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[HE ] AT RBIG A B 2 48 52 U TR B 18 45 42 B LIRS 14 3T 9% 57 P AR 69 % vf, 2k T80k ik R 1546 ( Selective
laser melting, SLM ) & K & & T Al-Mg-Sc—Zr & & J& % & AF, A B X 5 & 3+ 5 AU By & 42 #( X-ray computed
tomography, X-CT ) *FJ& 57 X A 1 3 3L I3 8 [ 49 = e F AR BEAT FAE, A U IR B RS 09 R F | RO o B S AF AR BEAT
Goit oA, AR I oy KB MK T A2 MR oy AR, P XTIE r Br R BAT LR, AR SR AN, FUREER £ 20
KA R Ae A, P RIE A He 14 89 RT K AR RN, B % A f T 84 B R R 8Ta ., 83 R AR LI R 5 H
FE 0.004%~0.102%, X R ~FFU R 5k g (5 2L AL 42 >100 pm ) & AR ILIR 51449 0.58%, SLIR BTG R K F X A2 H
188 um. %F%kr‘aé’ﬁkﬂb}@%‘?ﬁ 0.2~0.6, K R T FUER S PG 09 3R T E 3/ T 0.4, JE M0 Rk o7 REURM A 4
TR 0 RSB R AL, AL SR B e 0 AR R T ALK XA 09 9% 35 A o AU

KW w’utximzm( SLM ) ; X S &3t Fhuli E4a46( X-CT) ; FUIR SRS ; J& 7 M4k s BT 2 B 4%

Effects of Pore Defects in AI-Mg—Sc—Zr Alloy Formed by Selective Laser Melting on Its Fatigue Life

CHEN Kun', FENG Zhenyu', MA Jiawei', ZHANG Hongyu’, CHEN Xiangming’
(1. Civil Aviation University of China, Tianjin 300300, China;
2. Aircraft Strength Research Institute of China, Xi’an 710065, China)

[ABSTRACT] Al-Mg-Sc—Zr fatigue samples were formed by selective laser melting to study the characteristics of
pore defects and effect of pore defects on fatigue properties of aluminum alloy by laser additive manufacturing. The three-
dimensional characteristics of pore defects in fatigue samples were characterized by X-ray computed tomography (X-CT),
and the number, size and morphology of pore defects were statistically analyzed. The fatigue properties of alloy were
tested by fatigue test and fatigue fracture morphology was observed. The results show that pore defects mainly comprise of
porosity and lack of fusion (LOF), in which, the LOF defects are large in size, irregular in shape and mostly flat interlayer
unfused defects. The porosity of fatigue samples ranges from 0.004% to 0.102%; the large-size pore defects (with an
equivalent diameter >100 um) account for 0.58% of the total pore defects; the maximum equivalent diameter is 188 pm.
The degree of sphericity (DOS) of pore defects is between 0.2 and 0.6 with DOS of large-size pore defects less than 0.4.
Fatigue fracture morphology shows that the fatigue cracks originated from LOF defects of the sample surface, moreover,
the larger the feature size of the crack source defects, the lower the fatigue life of the sample.
Keywords: Selective laser melting (SLM); X-ray computed tomography (X-CT); Pore defects; Fatigue properties;

Fracture morphology
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o1k X 454k ( Selective laser melting, SLM ) i JE
DLy REHOG A RE IR, BE T R J2 K AR Al Ry O6
JEIEBEHERR Y Oy =, AT LSOE M BUE B  E 29BN G
SR, RRAE R LT b Tl 2 s A R AR R i A e
B MRALA SRR Mo SR, SLM B JEA RH A . T4
SR AR AR RN AN PR 5 R 3 A 23 5 e it 1 AR
&, 8 SLM BUE S @ WNER 7 A AL RIS RS
R4 G, 2 B350 SLM BUEA 41 J12 1 6e , BRI
HTAEN AP,

