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A Study on the Fatigue Life of the Laser Additive
LIAO Yu,

Manufactured Metallic Material
ZHONG Guiyong, SHU Maosheng, BAI Lin,

JIANG Xulai
( AVIC Chengdu Aircraft Design & Research Institute, Chengdu 610091, P.R.China )

Abstract: As more and more structural parts of military aircraft are formed with the additive manufacturing (AM)
technology, it is very urgent to study the fatigue characteristics of the additive manufactured materials and structures. To

investigate the fatigue life characteristics of the aluminum alloy and the titanium alloy manufactured with the selective laser

5l

melting (SLM) technology, a series of specimens with various structural details were designed and tested under the constant
that of forge pieces.

=]

amplitude spectrum and the random spectrum. The basic reliable life of each test specimen was statistically analyzed and

the reliable safety life curve was obtained. The fractography analysis shows that, more defects and mixed failure

characteristics exist in the aluminum alloy specimens, while the fatigue scatter of the titanium alloy specimens is larger than

Key words: additive manufacturing; fatigue characteristics; structural details; titanium alloy; reliable fatigue life
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B ) R M T AR Gl T2 AR B A 25 B B 1) 8 RSB, R B M R SR B, SRR
MTCEA A R 2 3 T ARSI, AR 25 TR DB S 5 T« TR0 7 M m i
T MEREIRSE” MU PR AR, [RIRT I T 2B A iR .

H AT S ) 4 JE ARG R i i AR 32 g i X O A il (SLMD) | S0 S AR O il (LSF) | He
TFHBE X AL 5 (EBSM) | HLFHUE 22 il it (EBF3) 4517, Hirp SLM £ AR A3k il it B AR i —Fh, BATY
B AZIIRE Z2 R BERR ] JOTR AL AN ] & S AR S5 000 A, 35 FH IR AR B AR Rk B i R 1 il s,
FERLZS MUK . 7 0 ] B S AR AS 31 1 9z 1o . i FE % 386 0 1 s 4 SRR R T XA P R AR R 22
L — B2 (ELAR 15 ~ 50 wm) FH TRy A PRER A 15 4 3, ADBY (ELAR 45 ~ 180 pm) FIZZ A (F 42 1 ~ 1.6 mm)
FH T [Vl A3/ 22 38 04 i ™.

H i 02 Sk i3 4 il s 4 SR M R BSR4 L KA S FERIE SRS A, CHLILIAZE ) 3222
KA MRS 4, AL R ZER KA £ R R IR G 4. B e b B 55 PR BE, A& TP T —
RN FT: 48 HAFREY ST SLM RIE AISiTMg & 4 10 i JE s 55 PEREREA T T 15T, K I B0IR AL T AL AN
Je Je WA BFA AL, T 5 AIST1I0Mg 3% 57 P RE DR AT T4 He. 0 SO0 BiF 5 T R T ER 5 1) R SLM A
TC4 £k G 4 CT IAFE R Ly AR, KB 45°05 14T BN AR TR Sl R a5 02 e i 2 S5 12 IS T 38 4 il i
TC11 k&4 M o5 M fE, IS TC4-DT 4kA & uEATXF L, 408 T TC11 kA 4 sl 3 K g 55 M e 7 1 A ARG
e ERZRE X SLM BIE B GH3536 (=il & 4 72 = IR A S T ARS8 57 BB IEA T TSR, JF 3L T8 ME N
AR BB AL T T 9% 55 F5 . B AR X EE X OGS ALY Inconel 625 =i A 4 S AT M IELT T WFE, X
Fb T ASIEAT ER 7 [ RIS [RI 0 g X480 R R 5 . IE A, 385 — S 5 Ae 0% 57 B A BB R K 284 g 2 3
WO T TAFgE .

DL EAFSE, B TR I T AR TR PO s A5 R 00 T R Y, e = RLEC S FH A RRAE, L anghity
LR AT (IS AL, (804 R X)) ABEHLER TSR, P I T AN RE ST 4 B S i RMLEE #A) 98 55 75 bl
T, ARSCIERL T AL B3 I A & 55 A 4, LA A MM B, 3T CHLES AT ReE B R g 14T
JREAFFE , AR A i 1 25 FE FE AR A9 55 T3 AR A, JRXF E A3 HT SLM. BB B8 15 4% 88 T 20 il v A1 e 0 95 ek
D7 I 25 52
1 REe AR Tk

BEXTRMLES M I A JE AR LL AISi10Mg $5-5 @k K Fil TC4 ELL S5 M AR VE M BUE M KL, HAL 7k
UL 1. S ML AT AR, 31 T 4 85 F Al 405 (AR J1 46 R B0 K, T4 EL Ly FRAF) B EG
8, Qi 1 R, BRI SLM BACKE & S0 AT ER e A 798 573800, 4 2R 14 (4T B0 5 T 35 At 44
JELJEE T 10, A o L 2.

