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Effect of axial piecewise parabolic modification on fretting wear

parameters-of involute spline couplings

HU Zheng-gen, ZHU Ru-peng+ HN Guang-hu, NI De

(Jiangsu Key Laboratory of Precision and Micro-Manufacturing Technology,
Nanjing University of Aeronautic¢s and Astronautics, Nanjing 210016, China)

Abstract; A piecewise\parabolic function of involute spline couplings axial modification
was presented,” and/the modified geometric model of involute spline couplings was built.
Based on the finite element method, the fretting frictional contact property of typical invo-
lute spline couplings was analyzed., and the contact stress and relative slip distributions of
modified and unmodified involute spline couplings were obtained, as well as the effects of
modified position and modified quantity on contact characteristics of modified involute spline
couplings were considered. The following conclusions can be drawn from the analysis re-
sults. The piecewise parabolic function meets the axial modification requirement of involute
spline couplings, and the modification curve is smooth. Axial modification can effectively
reduce phenomena of concentrated contact stress and relative slip for involute spline. Modi-
fied positions should be the ends and latter half of external spline in the typical model. Mod-
ification quantity of the ends should be a reasonable choice for the model, and modification

quantity of the back is generally larger than that of the front.

Key words: spline; axial modification; finite element method; fretting; contact stress

W FE HH#A:2012-07-26
M 2% HH R AL < hitp. //www. enki. net/kems/detail/11. 2297, V. 20130711, 1810. 201307. 1644_001. html
ES&TH HEARBIFEIES (50775108) 5 15 45 A+ 2R 8 L TR 3£ 42 (20113218110017) 5
VL5 A8 3 2 MR 5 R B RIE R (CXZZ11_0199) 5 L9048 A A S RL % T 7%
YEFE A WIEAR (1988—) . 3 V005 & AL B+ 2E , T8 MRS 3h i sh i G i ot



57

B TEAR A5 < A7 1 3 B 0 2 A8 T X 7 T 2 A6 52 R 16 8 s 450 2 ) 52 ol 1645

A L 38 - B HK A L T T 2 AR B R LA 2
SIFRRERBE S R LB X v v A 1 M SRR
FERRLZS MUK R FE R A 20 )z s YL &
X TT AL B 4, [N AR BT T — R
WF5E TAE. Leen %1% % AT BR 7T J7 12 % [6] e 7
32 HHE RV 1) 7 F) G I T 4 A6 i R £ B Sl R 4R
PEAT T RETE  IF A OG5 vk Bk 1 A BRoT 2 A
(¥ TEB . Dietz 5500 X8 A6 5 @ () 55 B2 FLES $53 #E 47
TSR R BT — SE AR O B AL Y 2 A
K F. Medina 7% SR HI i 7 27 He fil 452 780 36 i 0>
1% Sl il 1% 3y 2 8 A6 1 R B4 107 0 o3 Al BEAT T WE ST
WL 2 IS X A 4 R sl L O £ A 6 Y 5
BEAT TR A T LA 3222 B AL B A 9
(¥ 5200 e e A BIF ST T B AN [ B T S 1R 1
TR R 40 Xk 58 P8 A B 325 42 7 i 1) B2 T, O R I
A LB R SR B L g T RO
T R A6 5 1 122 Y 58 3 TH 58 07 k. ELU A i T R AE
SR IE | 5] e A7 10 18 T2 3o i O 2 A6 B ) 4% fih
IO 77 VAR X T B8 B4 5 0 7 TG T 3 T 2R A B
JUAM R R A B 2% S AT SCRR AT

AR ST 5 2 W1 ¥ T e AL il i Yy = 2 4 9 5K
S AT THT P8 §580 s DAL I 42 sl 157 7 FHAT X 3 B e 52
N 7 - £ 4 B Ak s S L 1 P S
AR SR FH 3 Bl 0 o 500 Ml TR - 28 )
Frk 1) 7> BB IE . RN A BR OG5 % 20 B tAy 18] 18 2
Jr O £ A B I 1) 2 ok BN A7 K RS A% o0 A, I
W FEAB T AL e RUETE S % 16 T2 T 24 A S ) 17 42
Sl IO 73 K AR X VAL T B2 L O O 2 AR R R AY I
THEME S 5 .