T HEDE SLM BB A 4 FEM 2 i R S0 1) o7 A
A WLERAE SLM BB A& 4 b Bl B 19 = 4EFFAETF 058
BB XA 42 1 2EMERE 52  Du Plessis 55 P H2 H X 54k
THEALWNNZE 145 ( X-ray computed tomography, X-CT ),
REOS BT b FAEIE A 35 5 A P BB 1 = 4RRRAIE I
g K H R AR IR AN , 76 A8 SR 6T 4 3G 44 1
T A 4 712 VR R Y 52 e 7 TR B i i FH EIT S Wan
G WAL T X-CT X FREE45 A 4 R I SO0 FL IR T S 4
TEHEAT T FRAL5T BT, R BIE 55 0 (R FL R R R R
(A9 57 F5 A AR . S IEBLEE ) R ) 2D A XSl
PR 55 150 X SLM UIE Ti-6A1-4V 45 4 1Y Bl e 4
TE ARG 55 PEREIEAT T FAE , & BUBRFA I RRAE Rk,
IR A% 57 5 Al ik, He 45V WF9T T B OB TR
( Direct laser deposition, DLD ) Ti—6.5A1-2Zr-1Mo-1V
A4 E 800 MPa L JJ /K- W95 55 754w 43 A1 K I 5 ip
1, & B A A A R3S R T R I8 55 75 A 1 43wk , ik
B RUST K I 2 R 3R T I, IURE 98 57 i AR

SLM JiJF Al-Mg-Sc—Zr £ 42— Pl AL ) = 5 R
G4 WA RS S12EERE Y. Spierings 45 * ' Xf SLM
WIE A-Mg-Sc—Zr G437 T AR, KIEG 4
I THOURZEL 2 st P 38 R REL R AR it s b 3 5 7 4 /)
SR AR 2, et L R AFAE R AL (Sc, Zr) Al Al-Mg
AR iR 20 Ak i) E i R 22— TR s AL A
DIVESRALEIMETT , & & M hi i 40 . Zhang % 1
N RGERTTTER AT H 2520 SLM BJE Al-Mg-Sc—Zr
G AW LR T2 RE R E LR, TS E Rk
RO GOKRDTIEAR AT 47 R, AT S I 5 4 072
PERE. IWAME ORI, 5 SLM BUE ALSi &4,
SLM 1 JE Al-Mg-Sc—Zr 4 4 HA BRI 9 57 Vg, X
FEIHINF SLM W Al-Mg-Sc—Zr &4 8 ) i i

AN R R A TTEE A P, Schneller 25 1)
IR ST K R, AR 2 AR PR SLM BB AL-Mg-ScZr &
S 57 5 FE U B RS A 42 10 40% , 2 AL Bl
R PTG TE AR S A A 1 2R R Ay
B 250G ES 11 ( Hot isostatically pressing, HIP ) ZbFRJ5 ,
SLM i JE Al-Mg-Sc—Zr & 4 I FLBR R FEAR T 92%, %
FFom AR L ARG A S T 374%.

H#r, E NI SLM BJE Al-Mg-Sc—Zr & 42 B
FRAE B2 57 1 RE W S B 0. ARWFSE AL A X-CT
X SLM J§JE Al-Mg—Sc—Zr & 43 % 55 380 AE (9 FL IR e
FRAEMEAT T RAE AT, 3 3 S5 0% 57 1056 15 3] SLM
BIE Al-Mg-Sc—Zr G 4 [0 57 751y, 45 4 9% 97 Wi 11 vp
95 57 L0 A AL BB I RRAE RS 9% i B 5 9% 57
B

1 RERFE
1.1 R

JERF BN Scalmalloy® 45445 R , ¥y AR Rid2 v il
N 20~63 pm, H 2L 2E RS LR 1. SLM BUE T H
WA EOS M280 5 T-ZZHUNHOGYIR 370 W
HE 1900 mm/s FHEE]EE 0.1 mm K2 IE 0.03 mm ;
SR FH A 2P Bl 8 )2 180 SOG4 O e 67° 1 27
AR, SLM BJE 30 M1 T BT R b i 157 4
A, AR R 16 mm, 5 B8 75 mm, FAk B EE
325 C/4 h, M b A E . PUbHEEE RS KRR
FE5 AR B AU TR 57 106, RSF A&l 1 Fos .
1.2 X-CT iR

