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Abstract: For the dent-type foreign object damage (FOD) suffered by the concave side/
convex side of fan/compressor blades, experimental study on FOD simulation, analysis of
damage characteristics and stress concentration were carried out under different impact an-
gles, while high cycle fatigue tests and fatigue strength prediction of as-impacted and residu-
al stress relief annealed specimens were conducted. Conclusions were drawn as follows:
damage depths and stress concentration factors increased with the increase of the impact an-

gle. The range of the damage depth was 0. 1—0. 5mm, and the range of the stress concentra-
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tion factors was 1.3 — 1. 7.

Under the condition of different impact angles, the fatigue

strength of the dent-type damage declined relative to smooth specimens within the range of

50% —70% . and didn’t show a monotonic decreasing relationship with stress concentration

factors. The worst angle was 60°. The high cycles fatigue (HCF) behavior of residual stress

relief annealed specimens was improved, which indicated that effect of residual stress could

not be ignored. The HCF behavior of residual stress reliel annealed specimens did not de-

crease with the increase of stress concentration factors, which validated the effect of micro-

structure damage. It showed that the damage depth as the single parameter to build allowa-

ble limits and repair limits had some limitations. Prediction accuracy of fatigue strength for

dent-type damaged specimens was within +20%.
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Fig. 17 HCEF test results in different angles of incidence

Ry 75T 5% A% I 77 M BT A 45 4 HCF 1 6
AR5 MR 2 A2 AR 560 0 391 %oF fe B 1 B 60° o A
JFE R A5 0 R A b AR R A5° whas AR R Y 46
ik 56 E A7 B A8 KR AR J1 3R K #F 47 T HCF
P ORI . FLAS AR AR N ) (SROIAHE Y HCF 9%
RIS 45 B AN 17, 7] LB H - O SR R FE Y 9% 55
PEBE A X F NSR IR FEAT A [ B2 B2 19 2 55 . 60
i AR V350 55 0 B B i 5500, 457 iy A
TR A R 19% s @ A AT R, R A TR
N 1A %5 T 9% 57 5 B 0 B2 T SR AR RN ) 45 Ak
W7V RE . IR R B ERE I o7 B L T AR
[f] . W] FOD 51 A 5k 43 1 1 ) 7838 kb g i B
S BGR KR 57 5 R T, e 3 WK [R] £ R op
#: & FF FOD 3R A7 B 1 K/NAR TR @18 KA
R RE 95 57 5 8 O N R B 1 ) 4 T R B B
T B, Ud BH B 485 4 81 45 % HCF 1 B8 1) 5% i 7
60wty A B A/ TE /N A BB AST i S R R
K AHALF AT GBS PR i 6 A B 1) 4 HOPE 30
X L) ol 285 ) 5405 1T BB A 55 R S 80 A B BT A
TS A IE B 45 . T IR AT B AR SR X i 4
F 450 % B 5 i B HCF P B8 1Y 5% i 35 47 36 40 19
W%

H L2 & s ML4E & F Wk FOD ¥R B 1R
VTR /AL ] AR B 5 2 A A B Y
FRE i CEFM56-7 & shHLEk & 4 520 58 5% XU
W e /P T 35 AR 458 5 1) R AR B e R TR
JE) R 0. 08 mm., 4 & M FR (i RIE D R 1,00



543

WA 2 I A5 - T S0 AL A W 58 s o TC4 A9 5 B 52 4 5 1 977

mm, [ 18 S il 1 M50 B 45 07 XA 05 — 1k i 9%
5558 JE B FOD TR B2 59 228 {3, T LA L Mg
A5 5 1aURE ) 5 55 9 J3E Bl FOD P8 B2 /9 38 i 5%
W/ E SR IE AR BB O R . NSR R Y
FOD ¥R 5 A1 77 5 w38 R I n T ke 01 3k
B 57 560 5 20RH L oin T it R B ZEAIG . U B
i FOD GBS ) 4R b RO B4R L) R 4
a3 03 Xk It R i A0 B 982 5 1 BE F) B2 TR AN E 220 W
R T ARUEAT S S Bl HL B0 28 5% 1 0 22 A L T R E
AR /s SCHL I R 8 BR R 4 6 A3 BIR I ) 25
%8 FOD BB/ N I3 8 b BRAY I 1 R4S #4465
13 45 X ik 2 55 4 E Y B2

