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Abstract: The internal and external profile finishing of the metal reinforcing edges of the leading
edge of large composite fan blades for commercial aero-engines was accomplished by four-axis milling
with a customized taper ball-end cutter, and the machining residual stresses introduced at this stage
often caused excessive bending and torsional deformations leading to dimensional overshoots of the
parts. For the four-axis milling of titanium alloy TC4 with taper ball-end cutter, an inverse identifica-
tion method of milling residual stress gradient distribution was proposed based on the deformation
tests of thin plate machining herein. The hyperbolic tangent models were used to parametrically char-
acterize the milling residual stress gradient distribution, and the solution of the residual stress gradi-
ent distribution was converted into the inverse solution of two pending coefficients £ and w. The model
coefficient £ was determined by testing the residual stress on the machined surfaces of the titanium al-
loy specimen blocks, and the model coefficient w was inversely solved by testing the bending deforma-
tion deflection of milled titanium alloy thin plates, then the residual stress gradient distribution curve
was determined. Four groups of titanium alloy TC4 test block milling validation experiments were car-
ried out, and the test results show that the average prediction accuracy of the milling residual stress
gradient distribution is as high as 99.35%. Compared with the traditional X-ray test method, the pro-
posed method avoids the use of electrolytic corrosion stripping to test the subsurface residual stresses,
and also takes into full consideration the non-uniformity of the distribution of milling residual stresses
on the machined surfaces, namely the problem of the dispersion of milling residual stresses.

Key words: tapered ball-end cutter; titanium alloy TC4; four-axis milling; residual stress; re-
verse identification; dispersion

s B HE.2024 - 05 - 30 0 ?]%‘

Eﬁlﬁiﬁ:ﬂfiéiiz‘ﬂm&f%%?m%m'ﬂ”%u EAWH
ﬁg/_‘A Ny SRl H. 1> [H] \‘\<‘ M=
(P2022-B-IV-012-001); B % 1 & Bl % 3 4 (52475488, RIUEL G ORI I 2T AR T L 5 B
. o 4] Sk , N N
52075451) ; [l 8 5 S WF & 151 (2022 YFB3709100) ; B 6 44 H 2% bl e RIS E N SEPS i PR i
B R FT 4 (2024] C-YBMS-288) O $ i & sh AL HE T B R IR A A A ol B

« 770 -



LR SK D DU BRI TC4 5% A B 3 A BE 3 A I A

Ji 4z 4

O fEEY¥ F

WG G AR XU i 7 5 8k A 4t R A T, B
AR /N R M A R T T R R A B B AR
PERE R0 A B AR D A AR R . HER R Z b7
T M R URE % IR B 4 3 T IS Bt vh i
NPT 8 A8 S 7™ AL L 78 KU B 2 A
00K FH 4 J I 30 25+ DA AR s LT b s L S
DL RO b fE . DAL Tl K2 R FH 22 ok 2 50
P 0 T AR A N 2R 58 S8 BT KA A i 2 4 R
SHR 20 1) R 788 A L HG P A AR TEDRS o TR P A Bk
Sk 0 pu Ak ) Tor R . AR R
FEMERE VIR A A A R ER S T DO Al ORS I T A
BRAYI )51 T ™ S i L I DT AR
ROSHHE 22 . [R5 2R Sk 0 B  n T 4k & &
TCA BRAR N 7 W5 TR 7 1) 1) B B 43 A KL F 52
WA T R AR Sz —