1 #FF &I REE [ 5 B i 2127

L1 i5EER %

T 2R AE R R 0 05 1) B T2 — A SN E B AR 1A
TEAS TR Bly 1) 37, 5 0 047 528 A0y Tk 1 D
VAR X 3 % 5 5 i R XS AR PED T, Ding 450
feh—F 6 2 W B IE 7 2L (B0 € % B P
it AIE 6 7 B BB B X A28 ih 2
HMELLHA %E i HAEZ BT U LB IR Bl S RIETE
EZN R e R ONIIVPIE N P S Y
TR AR SR Hy— A ik 17 2 By e B 98 75 5
BV s A L ) R ABTE L R 8] S RABTE B B TE B S
RAETE Be ik P Uil R 0, 6 45 5 8 - 3, JLiB B
s I 1 s, Ji G s g AR X T
Ul 11 07 " R KRR S AN [) 17 70 I O R 3k R

A LLSE BN LB B 1 TR AR AL, i T AR B B
7T g SME SRS 15

/2 %

L2
bk 723!

T MBI (1/2)

TR R ()

1 S e ST I X

Fig. 1 Axial modification method of éxternal spline

BT v Bl n S R AB Y B 1k A AH X
TR B TR N 1 e R i T TP A
T AME T Te b 49 o3 FE VR A JRE L o Ry Bl el AR
A7 B T 5 AR X T3 A1 6 S8 19 O 1 A9 53 B B A )R
W ¢/ 2 52 J1 BLAZ [6] 1) N 7% 3l (9 AH X5 T A0 A6 8 i T
EWIFE BT, B0E 6.ty me n IE B A] 355
REMBIEM Y 2 1 Fda 4 2 ek g, anh =X

L [ A
g — —z + &
2m’ m 2

0 <m

0 m< z < n

2 2] Zz o nty 2 + 712 [2)
2n—1D2"  (n—DT " 2(n—1)°
n< z <1

1.2 HEEEEHNTL

R T EAETE T G B B S 80 AR Ak HL
B 2 BT 7 B[R] U5 AR T T 2k A8 B R A 43 B X
G 2 AR RO 18 BB 2.5 K i fl
h30°, D, =20mm, D,=70mm,q =27mm, a, =
2. 89 mm, WAL 7K 32 L4 T=3000N * m,
SERIHEf R ST pe = 95. 03 MPa. W JT £k 18 4 &) 4
BE A B Sl 206, 8 GPa, HFA L M 0. 28, BT
fF B m=0. 185, n=0. 444 3B FH 1 =1. 27X
107°, 6, =1. 121 X 10 *. N BF 58 5 10 & I8 XoF 4% fink
N 73 FAEXT #5052 ) of B CATIA oK
JUAT R 78 5 A B ANSYS workbench 13. 0, it
SRV T 2 A el ) 2 A Ml DX 422k 12 g RRE )
. Wi L AR s B0 A BR TR RL AN 3 P, il A 5%
Ay RLHULT 2 Ak B ) 4 1 17, B R il Jin 476 2R
XFRRZE Y, AL i Sl AT [ L L SRR



1646 mooa B

DA

5 28 &

T P AR i A Bl BT T90 0 9K 2k 1 YD 1) 1 A DL 4
ik T Sy« AR B AT TED A A TE L A1 A S 1A T A 4
il T L ST T O B T RS B H k3 ) 4 i R
B0, 1, BEE B 0. 3. 4B, BT BB
20804, 5 f BB R 95657 B 45 R Tk 84,