ll ¥ T J I : il L3 | S ] L I g ] ] I % T ¥
1.0+ i NSRitFE
i P m =30° A
S A ® 450 ]
0.8 | ' A 6=60° -
0.7+ " e . g v 6=75° ]
il ? g L7 SRikFE 1
3 L i \‘ C g ]
§0e b o 6=45° ]

s} =

e 05 ! A B=60°
© 04l P & ILEN, K=2 4
G 30 4§~: 6i0 7 g
1s] 5 o {s] 50 -
02l TCARTE At AE -
I D=3 mm, =300 m/s, R=0.1 1
011 N=10 465, f=96 Hz 7]

L 1 L | L L L l i 1 L | L 1 i | i 1 L

0 02 0.4 0.6 0.8 1.0
dfimm

E18 A —fk 9 557 5k BERE FOD 3% B2 (922 4k
Fig. 18 Normalized FLS changing with FOD depth

3 MinZfs HCF %5

AR T Neuber 2578 2 (7) %) NSR i
FE By =5 405 P 0% 57 0 B 9E AT T T
K, —1

K[ — O smooth (8)
Ofod

A Gamoon A G HIE P ARAKAE (42 57 58 %+ 6100
K. Hl p 43032 FOD M1 35t 78 5 495 38 #F (1) 958 57 3
JE R T AE T R B FOD JE#E 72, a, HEKE 4
TC4 BB B8 B — U 300 pm, CHR[ 23]
H FOD JiC 642 BOA wh B BRAA 1 21 4% L 1 A 3C
HR Y FOD JIGHE 48 02 i 5200 /) HoAth FOD M1
G AV 5 7 0 RS HE W ok 5 S PR A A .
U147 78 5 4 U P 8 57 iR RE T 45 SR an e 19, T
PLE B % T NSRLFET F - Neuber 225525 501
TS FE 7E £ 2026 LA X F 23R AW 119 SR

AR Neuber 2856 28 2 0% 150 DU RS B2 4 K (H
IRZEL-30% AN . Neuber 256504 SR R A%
1y FLS 000K B2 2% T X5 NSR 2 A (%) 70 0 4%
FE A BEH T Neuber Z50 20 0% it & SR IAFE Y
ToUI 45 A A%, 1 NSR A #) FLS 28T SR i
B, AT #3238 Neuber Z56 20 28 1 T 285 5%

L ——
450w NSRiAE

400 E O SRifk:
350
300

250

Tt/ MPa

200 —
TCAHTEF-HL ik

150 £
8 —30% D=3 mm, I'=300 m/s ]

[ / R=0.1, N=1 0°fi§¥, =96 Hz ]

PR A RN RE FRRERTEEE FRRRTETT1 FTTEIReTI I 1 1

100 150 200 250 300 350 400450500
iR G/ MPa

& 19 9% 57 5 S8 T0000 45 2R
Fig. 19 Result of FLS prediction

4 & 8

=A

AR SCET X A5 TR 5 2 s ALK /R A HL
I 2/ A2 1 FOD M50 BV 38 45 1 SE 7
AT oty /B R 64T T LB FOD R 56 #1F 58 #i 45
FFRAE 5 R0 182 o i B S JF R Tk I R b
bty 5 25 5% A I 9738 AR Y R 08 A 0% 57 1 56
T 55 A% 57 5 B B T . EEESR AT .

1) B 20 7 1M g R 0 K v IR
FURGHB A2 B vp i A B i A fk i g, B iR
JWHE A 0. 1~0. 5mm, i JJ £ h REGEF N 1. 3~
1.7, #0005 TR BE R0 g 48 vh 28 B0 Bt 25 ok A B
F14 18 Jonn i A% K

2) AT whats A BE A PF T o 1M1 R 45 455 4R g
SR N R AE S0 ~T0%WEN,. 5 K, Jf
RREEPPE R, el vh i M B 60°, £ 5%
AN F73R 5 MU R 45 5 1R /) HCF PERE A BT
PR 60 4 P 5590, 45° 4 P 19%
Wi A 5% A% 187 77 0 5 R R 25 2

3) EFRAN KB HCF 1 68 JF A 2 bt
K, B8R M 50 0E T &S #4144 b HCF
e ELAT — S . 45040 R B AR A i T e PR B
B IR A ME— S B — 2 B R B,



978 i o= 3

1%

e %33 %

4) X M1 455 0 51 405 450 A Y 9 57 5 ) T A
FEAEE20% AN,

SE Wk

[ 1] NICHOLAS T. High cycle fatigue:a mechanics of materi-
als perspective[ M. Oxford: Elsevier Science and Technol-
ogy.2006.