F] ] X-CT ( NanoVoxel-3000 & 7> #1% CT &2 45)
XF 10 44 SLM 8 Al-Mg—Sc—Zr 4 49 9580 N 36 FL
BRI Y = 4ERFAE R T RAE . X5 e R ]2 7 mm
1 B AR A A TH A A L R R 120 KV, R R
100 pA, A FER K 3.53 um, FHIE N R,
FHEFR] 2 he
1.3 EHIAE

3 2o = Il e 9 55 a0 RAE 10 AR SLM BUE Al-
Mg-Sc—Zr & 4 i RE(#1~#10 ) B JE 95 PERE, S % AR e
GB/T 3075—2008 #1755, it % % 4 J11 LF5504
50 kN HL iR el R sh 0 0 ek e AL, R F1 4 =X
HATIRES , fe KW ) 0,,=165 MPa, i 1 It R=0.1, T AE

R1 A-Mg-Sc-Zr RMEZEUZR S (RESH)

Table 1 Chemical compositions of AI-Mg—Sc—Zr alloy powders (mass fraction)

Mg Sc Zr Mn

4.70 0.79 0.32 0.59

Si

0.0536

%

e Ti O Al

0.0858 0.0066 0.0203 Hax
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B =10 Hz, 8 A E iR %3 . ik 2 Bios, #
99 57 AR 1 BRI AR I | LA BB A7 i e R53%
o P57 I8 45 5 , 1 Hatichi S-3400N 14 Hi +
S AICBE X 95 W 1R TR

2 SHr5itig

2.1 FLBRERPEFLHEHE
Bl 3 (e S (0 AT (0 B R RS R B 25 0 R

4B
450 = RS0 4B
_H
- S
bt o
S
5
14
- o

1 EHFRERTE(mm)

Fig.1 Schematic diagram of fatigue specimen’s dimensions (mm)

B2 il
Fig.2 Clamping of fatigue sample
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Fig.3 3D graph of the pore defects for specimen #4
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BB OER T SLM B Al-Mg—Sc—Zr &4 5% 5510AE #4
FL BB 1 — 2 F A ] R v g R BB R 1. AT
VLA 2], fLBREBE BN AT 5 4 b, B e R X3k
RAEE  FLBRELSE AT Lo S FLRARIE S WiF . S FLERLE
B RSTH /N TR BRIE | OB A B R 3 22k 250
3 A P B AR IR A ] 8 1 M PR A SRR RE AR
e AT R , ILAMAE s AR Mg JCRTER IR N A 9 78
K ,MATREF BRI RIS A RSB, B
ARASKLIN , TR 4 S IR 20 T el R e v 1) B
TN AR 5§ R N L@ R L [T % 27 N 0 1A
MAKE AT . B 4 IR T IR #1~#3 #5~#10 ) X-CT
FLER BlbE = 2 FAL 25 3R

g ST b LB B BT S 4T, [ 5 R TR EE #1
) X-CT Y1 71, i3t a3 0 2 6 DX oh FL R B . mT
VIR B, AIE A BB 22 Sk AS BT R 04 Jd 1 bR 2 T ke
Ba , L N7 A TR P A S R A SO, 3 4 2 [ AR
BBETE XY TR AR, HAFERBR 1, X
Ha SRR M K. B S (b) iR B2 R A
AERBE RN R 51 KRR #1 7= % 55 B R A T 2% 57
AR B

