEIRIELY SisNg,  FEHEEEA20N 3 mm.
TEPEBEIRIUEIN B, BRI NS & S I B R B K R 2RI BT, s & &
WIAF] 1.5, WEA&EESTEGAGHAT, BEERBTE, EEABTRE. FREh
B, B5It A 4 0 BE 1 2R B B s X OB I A0 & 4 BE H R AR B 22K, X AT R
NG G SN MHLR A, SEEED RS, RERREITIAESEN
FasE Mk . FEREMTBL, GG &M REUE 0.4-0.6 YU NS, FTEIG BB
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YR AE 0.4-0.5 YaIHE N5« R ITIE X EOGE R Al-Ce-Ca-Mn & 4 T B P 1%

MTHiEE .

i
i
///
1.5
i
g \ fl
1.0 5
5 .‘Vﬁ% A Uy
g ' WV iy A B A
= bl I
= | " { i | il If
8 ‘
) >
&3 2 o
0.5 “
&
7 =]
/
0.0 . - .
5 10 15 20
Time/min

K] 5-3 #5315 Al SLM Al-Ce-Ca-Mn & 4 [0 JBE 182 B 45 M g

5.3.2 SEEFITENS A € BB BB L i

&l 5-4 ¥5i& Al-Ce-Ca-Mn & & BEE B . @A 5-4 (a-b) AL
BB IE G 4 BEB B BUREBON R, BRERmAESORNRE . K2R AHE
Al-Ce-Ca-Mn £ 4 N #7304 5 HUIR 9] 4 AliCes AR89, 4] 4-13. AlnCes AH 52
WOEEARE, EIMEBATIERT, BRSNS, MEmEgm. FnEdae
WKL, BEEERAT E O TR ES, EEEETER Y, BRI S ENA RE
Fo AR RREERTY) S, ARER 468 R IR 58 URME R, TR
I . SRS AR 4 R I 455 08055, B O WEWEEIY) . B 5-5 RTINS
Al-Ce-Ca-Mn A& I BEHEEHIES. ITEHA G SN BHURT RS, BHERNA R
MIEHEILR . IEXEORIE PR A E AR, (R SRaIt, S a0 AR Tk
AR B =, AniE] 4-14.
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K 5-4 #5i% Al-Ce-Ca-Mn & & BEHE RS (a-b) SEM K (c-f) REIEMIK

K] 5-5 SLM Al-Ce-Ca-Mn & & E¥ T (a-b) SEM K] (c-f) eI

5.4 Al-Ce-Ca-Mn & & IR {4 BE
5.4.1 Al-Ce-Ca-Mn &&= BRIHM4EEE

K 5-6 (a) NEEFKM T Al-Ce-Ca-Mn &4 Hi 12k, FTENA Al-Ce-Ca-Mn
A4 M YS. UTS FZEMR /358 321,124 14.89MPa. 428.57+7.78MPa £l 10.96+
2.25%, [FIRRITEM TR BG, KAET ™ ERMIAHENR. @@Lk 5-6 (b) 7]
LA 22 51] Al-Ce-Ca-Mn £ 4 1 i IR 50 BRIV MR ML 45 T Hofth Al-Ce & &H BRI T
IRIF IR T B SEAT T Al-Ce &4 5 BE BB MEAN VL EC 19 vl (. S BEFTIB LS e 2
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J7 TR L R P R 46 2R, ARt ] 5 B0 de kLRSS I N Ry 1l A AR A
Mn. Ce Jua M EEIEH], SEUREM SN, HsAEs), R
AloMnoCe, WXL HBENA A ASIEH . A ghomit. [ ot AR s AL i 2L [H]
TERL, BIESEE Tk K BOURILOE & & LR & 154k RE

500 30 W A
as0 A
400 F A
= 400 F low-plasticity *
£ >
T _asop . * 4
=
2 = 300 F >~
2w - This work
£ o5
2 - 250 |
&
g 100 . ) )
= - A low-intensity
150
100

L L L L L L L L Il L L 1 1 1
0.00 2.00 4.00 6.00 8.00 10.00 12.00 0 2 4 6 8 10 2 14

Engineering strain (%) Engineering strain (%)