[ 2] COWLES B A. High cycle fatigue in aircraft gas turbines:
an industry perspective: high cycle fatigue[ J . Internation-
al Journal of Fracture,1996,80(1):147-163.

[ 3] US Department of Defense. Change 2:engine structural in-
tegrity program ( ENSIP). MIL-HDBK-1783BW [ S ].
Washington: US Department of Defense, 2004,

[ 4] US Department of Defense. Foreign object damage (FOD)
prevention in aerospace products: MIL-S TD-980 [ S7.
Washington: Department of Defense,1982.

(5] BALME, R, it v S ¥ 358005 725 BR R T 1 A 52 4% 05 K ik

eI B A J ). i =S 3 01 244, 2008, 23 (12) : 2153-
2161.
HU Xuteng, SONG Yingdong. Essential characteristic of
foreign object damage tolerance design for airfoils in aero-
engine and development of design criteria[ J ]. Journal of
Aerospace Power,2008,23(12):2153-2161. (in Chinese)

[ 6] NICHOLAS T,BARBER ] P,BERTKE R S,et al. Impact
damage on titanium leading edges from small hard objects
[J]. Experimental Mechanics,1980,20(10) :357-364.

[ 7] ZABEEN S. Fatigue crack growth in complex residual
stress fields due to surface treatment and foreign object
damage under simulated flight cycles [ D]. Manchester:
University of Manchester:2012.

[8] THOMPSON S R,RUSCHAU ] J,NICHOLAS T. Labo-
ratory techniques for simulating foreign object damage on a
leading edge geometry[ R]. Pinehurst NC; 10th National
Turbine Engine High Cycle Fatigue Conference,2004.

L9] HZERE RIMZR. SN0 65 RUBs / e SHLE R 5 118 37 9% 55

P RE R e 1 B 5T LT . i zs & sh#ll,2012,388(3) :18-23.
HU Xuteng, SONG Yingdong. Research on effect of for-
eign object damage on high cycle fatigue performance for
fan/compressor blades[ ] ]. Aeroengine, 2012, 38 (3); 18-
23. (in Chinese)

[10] PETERS J O,RITCHIE R O. Influence of foreign-object
damage on crack initiation and early crack growth during
high-cycle fatigue of Ti-6Al-4V[]]. Engineering Fracture
Mechanics,2000,67(3) :193-207.

[11] MARTINEZ C M, EYLON D. NICHOLAS T, et al
Effects of ballistic impact damage on fatigue crack initia-
tion in Ti-6Al-4V simulated engine blades[]]. Materials
Science and Engineering A,2002,325(1/2) :465-477.

[12] SARAVANAMUTTOOH 1 H, AYDINMAKINE F,
DOWN M G, et al. Erosion, corrosion and foreign object
damage effects in gas turbines [ R]. Neully-sur-Seine,
France: Advisory Group for Aerospace Research and De-

velopment, AGARD No. 558,1994.

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

(22]

(23]

[24]

[25]

[26]

HUDAK S J.DAVIDSON D L. Characterization of service
induced FOD[R]. AFRL-ML-WP-TR-2001-4159,2002.
PETERS J O.BOYCE B L, THOMPSON A W,et al. Role
of foreign-object damage on thresholds for high-cycle
fatigue in Ti-6Al-4V [J]. Metallurgical and Materials
Transactions A,2000,31(6):1571-1583.

PETERS J O,RITCHIE R O. Foreign-object damage and
high-cycle fatigue: role of microstructure in Ti-6 Al-4V[]].
International Journal of Fatigue,2001,23(1):413-421.
PETERS ] O,BOYCE B L,CHEN X. On the application of
the Kitagawa-Takahashi diagram to foreign-object damage
and high-cycle fatigue [J]. Engineering Fracture Mechan-
ics,2002,69(13) :1425-1446.