PLEEREAR d K8 Fe R AEFLBR BB 1) R ST 4RAE ,
TE SR AL BRI A R AR B BR A B AR, R

‘l6V

d= \/; (1)
K, VoAU B AR

b T HEBRIE s X-CT S5 R 52, 56 45 5 vh 4
i bR G A E AR <30 pm AUFLERBRG . B 6 Fran-h 10 41
9 57 AR AL 2 S AL BR B PR SR AL AR R, ATLLE
W10 9% 97 AR TP AT 1 4L FE(#2) BIFLBR R R
0.102%, H:A4x 9 ZHIRFEAIFLBRAR/NT 0.1%, e/ MLBR
50 0.004% . & 6 B FTAI, Bifi 5 90 55 TR FL BRI K,
FLBR BB 1) A58 AR S BT, 10 49% 57 iR AL
BB b () fie R S B AR R 188 um.

P 7 LB Bl 8 25 2 A% PR A By TR R R
TR ZE . rTLAE HY, 280 AR <50 um AYFLBR Bk
o7 A TR A I 2 85% , Bl 4 45 A ELAR I3 K, FLBR Bk
A T D, S ACEAE >100 um A FLBRBIFEAY S 4
HRBFA YT 0.58%

PIBRIEIE w 72 it R AEFLERBIE A TESUARAE , FLER B
FABRTE B 2 Sk 55 LB e o EL A A ] A FE ) [T i AR
EFLBRE A SRR A e B

_[36nr”
V=T (2)
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A/ um A/ um FA%/um
287.364 432.846 117.334
259.495 390.599 106.448
229.954 348.353 95.562
203.749 306.106 84.676
175.877 263.860 73.791
148.006 221.613 62.905
120.134 179.366 52.019
92.262 137.120 41.133
64.390 94.873 30.247
36.518 52.626 19.361
8.647 10.380 8.475

Z %
HA/um HA%/um EfE/um
267.386 473.778 297.675
241.495 427.248 268.755
215.604 380.717 239.835
189.713 334.187 210915
163.822 287.657 181.995
137.931 241.126 153.075
112.088 194.596 124.155
86.148 148.066 95.235
60.257 101.536 66.315
34.366 55.005 37.395
8.475 8.475 ;-475
Ii(. Y Xy 687
HA/um EA%/um E4%/um
484.413 181.773 350.459
436.892 164.444 316.253
389.372 147.114 282.048
341.852 129.784 247.842
294.332 112.454 213.636
246.811 95.124 179.430
199.291 77.794 145.225
151.771 60.465 111.019
104.250 43.135 76.813
56.730 25.805 42.607
9.210 8.475 8.402

7 7 7
Wy [y Xy

(h) #9

4 9 R FLIRERPR = B E
Fig.4 3D graphs of the pore defects for nine specimens
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Fig.5 X-CT slide image of specimen #1

K, S HSLBRBIE R, BOP BB 1, 1309] Pl 8 g LI ok b BRI JEE 9 433 23 A1 7 1 HEOE
FLIR I B T A5 R T TR BR A4, BRI O D58 B FL B Bk SO A & b 2r @ h4), o EA i 4 R
TS5 A LI GRS W)
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A 2 7,
Y=y +W—\/R/—ZGXP(_2(X_%) /W) (3)

K, yoo 4 Tl x, ARESEG w RIS, th&sls
SR AT B E R R R, R 1, RIILARCR
AT

TEZS S A th & LA 45 S »=0.084, 4=0.160,
x=0.431, w=0.324, R°=0.89, K I 8 R IEL M ALE
R e H ALt Ol R IR 8 AT, 98 95 1l i FL B
BEERIE B H/NT 0.7, H B4 7E 0.2~0.6, UL FLER
BRE TR S AR AR, FA 38.8% MFLBRELFEERTE
FE/NF 0.4, BEEHSE 55 R A 2E KA I ARIE BB

A FLBR B o3 25 20 A% FNBRIE B () %o 1y 56 22 (&1 9)
ATLLE Y B FLBRUER A S AR K, HERE 2 T
Fifadh, S0 AE >100 um FLBRERFE BRI BE 43 A 16
0.15~0.4, 5t B FL BB BE RSB, TR AHEN]

