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Numerical analysis on residual stress of foreign object damage
on the leading edge of titanium alloy blade
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Abstract: In order to study the distribution law of residual stress on foreign object dam-
age (FOD) position in aero engine blades, the simulated blades were designed according to
the characteristics of the aero engine blade leading edge. LS-DYNA software was used to
simulate and analyze the impacting process of titanium alloy simulated blade at different an-
gles based on Johnson-Cook constitutive and failure models. The damage morphology and
macro size were compared between simulating results and FOD test results to verify the cor-
rection of the finite element model. The simulated residual stress distribution at the FOD po-
sition corresponding to different incident angles was extracted. The results showed that
when the incident angle of steel ball was 0°, the contact force and deformation energy were
significantly larger than other incident angles, indicating that the material failure and de-

formation at the skewed notch caused by a certain incident angle impact were less serious
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than the semi-circular notch formed by the 0° incident angle impact. There was a significant

residual tensile stress area at the FOD notch root near the incident surface. As the incident

angle increased, the range of the residual tensile stress area gradually expanded, and the

maximum value of the residual tensile stress decreased.
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Fig. 2 Three-dimensional model of simulated blade
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Table 1 J-C parameters of TC17 titanium alloy

ZH HE 28 B
A/MPa 837.4 G/GPa 46. 8
B/MPa 624.0 o/ (kg/m?) 4680

n 0.73 D, —0.09
¢ 0.075 D, 0.27
m 0.937 D, 0.48
E/GPa 112.0 D, 0.014
© 0.301 Ds 3. 86

%2 Gerl5 #1#} ELASTIC 8 £ #
Table 2 ELASTIC parameters of GCrl5 Bearing Steel

28 HfH

o/ (kg/m*) 7810
E/GPa 212
p 0.29
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Fig. 5 Impact position of steel ball
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Fig. 6 Schematic diagram of incident angle
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Table 3 FOD test results of simulation blades
KBRS M ER/mm plEE/ (m/s) ASM /) BOEE/mm B AGEE/mm 2R
1 3 250 0 2.579 1. 277 2 [
2 3 250 0 2.607 1. 204 2[5
3 3 250 0 2.638 1. 287 24 5]
4 3 250 0 1.759 0. 832 2[5
5 3 250 30 2.416 1. 343 i 4
6 3 250 30 2.587 1.324 i
7 3 250 30 2.520 1. 172 i A
8 3 250 45 2.744 1.421 i
9 3 250 45 2.520 1, 288 i
10 3 250 45 2.292 1. 387 i 4
11 3 250 60 2. 646 1.327 i
12 3 250 60 2.541 1.412 i 48
13 3 250 60 2.596 1.277 i 4
14 4 250 0 3.468 1. 744 it A8
15 4 250 0 3TATT 1.732 24 [
16 4 250 0 3.202 1.597 B
17 4 250 0 3. 446 1.926 24 [7]
18 4 250 30 3.738 1.597 I &}
19 4 250 30 3.710 1. 905 A
20 4 250 45 3.319 2.112 i &}
21 4 250 45 3.710 2.186 I 2
22 4 250 60 3. 445 2.316 i
23 4 250 60 3.721 2.172 i
| -
e .
(a) DFLLAER (b) LR (a) i EL5E (b) RIpZE R

B9 0=0"If i SR U] A0
Fig. 9 FOD morphology when §=0°
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Fig. 10 FOD morphology when §=30°
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Fig. 11

FOD morphology when §=45°
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Fig. 12 FOD morphology when §=60°
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Table 4 Simulation results of FOD macro damage size

s vl R AGHA 35403 98 12 358 405 TR 1

e (m/s) 0/ HE/mm R/ mm R%E/% E/mm R /mm 8%/%
0 2.851 2. 608 9. 32 1.189 1.289 7.76

3mm 30 2.823 2.508 12.56 1169 1. 280 8.67

Bt 250

. 45 2.816 2.519 11. 79 1.185 1. 365 13.92
60 2. 744 2.549 7.65 1. 265 1. 347 6.09