CHAPETTI M D. Application of a threshold curve model
to high-cycle fatigue behavior of small cracks induced by
foreign-object damage in Ti-6 Al-4 V[ J]. International Jour-
nal of Fatigue,2005,27(5) :493-501.

CHEN X. HUTCHINSON ] W. Foreign object damage
and fatigue crack threshold: cracking outside shallow in-
dents[ J]. International Journal of Fracture,2001,107(1):
31-51.

BOYCE B L, CHEN X, HUTCHINSON J W, et al. The
residual stress state due to a spherical hard-body impact
[J]. Mechanics of Materials,2001,33(8) ;441-454.
BOYCE B L,CHEN X,PETERS J O. Mechanical relaxa-
tion of localized residual stresses associated with foreign
object damage[ ] ]. Materials Science and Engineering A,
2003,349(1/2) :48-58.

NICHOLAS T, THOMPSON S R,PORTER W ], et al.
Comparison of fatigue limit strength of Ti-6Al-4V in ten-
sion and torsion after real and simulated foreign object
damage[ J]. International Journal of Fatigue,2005,27(10/
11/12):1637-1643.

CHEN X. Foreign object damage on the leading edge of a
thin blade[ J]. Mechanics of Materials, 2005, 37 (4) ;447-
457.

MAJILA A N, RAMACHANDRA S, MANNAN S L,et
al. Influence of foreign object damage on high cycle fatigue
of Ti-6Al-4V alloy[J]. Transactions of the Indian Institute
of Metals,2016,69(8):1475-1481.

TR, LG AR AR TCA SR 4 o o 3200 0 1) o A
N300 i 5 B CR ] VG % < B — R 42 [ ol i Bl ) 2
R4, 2013.

BRI KW 7R, R R whif B S B XF TC4
BG4 v IR PR 55 5 BE Y s e [T ). A2 g ) 2 4, 2015,
30(9):2226-2233.

BAO Zhengiang, HU Xuteng, SONG Yingdong. Effect of
foreign object damage at different impact angles on high
cycle fatigue strength of TC4 titanium alloys[]]. Journal
of Aerospace Power,2015,30(9):2226-2233. (in Chinese)
S, Db g TC4 SR & & F RO H Sk 19 BLas R
SRR T EWFEL ] 0 T T 20,2009, 38(9) :120-122,

SHI Jianjun, MA Hongjiong. Performance research on



543

WA 2 I A5 - T S0 AL A W 58 s o TC4 A9 5 B 52 4 5 1 979

[27]

[28]

[29]

vacuum destressing annealing of TC4 electronbeam welded
joint[J]. Hot Working Technology,2009,38(9):120-122.
(in Chinese)

MAXWELL D C,NICHOLAS T. A rapid method for gen-
eration of a haigh diagram for high cycle fatigue []J].
Fatigue and Fracture Mechanics,1999,29(3) :626-641.
BIRKBECK ] C. Effects of FOD on the fatigue crack initia-
tion of ballistically impacted Ti-6Al-4V simulated engine
blades[ D]. Dayton,OH: University of Dayton,2002.
ATRENS A,HOFFELNER W,DUERIG T W,et al. Sub-
surface crack initiation in high cycle fatigue in Ti6A14V
and in a typical martensitic stainless steel[ J]. Scripta Met-

allurgica,1983,17(5) :601-606.

[30]

[31]

[32]

BELLOWS R S, MUJU S. NICHOLAS T. Validation of
the step test method for generating haigh diagrams for Ti-
6Al-4V[]]. International Journal of Fatigue,1999,21(7):
687-697.

NICHOLAS T, MAXWELL D C. Mean stress effects on
the high cycle fatigue limit stress in Ti-6 Al-4 V[ ]]. Fatigue
and Fracture Mechanics,2002,33(2) :476-492.

LARSEN J] M,WORTH B D,ANNIS C G,JR. An assess-
ment of the role of near-threshold crack growth in high-cy-
cle-fatigue life prediction of aerospace titanium alloys un-
der turbine engine spectra;: high cycle fatigue[ J]. Interna-

tional Journal of Fracture,1996,80(1):237-255.

(= )