Y A IO T 8% 4% N7 T A 3 4 AT A K EE
Y RE 25 N TR AR N ) AR TS I R . AR AN Y
-y 2 A0 5 AR T N JC B A I R R, ARG
T 535 SR FH 2 1 R 4 ol T e G 0 7 2% o ik
REAERE 1R 322 X 38 1 A5 8% s A8 AR A5 55 A% B
71, GHAEDAMINI %20 % F A FL 2 A1 3R 08 32
il 52 A R R BR AT R g L 25 SRR IRk L
fLILEDREZ B 17% R F1. DONG 455 3%
JFH H A2 45T 3% X 1A 6 T 2R AT 43 20 2 S5, BF
FE T BRA N 1 U TR BE 5 1) 1 3 A B T B R
B Ty, Hof e T 0] A B AT R R A
WA, ZHAO %5 24 80 32 B 1 6 42 08 A K
BObE ) i R AT T 5% AR N s R Ay AT
ACHOURI %5V i 7 — i 3% o 48 30 5 19 % A
o7 3000 ek T v 2 A 3% S I e R D) R U
/NEARR IR A N T . FEBR AR 7 14 TE A I T
I, JEONG %51 SR B v 7 fir 5 6 DU & 7 B #2 hk
T (DED) o F rp = A4 1 5% Ak I A1, 91 5 45 BR
TCA AT HEAT FL A &5 SR 3R B SR FH A58 20 14 A IS T LA
W/ DED (3840 71 . VALIZADEH %57 % H
R 75 IR 3 T A R T o A [] 4 TR 1) 40 e EE
BRAIY 1 AT FSE, LIU %507 % B g oK 16 9 #
AR BRI 5 = IR A 4 DD6 Wt L2 1Y 58 4% 1
F15Ai . LUOY it —Fhad ok X 5 26 fi7 5 ik ok
B8 o T T 1 B A 1 O R B R g ek
Bio L5 LRTIR B X B2 AR A W I B R
F T B 25 6 F ik 40 5 B R 3 T 0 3t ) I 3%
JE R AR N 7 33 A i 3 R AR Bk R 2 11 2 3
T T ER 4R ) i gE

FEEH) N Tk AR b, BE T VI 9T 4 SR L
fAT32 Sy L300 2 3 AN (] 0 H- T AR iy LA

ARSI 2 AE A BT 22 57 3 X A5 307 R 5 2800
7 A Y BRAR L AR BN R AT AN KA,
T T2 T AN [ 67 B 1) 5 v B A7, Rl —
25t B A A B I gk Ay N SR 5
W5 K 8L, B 1 5k A g 0 A7 W] B o 9 FL e %2
BB R TR R BB G U iR
VB W) 5% A g 0 B BOE E AT W TS L SRR N
PP LSS AP e . TR BUA TS b AR AR IR R 0 3
Ao AT 28 W YA I R TR A AR I g Y OV L AR
I T T L — 5% Bk A R g b E A 2 g
T HRANL ST BN B ST I8 4 LA Ry il fe BIF 5
W RE ZE RN TR AR N 1 AR W SR 2T AR ZE

WERELS R BRI TR A AR RS GRS R
SRR IR R Z — 55 AR NI 1 7 AR 2
FETEWEST R . CHE 280 A4 4 )8 27 48 2 JE AR
T 38 o ™ A 1 BB A B ) 22 51 R A2
S T 5 B BAER Y L) R AN B <5 I 2T 4
JE A AR AL AL, GAO R T
— i T XU 5k A 1N T B4 0 AR TR 2 i TN A
B WE5E T AR TE SRR FR A ) Z 6] SE R
GAO FU BT AR H0 F0A FR TR LT 3 1 4
B A IV 0 A 280 il BE L B R T — b A
TASE WAL AL, YANG 48054 7 B 4 1 5%
RN IS AT (45 R ST AR T W) AR B AR I
JIBREATRAY LT SR RIS H i RE £ i T
AR F2 IR Hh N 5 R A R ) A A6 B AR L D Y
WA RN B, £ b BT aR L RE 25 A i TR 51 R
AR 14 AL B4 A B 5 A L AU TS LA B B
AR T7 I ELHRE 45 4 A2 T 55 0 R Ay L )R]
AT S B e S5 50 28 . AR 4 ) T B L 00 08 B AR I
SR T 5% A% B 3 45725 i AR T 22 8] #R 0% R AT L
SEAR AT I AR AR N ) 51D AR 2 A
TE S A R K 3R TN TR A N g 255 A Y 2
Ao DRI SR FH W A 25 b A IR SR B A i T B A B
L FE O 0 T3 A IO 7 N e 45 2R Y B O ) A