200
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T
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|
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Fig.6 Relationship between porosity and equivalent

diameter of pore defect
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Fig.7 Frequency distribution histogram and cumulative frequency
curve for equivalent diameter of pore defect
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IHCREACHR Ry AN A BB , 33X 5 FL BB 1) = T AL 2%
M. &¢ EATAL, SLM B Al-Mg-Sc—Zr 54 3 557 1R
FENTR BB A 2, HAFE R RST B ARG B Bk A
AT RB XA 4 1 57 PR RE S A 255
22 EIERE

10 ZFE A 9% 57 1030 25 R Al 10 s, ml A, ik
ﬁ: #1 B9 55 AR e, N 52185 IRAEER KR #9 A%

FFATIR , O 223472 AR, KBB4 RFE (998 57 5 i
5L$ 50000~100000 XAEEE

B 11 8 10 ZHaAE 095 25 W 11 181, AR 11 (a) 1]
DLF 1, 10 ZH 30 A 78 B /N AT R0 A A A= 9 57 2R
5%, UL HFLEBR B FE 2% SLM JSJE Al-Mg-Sc—Zr &4
FERIIE 57 PERE ™ A2 5, (A58 57 10RF 1) 2R 3507 8 i 25
I F 7KV S b (e /IMERTET AL ) o BT 11 (b)) BT 1 3R T
TEA 7R % 55 SR BB H T AR BB AL

35

30 -
25
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DI

0.4
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B8 FLERSRMEIRKEENMESHEAEREESS ARG HE

Fig.8 Frequency distribution histogram and normal distribution

0.6 0.7

=
=
o
o
=1
W
e

fitting curve for degree of sphericity of pore defect

0.7
0.6

0.5F

804

Hw

03F

02

0.1F

1
20 40 60 80 100 120 140 160 180 200
SR AR /um

B9 FLEREEHEZEHREENXR
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& 12 JstRE #1 FaRE #10 (O ISR 4k 12 (a)
FEm  RFE #1109 97 24808 A T ialRe 28 i A R 5%
K H B BB AN A BRBA AL , 952 57 28— HL AR
PR B 2R I A SR SRR 5 | R 98 55 gk, I kRl
PR N — ARG . 256 F S (b) Al
PR BE R J - J2 RIS 5 BB , INERAEE RIS B R
Ao A F AR RSTER HLm 14 2 [ AR
JEFEGARE #1 957 Far i FERE . iR 12 (b)
Jr s R #10 545 4 A RIE G A (A 1. A 2. A 3,

'""'""““""77"
2E+05 | 223472 /]
/1
L/
3 _ a
5 L/ /1
= 1E+05 5185 ; ;
/1 /
- _./_ - - - _7/_
L/ L/
# ’

O1 2 3 4 5 6 7 8 9 10

AL 5
10 XEHES Fw
Fig.10 Fatigue life of specimens

(b) BREA T LR T
B 1 SRR ST T O SR E

Fig.11 Fatigue fracture morphologies of specimens
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V 4), 955 BN 3 ARG S HIA(A 1. A2 A 3) AL
FIREI A, H 3 DARIE G EE A Tl R, AT
B 57 I B9 57 R BLI R rp RO e R B AR 5
Feao T3 HNRAE ROST A/ INAR s 5 il B Ak 15 A2 1R 98 55 544
(R4 Ji DX Sy T Fee 2T FT R IGRIRT DX P o A, 7 97 54
S X NIEAFAE— IR RAT ARG G B (Y 4,
NI 5T T SR B AT 1, SLM IR Al-Mg—Sc—Zr 448
9% 57 IR (95 57 RS0 W AE TR 2R 1T ) A 5 BB
Ak, 18 FH 2 T e o o 5 A A S i 38 K P SR B
HLBRFE RTG53 2 i IR s e K, R RSk
B Ak B A 9% 55 24 80 mT LA MOt i A B TR IR IR A S 8
IR 57 AL