£ 1 AISiIOMg BHACH TC4 ELI BioK i) EEAL S
Table I Main chemical compositions of the AISil0Mg powder and the TC4 ELI powder

element Al Si Mg Fe Mn Ti
AlSil0Mg -
mass fraction balance 9.0% ~ 11.0% 0.2% ~ 0.5% <0.55% <0.45% <0.15%
ellement Ti \ Al Sn Mo Cu Mn
TC4 ELI ) <0.1% <0.1% <0.1% <0.1%
mass fraction balance 3.4% ~4.5% 5.5% ~ 6.5%
no more than 0.2% in total
Fz2 WM
Table 2 The test matrix
material specimen test spectrum structural detail
type 1 constant amplitude/ L1=20%
AlSil0Mg
type 3 random spectrum K=1.37
type 2 constant amplitude/ L1=20%
TC4 ELI P P e

type 4 random spectrum K=5.10
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Fig. 1 The shapes and dimensions of the specimens (unit: mm): (a)specimen type 1; (b) specimen type 2;(c) specimen type 3; (d) specimen type 4
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PR A8 99.99% nI 52 B (1715 3 A 90 % B {5 B ot o 1Y HEAS ] SE: 54

Nso
N = . (2)
99.9/90 SrSc
ATAE A R FVE AR FRALS o] T U 1)
Sg = 10", §¢ = 1070/ V1, 3)

A, TR AT S8 ur = uo9.00 = 3.09, u1_y = ugge, = 1.282.
2.2 RIGEIRALIE
A BRI AE RS T3 3, FIE S AR o LI PR UL (cycles) T, BEHLIE A7 o A AT/ NN, 26 3 iRk
T 1 ANKPFZET 2 AR KRINST 0 o AT ST, 102808 3 MHAAF2ETY 4 5B RN T o SRy i ).
Table 3  Test results

AlSil0Mg TC4 ELI
specimen O max/MPa Noo 0190 specimen O max/MPa Noo 0190
| 121 35635 5 314 47214
type type
) . P 110 76232 P 280 84 662
constant amplitude spectrum (Ngg 9,90 in cycles)
200 44799 607 23 346
type 3 type 4
196 42 044 552 39926
171 1 683 572 2924
type 1 155 5461 type 2 520 4563
Lo 140 7 449 468 8238
random spectrum (Ngg 9,99 in flight hour)
252 2629 933 2959
type 3 230 5281 type 4 877 4205
220 7282 786 5239
MG 3 T BEHLIG B BEA AT SR a0 B 5 K, AT R RO A T 5
m, _
0" N, = E,,. 4
PEERILE 4.
F4 LR
Table 4 Fitting results
material specimen structural detail fitting equation
type 1 L1=20% o= 5x10" N
AlSil0Mg 752 21
type 3 K=1.37 o”7=3x10" N
type 2 L1=20% o*'"=5x10"N
TC4 ELI P ! ’ 3173 12
type 4 K=5.10 o "=8x10"N
T BRI 23 3 b Al e PR R AT S B2 4 5 At 28, nfs] 2 Fios.
(2) 300 —type 1 (®) —type 2
—_ 1 000 —
260 type 3 type 4
= =
S 180 ®
\ 600
140 \
100 400
0 4000 8 000 12000 0 4000 8 000 12000
Nog 900/ flight hour Noo g9/ flight hour

2 R AT iZk: (a) BRE 4 (b) BRE4
Fig.2 Safety life curves with certain reliabilities: (a) AlSi10Mg; (b) TC4 ELI
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Fig. 3 Comparison of the SLMed TC4 ELI specimen and the TC4-DT forging specimen

PAFHRHLAE], 24 BERAAr R 6 000 A7 /INasFas, & 3 ] 0, #B a5 7 1) 28 4 5 Iy 17 7K P (LR st
#r) 1052 MPa, 1fii SLM BJE 4R 751 MPa, 17525 29%, 0] DLERA4F4 SLM i8-8 75 MR RE B AR, (H H 4y
HHE 2 I e — A R E A R A, BRI ULS SC 3.1 /T,
3 RIS R AT
3.1 EFEMAEE

MRS 2E R mT B Y, AR 57 5 an LU RR 2, BRI X BObn i 22 36 A AR AE 0.2 DAY, BEHRCH A 4R
BB AR 1 RIS A I T b, ILEE 5, RIS 00 o0 Bt 5L SRR 4.

x5 WA 1SR

Table 5 Comparison of fatigue scatter for specimen type 1

material AlSil0Mg 7475-T7351 7050-T7651
0.116 0.115 0.201
logarithmic standard deviation 0.116 0.230 0.117
0.167 0.131 0.209
average 0.133 0.159 0.176