K 5-6 (a) ZTiRmPg (b) Al-Ce-Ca-Mn &4 18 5 HAMF 7T Al-Ce &4 PERER L

5.4.2 Al-Ce-Ca-Mn & &S Bh M EE

ERIRIAEE T, SR TR G SAEN— KM, Har, PFzgd
FEAIAAT /N R B AR IR R . Al-Ce & &M T HAME & 4, fE R IAsE N ok s
BUEBUN. Ce FEARD & TN AliCes/a-Al 3t 5 2H 43 5 HoAthid 1 4 @ s £ M L,
U Sc. Zr %, AlnCes #HIFEEE MEFIHTHALBE 18 mr . 7E—28IMA Sc. Zr TR
HEW, SH5" Als(Sc,Zn LR AT A, (H27E 300°C 2 )5, Als(Sc,Zn =B84
Fasg, FSHBSZEK, SEMEREFRKTN. XA Ce 78 Al H MR AR AMKD 1L
#, 1E Al-Ce &4t it S SR B (640°C) BT, Ce £ Al IR FZAKT 0.005 wt%,
1M Sc 7E Al A MREIE RN 0.2 wt%, t Ce w7 2 MEHUY, 1 HAE 500°C A A,
Ce IIF HR KL Al T HAM G S ou s NI EEN, A 5.9X 108 mm?s. T
LA Ce 7E Al 1 IR A BEAIRH %, W] BUA 2495 1k AlnCes AHTE m i T HAH AL,
RIE T AlnCes M e E PR,

N T AESTEVSE Al-Ce-Ca-Mn & <1 il /77 1ERE, 18I AE 250°C . 300°CHI
350CHEL T, WATERRIE G @ AT Rt MRS5S anl& 5-7 # 5-1 P, 1E
HO R ARGREE (YS) |\ BURLEREE (UTS) FIEMHER (g0.2) 43709 321.12 £ 14.89MPa,

47



TR R 2 i e

428.57£7.78MPa H1 10.96 =2.25% . FEA&EAEIR LW T1E, JE ARG 321,12+
14.89MPa 3% ¥ [£ A% 2] 153.90MPa, i 38 & 1 W\ 428.57 £ 7.78MPa 1% ¥ [ {1k 2|
160.69+22.17MPa, i Elkm, SRESKPEOR, HAEGR T &S EHRER T
IR T 153.02%

SO = g i
400 1
350 | :
2 =138
= s
2 300 o
. =
2 116 F
2 250 | &
) @
200 | 114
150 [
133.905 12
100 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400
Temperature (°C)
Kl 5-7 AFHREE A T &<k R
*® 5-1 AFREFM N &t
MEEC YS (MPa) UTS (MPa) &(%)
Cast i 75.88+22.26 124.924+9.59 3.19£0.58
SLM ‘i 321.124+14.89 428.57%7.78 10.96£2.25
SLM 250°C 213.76+10.87 242.431+11.86 16.77£2.36
SLM 300°C 195.851+6.57 223.811£5.65 16.72£4.56
SLM 350°C 153.90+19.38 160.69+22.17 16.78 £3.53

5.5 Al-Ce-Ca-Mn & & Hr 41 H1

K 5-8 FFEOR TR 250°C. 300°C A1 350 CHREE N Ry LIS . B 11 JE
S R B, T BT R A A A E, AP 25 CHREE R 1
1B XA, 76 350 CIREE R 1, & Sm KEm, K hadgs
W5 . W4 B WL B ROWAFAE,  PRHERL X G FE P 28 AR 7 7 A 1) 2
WS, S, KK RER)GAH ERE T SRS, e DR B I
JRIL. T HWHAAEVF 2 MY, MISTNAVFZ /ANIRL, A AT AT I M. 1
FLAHRE R R TSR 2B G IR, BLEAZEWT AT AR T RE BT .
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AR B AT ARG W T AR, AR R TR IOSCE 2 AR RE, SEZE T
HaWRNERE, ' 7B, R EXBOCE P 2 SRR g, 2t
s 7 AR KPER, $Em 7 HihrimfE. R4 Orowan sBALAHLH], HH& 558
JE B AL AT AR AOAE o B IXBOLIE B Al-Ce-Ca-Mn & & AT H
(K] AboMnoCe AHFEA AT, B 1L HRTE A% X088 128 1 BEL A5 73741,

; - 20()Em ! ¥ WEBT” ‘
K 5-8 ANEIEEEHES TRl D ESHE (a) 25°C (b) 250°C (¢) 300°C (d) 350°C

5.6 Al-Ce-Ca-Mn & & BRI
Al-Ce-Ca &4 I Mn 2 J5, F154 MRS BN HOER T, 3l i Ji IR S F7 0]
DA SRAL AL SRR R o KRB BT ST 2235 T R 2L LR 43T, bl T DK T Ak

PURNC S AE AR, R AR S 32 BRI Dy g 5 AR AN S AR 55 1L
B ) ] SR 2 B
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5.6.1 Elimiaik