VHRET
—

MAEHE

SMEHE

P 2 SR T A AR B RIL A 58

Fig. 2 Geometric model of typical involute

spline couplings

Pl 3 i A0 T 2 4B R AT R TT A Y

Fig. 3 Finite elemient model of typical involute

spline couplings

B 4Ca) 25 1T I O 4 A6 B R A2 2 A8 N3
18 DL 2 fil 7 0B T8 RS 1 F B TR O 25 8 Y
W T AE T W7 IS 52 i 13 3 B AR 3 B8 B0 A2 A AR
SCH =0, 5ay Ak i T 2 AE #8422 ik 17 7 B AR 36
MR A2 A, AR AT UL, B 2 AR B9 5 L 8 TR
P T A SR B Al i 2 ke 8 R 8 2 1) R S R A
FEE BT 80 V0 Ja i T 4R A6 B R 147 THT 52 4
AFERICIR A AE T P S 2/ @ =0. 185, 2/ @y =0. 444
Ak fil 7 3 R S AR A L U A AR SCHR Y BT T
I 5 R IE B B F- 3. e A Bl b s
SREAIES L IVAAR RO RS S IDEE S LIRS
X 55 AL B 8 1R 7R 2 10 HHL R R 5 i 1 P
MR . SR BT IT LRI . &
T I 0 T 24 A6 ) 455 Sl 17 7 2 A1 A X 25 20 4 )
JEAE 2/ ar =0, z/a =1 4k, RAETE (4987 T 22 AL 1
AR X WA B el T A7 A L AR 2 AR L HL AT 46 B A
2/ =1 bR 32 A fe R, S EOHE fk 1V ) A R

| BRI
N e ﬁfﬁ‘*ﬁl&

L BIR 5 g i 2 Ak L A7 T R 4B

P 4 ()& i T 8 4 A8 B R A 228 20 0 48 1) 15
UL AR BB TE Fi S 9 L. DA R Hoal L, R A
T T A2 AL 52 B ) AR NS 98 3% [ 3 ol 1) £ 5 189 i
HEIN L AE 2/ @ = 1AL IR B dR R HAE 2O 0. 0013 6.
I TG 7 T 2 A6 B R A AR X T 3% B B 280 1
TG 5 fk 1 7 B4 A A 2R AL, 80 06 TR
P T e A B B A7 TR 56 A N R RS 4 T
B B X A% BT TS i 0T 2 A B LAY RE X
P 03 A5 55 ARAE T ¥ T 2 A6 B I ) AR 0 1 3% A0 1L 23
Al 5 24 2 A S FS AR 98 A% S )N

—— KIBIE, 100 %15
5 —o—_[BIEIT, 100 %3RS
—~— LT, 80 %R

= w1V , 60 %415
=4 —i— BN 40 %A y
i —e BIBIA 20940151 /
2 3f ——\BIBEA0 %R I8
# /
s \
12 /
R A e f =
gs) Bﬁﬁ“i,{xi* :
A
0.4
To AN AL B (2, )
(a) Befad )y

—— RIBIE, 100 %415
25t —o— BB, 100 %4115
—— BB, 80 %R

+— BIVJG 60 %413
sl e BRI A0 %G
—a— BIE,20 %0
151 —— BIEE, 10%4054

TC AR T BB (8/a, ) 1072

1.0 5
&G/M 4\‘\‘\4\

05¢ %**/\«S\
= R
0 0:2 0.4 0.6 0.8 1.0

o b A 7 ()
(b) HHA¥AL

P4 W T 42 AL B R B Ak 137 T AR X 3 7 o0 A1 ]
Fig. 4 Contact pressure and relative slip distributions

of involute spline couplings

TR TT 2 AL B B 1 52 Br 6 v L R A8 TR i T
24 4K i R A S T Bl T L R 2 =1
Ui, 3X 5 i 4 2 i 0L T ARE X RS R 2 A OC
(912 W T 2 AE S ) 22 3 B 0 £ R B0 A 1) 1
I« S 16422 fk IO g KA %o 2 A% B TP B R W



57

B TEAR A5 < A7 1 3 B 0 2 A8 T X 7 T 2 A6 52 R 16 8 s 450 2 ) 52 ol 1647

BT 5 RABTE X S P o 45 i 17 7 B AT 1 7%
L BEATTAL AR H Ml 7 7 B AN T % 20 A1 45k 2
23 B SCHR 1) 7 BERL P ZAB TE il 4 1 W 1
TR AE SR R 1147 ) A T2 205K L BEA R0 385 7 T 2R 4E
el IOk I DS & EROREE > % L LEIE 8

2 EBRAENRIN

FE 145 10 43 B ) ABTE v, 60 B 280 (m B
n) A AT & (o F o) sl B i S 80 B 5
FISEIR R T 2% S8BT A0 B 2 50 Cm A ) X (8l
A5 S B0 VR F L B 3 LR U ) 8 1 7, T [R]
5w, gk 1 24 4y Rk M S RUE TR i 46, i 4k
2 W RABTE AL B A% s B ML RS 15 TP B, B m=
0.370.n=0. 630, {1 £k 3 B9 ARAETE L & 8 o 3] Hh
R AR 52K B B m=0. 556, n=0. 815.