R TR BT i B A A g 95 1 BE Y R
Murakami!™ $2 H R \farea g AR BRI R HFER T,
Jarea g A TETE T K 8 1 07 1 R TR
B AR, 2 SOFFNE 13 7R Yadollahi % MK,
M9 557 BABCH LR T AT AR A BB AL J | Sk
I AR o5 Tl A 2 R AR TR AR, DRIk T LKA AR DU ke
B SRR S BB A MZ IR

FIFH Origin I 5598 57 W7 1198 95 24 £ I8 BRBE (9 R AE
RSt (fareay . HUHH Murakamil™ $2 Hi 975 23550 71
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Fig.12 Fracture morphologies of specimen #1 and #10
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Fig.13 Feature size (dotted line) of irregular-shape defects
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AK = YAG(TcJareaeﬁ. )1/2 (4)
K, Ao IR JIERL; Y R GG AL E S, PERELE
1 Y B 0.5, F 1A S i R ATEBA Y Y B 0.65. 1 758 B
- FEl AK 5955 2 ar i o R WA 14 iR,

FH & 14 AT, B 5 B Rl AK B iR
57 AR . T A ST H B9 55 2 RCER S D3 T i
B A I by EL 730 FEANAE , PRI g i B DR Y R
Sl B ) RO A 56, RIS B P RRAE RS (Jarea e K, 3K
FEIE 57 F R AIR

108 AL B H AR - 20244F 55 674 552210

W 158 % K F/ (MPa-m'?)
B 14 HOERERFEESESEGNXR

Fig.14 Relationship between stress intensity factor
range and fatigue life

25 a1, SLM B Al-Mg-Sc—Zr 44 9 55 1A
HAEAE RO R JEARASHLIN (%) J22 (0] R M G B, 25
SOl TR R T, 20 HaRE 9% 57 M RE P AR 0K
foF, faFERE SEE A RSTHISE. i T % SLM A,
¥ Al-Mg-Sc—Zr A 4 92 57 15UFE I 92 57 M B, HEE & 4
PO R <) I S R a1 W 00 P I I
PN N oS BN PAS =o /s RS § 1)
B -

3 i

I X 5 221 58 AL W )2 49 45 ( X-Ray computed
tomography , X-CT ) FAE5MT T HOGLE XAk ( Selective
laser melting, SLM ) i{.JE Al-Mg-Sc—Zr 154 NP FL B
BB B = GERRAE , IF A TR 55 00, 45 B 55 W 1 Ak 2
S A IR B FLBR SR FRAE R ST WY T 4 LB e X
AT TERE R SEN , FEEL5R AR .
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(1)SLM I Al-Mg-Sc—Zr 4 4x B FLBR B G 78 4
TBEEHLAT AT , 20 R S FLBR G RIS S . o7 iR FE )
FLBR ARG, 43 A TE 0.004%~0.102% =2 7] 5 FLBBRFE 1)
BRIE SR TE 0.2~0.6 Z (1], IE 40 Ai RE IS B i 48L&
FLBR BB A ERIE

(2) S ALBFA M FCE A2 RSTRIN, T AR 323 BR
T 5 RIEABBA I RS N & A ARG AR TERE
A FHAFFER B f . ERCE AR >100 pum [ FLER
BFAAL G ARG Y 0.58%, H HERIEEEH/NT 0.4, 5
KA AR 188 um, ] BE TR AZ A2l A 5 BRLRE 5
BB AN A BB it - 2 ) AR 5 BB, X A0 55
PEREIIRZ LA

(3) B A% 57 2480 HE FiaURe 2 T 1 A 5
R4k , LR SR B 11 Hh o 577 2480 AR TR IR R RAE R T
Jarea . I, BB AL A1 758 FE DR - L AK o3
K, 55 SLM W JE Al-Mg-Sc—Zr & 418 FE 0% 57 73 fir
FEAIR

& % 3 o
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