Mn TG 3 AE VAR P ) RV AR L9 1.82%,  FH T390 i 3 PRk g (] PRy A, 3
1L /&l 5-4EDX RETE A B, Mn o210 ek AR, R AR, SRR
wmig AR, BASAIEE S, $Ra AR IRTE VA AT R A 5 543

H

N~

__ 31 2
700

Hrbe=0.38 NELIGHE, Al KK E G =254 GPa, ¢ N Al &)
A (at.%) -

(5-3)

K] 5-9 Mn JLEE Al-Ce-Ca-Mn & & 43 4

5.6.2 ZH&AsRIL

FTENZS Al-Ce-Ca-Mn £ 4 1 dfobL BF S5 LU 8518 Al-Ce-Ca-Mn & 4 A 2H 24 58 4
N, IR RSk X BOG A AL 3T BN Al-Ce-Ca-Mn & 4 1 J1 22 Pk RE 0 T 45 i
Al-Ce-Ca-Mn G4 MR FE 2 —. 2 Mk, RS 5) 7 2 5w IRk dh SO AL S 5)
RIBH 7o ARRLERAH /N, & FHARRR BB, HRBUALEE AR T3 . dn oAb I JE i

8 AT A Hall-Petch Jr 27752

— K
° =7

AR 54, dRTIERELR, kSRR RLRIET LR W B 4
YA AT R 3 S4B 039 D017, AT 4555 B3 22 . B 5-10 29 AL-Ce-Ca-Mn

(5-4)
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SRR ZE 2R, MR AR DUV S B it 5 B 24 o DX B i 3 R g st 0 AR
KR X . X FASZIGITENA Al-Ce-Ca-Mn &4, H R RTZ108 12.2 um,
154 25 A 4 AR SHZ09 100,17 wm,  #0 IX O A T 257 DA 58 & & 10 41 i
SERAAVER .

- "' i3 f‘, : ,‘/*“:" ! »"
ST o sy
< 4:«.:1 “ditg i

R {3l ﬁ’ ¥l G “F’"’W
,,t"fw ! :f,-#iau@..

JW

-‘ﬁ;"
',

A
P
N

%Vﬂé?“'
W 7::-»

T
’{"[g& (RS
I CH§ Y,

5.6.3 F£-1EEk

5 SRR E A AL, RIS A DI AL AN G S AL . 55 AR AT
LA PRl —RANFI AR T, R R AR, KPR T 5 AR I AN

MFAIAERL T, Al B 5 HAREN, K@i E, A st
EERADH, BEAEIN RN, RERAE A PIAME, TR . A AR
PR 5 AT R s B A 8 A5 K o AN 7 75 BRI RS I V)N A7«

=— (5-5)
A

~ 55, GATUIERE, b AHIRKE, MukirlEeh. maXa i, AH
AL T AR ] SR TR BE AR B, R RIS, s AR RTBREH &

b 1 S/ 72 A RPN VA2 71 B U v i el A B Ny Ve S P R L RV N i B A
MELZSR AR TR A K. AR R A8 &, $2m 7t
At WaGE TRt fEGOMET), AR AR, FEAAAHERZNIE
Zfy, AT 5 19
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Al-Ce-Ca-Mn & 4 #5158 4 AloMnoCe J& T AR TERL T & X PO
ITED Al-Ce-Ca-Mn & g df Rl 5 AR AN g RL A B A7AE ELAR 2009 80 nm [ 28 — AHRIURL o
IXREEE T ANRL T BEAS AL AR T A, IS e & M ARGREE, 10 H RO 2 A
FIFA S AR T BFERIE (R, ARG Orowan 233 5-61781:

2

s AL
= (5-6)

/ a-
Hrp M =3.06 7y Al AR TFEEUA R T, G = 25.4 GPa i Al AR BT D) &,
b =0.286 nm AR Burgers &K/, RO HAPIFEERE, v=0.345 7 Al
FvaRaLt, AT AL S AR

5.7 KE N

TEARTE TAEH, FZEXE X BOG B TE Al-Ce-Ca-Mn & & 145 itk )i T
Al-Ce-Ca-Mn &< F R IBEE . ZMRR AR IERE . Erii b AR It e DA SRR S 457 1 e
AR, FEXT R 3T 8T, THE T RS- R MM B R . IFE
AL B 2 FOR A 8] (8 SR AL 0 TR PR e AT 15

(1) FTEPZS A 40 A FE G 40 7E 95-105H Vo [X 8], it & 410 S0 flchili i
PN 50.4241.36H Vo2, Al-Ce-Ca-Mn &4 N BRI JL A AliCes F13E 5 A
Al DS SRR SR [R5 M0 2 G 4 1 S AR