BEXF b3 IR, AR SCER T — b 5 T i AR R
MR PR 4 TCA HE B2 Bk Sk 7T 7 il BE M1 5% A
IO 73 6 JBE 3 A3 Sk T3 1%

1 SRHI 2R B M A R 7 ik

1.1 TC4 $EEIERE N B ES HSHU R
TEBLHIIN T b R 4 TC4 BEHI 5 A% N
T8 3 A 2 S ARL TR0 IE DI R L iR e Bt
HI AR I 1 B o3 A il 2 B A R <A 7 R
fiE o P 7 30 2R P00 IE D) RS 7Y 3R E B S 4
TC4 BEHI R AN I3 86 BE A3 A7 i 2, sk =R
e 771 »



REALAR T RE 5 36 % 2 4 ] 2025 4F 4 A

o(h) = A ktanh(w Ai)*/llk 1)

Ko (h) R BEEIFR AN F1 50 Ry 6 HI 5% 4 1 0 % g A7
PR BE(E s 0 S 3RAE WEAR B8 BE 19 75 S8 0y RAE R
GRARL N WS HGA A HHEA, = 100 MPa, 2 {f
kRN RE A, = 100 pm, TR S 4 TC4 BEHI 5%
AT Z R BEE N 100 pmt

FE SCRAEB R EOR5 BE R® INF .

Dw, (g — 6up) ]’

D ey — )’
KM 200 o 4300 S B HIER A2 B ) B 5236 (6 5 B0 £
Oexp ST IR B2 A% 1 0 09 °F- 28946 5 w0, g 0 5 A% 17
FIALEE R A E R O 1.

MR AT AL — A B Rk )" AT IR R —
FRBRANIN I8 BE Ay A 4R o (h) s PR T DL 5 4x
I T3 H BE 53 A o Ch) PSR IR 5 AL I S8 (ks ™ 1Y
KA . A SO T HE E K Sk T Bl B I TCA BR A
N IR BE 3 AT o Ch) S J7 1 5 BIV3 5 v Al Bt 1) 22
AR R AL BN S (O INIPIR
1.2 SHIRKREABSTERTITE

VI T 7 vp, LRI 5 $ 800 [m] B
A TE A 20 T3 2 A R Rz 8 LR ) A
A IR D APA =3 | K G | B . TR 23
T A RE e A2 SRS IE &l 1 R .

R? =1 (2)

T UWRHREE T

AAAAAAAAAKAAAAAAAL
L

B1 PHmMIZEERE
Fig.1 Plastic deformation layer in cutting process
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Fig.2 Bending deformation process of thin plate milling
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Fig.3 Establishment of a cartesian coordinate system
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Fig.4 Four-axis milling deformation of thin plate parts
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Fig.5 Inverse solution process for residual stress gradient

distribution in four-axis milling
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Tab.1 Parameter design for four-axis milling of

titanium alloy TC4 thin plate
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Fig.6 Two types of toolpaths for thin plate milling
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Fig.10 Titanium alloy TC4 residual stress test site
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Tab.3 Surface residual stress test results

T i o./MPa o,/MPa
1 —223.78+9.94 —169.71+10.66
2 —233.78+11.26 —190.60+8.74
3 —320.48+13.57 —268.46+12.68
4 —267.494+12.77 —257.47+11.52
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Tab.4 Model parameter solution results

S5 G R N1/ MPa k w
o.=—223.78 2.238 6.205
! oy =—169.71 1.696 5.991
5 0. = —233.78 2.338 6.134
oy, =—190.60 1.906 6.418
o, =—320.48 3.205 4.124
’ oy = —268.46 2.695 3.892
A .= —267.49 2.675 4.149
oy =—257.47 2.575 4.148
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Fig.12 Surface residual stress
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