2.3 BEfMASWH

B 13 25 T Bk AAS [8] B ot i R R 2%
F18 oot 1 ) 0 4 flh g 28 il 2L 20 BT T L N K L)
O°FA A ST B B 2k ool 7 A= 1) 422 ik 0 B K DAL
A A R v S B . 0=30°,45°,60° I, 1% fiih
IR R E A 0= 0 B A W] 3 K. XKWy
TR AR B — 5 A S I F SRR R A S i
TR R 0 Bk DA T i 4 ik 380 [0 30 45 5 4 B30 0
JIT e B ] B

6
< 0=0°
5L —=0=30°
\ —— 0=45°
Hi 0=60°
> 4
=4 ! \ y\’
B3 SO
z ‘
%, ; L\
1 L o,
0 0.005 0.010 0.015
[5F[E]/ms

K13 Hefil s 5 ASMABER R
Fig. 13 Relationship between contact force and

incident angle

2.4 THREESWH

Bl 14 25 7RI i N AR AE ML RO T
i R AR i AR T B B e R] R AR fb A
SYHTRT LA R R 0=0° A5t B R i) AR TE Bk B
KT HoAh A A B O B 0= 307,451 60°
X R B R 0. 15 24y Xk i TANERIE
JRE I R E A ST I [ ik T B i R s [

0 0.01 0.02 0.03 0.04
s} 8] /ms
14 RS ARAENXR
Fig. 14 Relationship between deformation energy and

incident angle

RV 2R 850R R B 22, R L 78 T AR 55 M A — 2 A
JEE NS 38 1SR g AR TR R 11 TR
2.5 BRRMASH

AR 0. 05ms J515 8 T & M5k A N )
G3 A s BT AR AR o R Y A D B
WIEDATMIE TN B e g A R = W N N E DA A IV
73 78 SCPATF M R S i i AR A8 1) 92 19 7 1)
= JAE ] 3% ) 9 B8 A% N g 23 1 AR A5 Ao
PRI 5 1 A AN DR A S G TE 2 T
BRI ) A3 AT HLHE

MR ETZ FOD 8 1 = 1) 5% 4% B F1 53 A 45
R 15~ 18, h Jj 8 Ry Pa, $L ) R IE
FERE 1 A6 . WREE R 1 2 W] DA & B, o ik o A
(R AR 1 50 SR AR TR BB 1 34 B 1 R FE LG5
RS A R A E A R N VA R QS e e <6
168 X350 RIS 406 B A% 02 7 IXCCIRT v i £ X0
2 9=0°mf, £ FOD B 158 5 2 s 107 B 4% 3T ¢ 1



2290 it = &

AN N %35 %

DX Can 1] 15 (h) o D DX 30 52 50 B 8 1) % A% i iy
1o B TAEANER i A v i 1R R 3 B B
Ji 7 A YA S FE M AR AL ke 118 (I 8T 15 ()
T QX0 g 5 A H N T DX . AR A4 R 3 % —

N F17K /10 Pa
13.820

<—‘ H 8.407

2.996

—2.415

bd —7.826

da e

(a) FODAY B3R AX N 1 43 A

-13.240

S B PV B N AP R B AR TR B T . AR —
SE A RE N SPF I 45343 JE8 B 3 A S e T (i ) £ X
SR 16~ 18] 18 @ X ) 778 W 514 3% 4 L 1
JIIX s Bl A AL B8O S 5% AR B R 71X B

i F37K /108 Pa
13.820

8.407

@ 2.996

-2.415

v —7.826

4
Tx ~13.240

(b) H-HEE A S A1 73 A

H-H @

B 15 6= 0°®] (B 455 1o B 5% 42 W 1 49 i

Fig. 15 Distribution of residual stress at the position of damage when #=0°
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Fig. 16 Distribution of residual stress at the position of damage when §=30°
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Fig. 17 Distribution of residual stress at the position of damage when §=45°
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