(2) ITENEA S M EEE REUE 0.4-0.5 X 0], &4 &N BEERHE 0.4-0.6 X
6], 17 AT EDAS BAT S8 I3 A1 oM 2 2 DL R BB N gl /N b RS, SBUTENA S
G I EEBAPERERS L TG 5 4

(3) EXPOEIE Y Al-Ce-Ca-Mn & &I T ESHCN: BOLIIZE 370 W,
FHIESZ 900 mm/s, AR 0.13 mm, H#1)Z)E 0.03 mm. % LRI REFH
J1EEERE, IR e MR R E B PR 5 B AN LB 285377 9 327.61 £13.8MPa. 428.11
+10.94MPa 1 11.18£0.3%, #ifi Al-Ce-Ca-Mn & &5 T E MRS . MRBR HUHr %
J&ERNGE AR R 53 5k 75.88 £22.26MPa.  124.92+9.59MPa Al 3.19+0.58%, kX0t
WA 20T LB R 42 7 Al-Ce-Ca-Mn A 42 ()58 FE A AEA 22 . 17 HAE 250°C ) im0
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B R, TENASE SV L) 250MPa (TR0, LALL 17%MIZE R,

(4) T WELFTENA Al-Ce-Ca-Mn & G hi il IESUR I, TENZ &4
27 EZDMERR v E . W B R ECRE AR R B A IR I TSR BT
A IRR IR, AR AR S RE R IR = T A S IR .
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F6E it

AILLL Al-Ce-Ca-Mn & & NI &, X HBHAT T RGHR T, 8 1IR3 528
i€ 7 1E EOS M 280 HL#% LR L ZS % IR0 &Sl RO A 44T 1 04T,
TS H L RANE, K LZESH-HORAN- T F R MR REK. A
REERITT

(1) EFEOETHZE A 370 W, 1353 E 4 900 mm/s I, fER % A 105.41 J/mm?,
Al-Ce-Ca-Mn & EAHRT B0 FEIAH] 99.96% . MG — R, Bl R 13
M, Al-Ce-Ca-Mn & 4 S5 B R ILIR/N -1 K-8/ N %S . i —En, X
BRI E R Ss . Re i I KEud/h, #2 §B0E X B 4T Ep
Al-Ce-Ca-Mn & <5l H AN [F] 1 BRI

(2) IEXEOCIE MRS 7 3, DL v 2, S &6 AR TE
F T KRR SRR O H . R X BOBIE I RE L BH . BEM I 7, $TE
J7 2 — AN T R A B, st a2 S AR PR 30 T 20 /) e R AR IR o
IR o FT BN P ABH N — DRI IETE B, WEIE 5 1 T A N
67° , FTENREE MR B THIE S S iR, RO RRR/N. Skl E A K
JITA<1 0 1> <0 0 1>H1<1 1 1>Fh1a), A AE R RIAZDIN . &5 LUK &
FRNFE, MMIEHTAE 14.9%, KA 85.1%.

(3) 1% X PWOCHEA BB i H AT LARLSE 3 SR AN BURLIR B P A A AR . 3l
XRD 1 TEM 73, R4 AluCes #, RSF#£)74 400 nm, Ca oz E#Ht AliCes
RS> Ce JLER, JEHL Ali(Ce,Ca)s B &M ERIAML S, Sa-Al JEHa-AVAlLICes
SEERA L AT & FIEAATERRCR 1) Mn AT HAH AloMnoCe, AloMnyCe /& —Fh
TERSAR, F T S 04 RUE . i Al-Ce-Ca-Mn & 4 H I AlnCes AR
FE 10 m Zids, WRORFENT T s & 4 1 S 1)

(4) TENEEERIE FTERGERE (YS) « PimE (UTS) AIZEMHE (go)
43978 321,124+ 14.89MPa. 428.57+7.78MPa Fl 10.96 £2.25%. 7E 250°C [ =i 3k
BN, FTENAS G e T ORAF 20 250MPa HIHTHz 58 ALY 17%HE A 2 3L A A AliCes

>
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ek Re Sy #vERE Y, §8 Al-Ce-Ca-Mn & & 7E il T 7T DURRFE = PR RE o

(5) EXBOCHEEIE Al-Ce-Ca-Mn & s HIsm AL AL 32 E R Al f sk, BV
SRR ELGRAL . 5 e B BT [ I A AR A T Sk R B R A% R A, BARE AT HE AT
AN LA I BEASAE R, KRG & 1k e
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