T RRR A A 7 B PE EOR, A7 22 KB X B E 2R T 0. 2(FEGE T, 0.2 X Echn i 22 RIUER
OIRCPERER) . LRI 4 5 IR 0 1], IR 45 R L3R 6, R 4 PRI P 0 P g, 1056 5 X
4 ARG HEAT T CT S LG A BRI 0, BAA LK 4.

o0

{78 [um] 7445.3435-1889.1561 3506.5575 = 3 ) B3

{582 [mm3] 0.0005 _% 23518 E [um] -4499.8369 2644.8498 -18896.9193

= A [mm?3] 0.0002
3.86,

\ e 74.4467 682 4
{578 [um] -2232.6152 583.3877 -24043.2587 &EH::L]SM'MW £82.15751441
{57 [mm?3] 0.0001 Hi

= 2.07|

B&[um) 81.6082]

]
{78 [um] 4774.6511-1784.1942 -15785.4939
a7 (mm]
e

i [um]

4 Tl CT B AR (a) BT 4, 08 585 (b) T 4, 09 514
Fig. 4 Scan defects by the industrial CT (screenshots of software simulation): (a) No.08 of specimen type 4; (b) No.09 of specimen type 4
M 6 FIIET 4 WA Y, BIE ARG FIRE 7 75 A O IRIK R 08 SR IE Z, (B 55 A7 1S T 13 30
BRI BRI, (57 i DA X P BR AR S5 A BUOPE R BN, AR bR SLM BUE RIBLERA —E
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KER, ZF ARG TE—E, A U A 098 57 73 HICHE BE R, PRI HCAR ST a7 B 000 1) i - ke o T 0 O &
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Table 6 Comparison of the fatigue scatter for specimen type 4

material spectrum O max/MPa number fatigue life (cycles) number of defects
05 >100 0000 0
08 >400 000 (uncracked) 4
TC4 ELI constant amplitude 524
09 72 000 5
13 36 000 0
3.2 WFOS#

A B R AT, R R O IR R 2R, A B LA B AR AL 52, SR PRI T an ] 5
Ji7R.

(@) (b)

1 mm

SEM HV: 5.0 kV WD: 39.36 mm MIRA3 TESCAI

SEM MAG: 27 x View field: 9.54 mm 2 mm
Date(m/d/y): 11/21/20 Performance in nanospace

(d)

1 mm

SEM HV: 10.0 kV WD: 46.15 mm MIRA3 TESCAN
SEM MAG: 26 x View field: 9.60 mm 2 mm

crack merging
WD: 44.36 mm
SEM MAG: 14 x View field: 18.5 mm 5 mm

Det: SE Date(m/d/y): 05/24/21 Performance in nanospace

Det: SE : 05/29/21 Performance in nanospace

5 MAMUPRHT DRI (a) PR3N 3 IEHERE (b) BUIFZEAY 1 BBk (o) BUIF2EAY 4 TERRZ, (d) 12841 3 2R

Fig. 5 Fractography of some specimens: (a) normal initiation in type 3; (b) defect initiation in type 1; (¢) normal initiation in type 4;

(d) multiple crack initiation in type 3

HiEl 5Ca) . 5Cc) mT A, TR 4 72 LI 1T BE LU I ) 23 R SBT3 J DX R W7 X =4~ ML X Ik, G 55
1*3%14*52%8@&#%%{1% PN A W SRS SR LR 7.
I 7 XF LRI L, BIRRTRE IR 55 A5 i AR LRI AR R LU AR B B, Y R A o S A L
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AR/, AN 10%, — 2 Z 18], Sy i 75 i i o 1) LU s T Bkl
K 5(0) Ml 1 SRIEIE R 2R R, aTE A& SRR G A RIS O, (A HRRnrF
PR A R ARRE, BRI IR R S il o SR 75 A R A P 5 (d) it Y 3 23Rk
AN, A UR 228045 F B E R 2 BRI, (A ) R R P AR R 5 F
F7 AR

Table 7 The inference results from the fractography of the specimens

specimen material total life (cycles) life of crack initiation (cycles) life of crack growth (cycles) growth life to total life
fig. 5(a) AlSil0Mg 115 000 108 000 7 000 6.10%
fig. 5(c) TC4 ELI 455000 437 000 18 000 4.00%

LA, G BT L AW 1, e BRI A AR TR A B OB 1 P S O, X 5 A 58 T 2
I F R IR AT T 45 R R — B BB R, BB RSk B BB B 22, 2o DR RS 2L A0 1 O, T BK
TP 57 o R L e A K.

4 4 g7

ARG L R 22 L MR ZE R A YT (ARSI (R 1 TS, X ALSi10Mg 1 TC4 ELI M A 4 J@ #y A 1 L
PEFTIRGRE, BIAS BIBEHLEE T 1 T 5 B 2 4 e i i 2. 100 rh ik & 9

D) A S ARIE GRS Sl T 2, fA7EIR & R R R A 2 2480 R 24 IS
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