5t BT 23

E | BT 22

{5 AiiE=!

0 0.2 0.4 0.6 0.8 1.0
S gl 1 L B el

Bl 5 AMEBR IR U BT il £k
Fig. 5 Different axial modification curves of

external spline

Bl 6 Ca) 45 T 7 F 42 46 B R 7E A W48 F il
LR B T AR AR FE 2/ =0 Y BT R 2
FUETE M2 3 B 5847 42 fal v Sy B vh B4 . 75 0. 05<<
2/ ar<<0.5 Bt .3 P& IE 7 =0 4 fih i ) AR 4523
X5 A2 AN BT R/ INEA Y. 0. 5<
2/ a<0.9 W ABTE IR 3 A4 il i 1 728 1k B ok,
2/ ay=0. 85 BFIT, Ml i Sy P E L i 2 1
P e 1 2 b 5B M E
TEMIZR 3 il R A fb i K BT 4R 1 i il R AR
T NEAT . 2/ >>0.9 I, BB 2% 3 4
il 7 Sy 2 8 B R TE =/ar = 0. 96 & TR 0, )5
T A i AR BT 4R 2 NI GE 58 4 fF A 2
IR ZS BT M4 1 A9 4% Ak 1 ) R BT 22 L X 2 i
BIE £ 2 FE I M 28 3 78 in 2 72 b, 1 BE K

I AR B A Ty T e &7 8 B BN B U &
AR BN G Y.

K 6(b) &5 1 i T 4k 46 B B 76 A [RHE TP it
2T ARG T RS S A 5 fih 13 7 19 23 A1 26 AR A
XF W A% B o3 A KRB s 3 BBy« B s B i £k 2 A
ETE M2k 3 ARG I B 5K 5 i~ BB 3 8 1 L 3 b
B IE i 2 AR X 1 78 20 A1 X AN W] 45 5 F B ig e
£ 3 AR ¥ A% SR AR AL L R 58 4 B AR AR
MBI L 2 W W GF 2E A B2 oIk 25 . B TE il 261
X 8 A% A2 AT 22

6
st L
B HRZR1
~ I ik
S emmas 1
8 'f?/ﬂ:/H:HJZ»
}é 3 .
,‘:].H.E(
=
W o2r
R
1 =
0 02 0.4 0.6 08 10
(a) $2A) )
3.0

Ll I
—o R
SIANER

207

1571

TC AT T BB (8/a, ) 1072

0.5 f o

0 02 0.4 0.6 0.8 10
TN AL (2/a,)
(b) FXITEL

6 B TE Ao X 5 fih 7 7 R X 36 S 1 5 )

Fig. 6 Effect of modified position on contact pressure

and relative slip

it 3 R B I i 2 09 L Bk BB IR it 2k 1
SR BITE SRR BT AL N AR TR AE S
FESHERE AT B i TR M 2 B E A 3 R i 7
AEAE JUART b 8 1T 5 5 51 AL L T 4 v 5 S BREFE 1A



1648 i 2

g N o

%28 &

R 32 TR I A 1) e BOR B
TE =/ ar =1 Ab 3Kk B 45 K 5 I i g R AB TR A [] 119
THOLT BT LR 1 785~ B il 528 46 F X 2
g 2 MBI Hh 2k 3 B/, AR T 1 i 13 g
LEBSRGRE R

3 EBRERFNE

BRAETE AL A1, diig 3548 T8 o5 A 42 145 1] 43 B4l
WA I T7 X — A 25 e R &R A WA
EAT e AR E I A & B m=0. 185, n=
0. 444 B A A v S TE & Co A 6 X 422 i 07
FIURE XS ¥ (1) 5% i)

7 Ca) 25 Y7 ¥ T 2 A 5 A A ) i B 48 B
N R AR, N Rl 2 =10 121X
10 2%, 1, =6.40X 10 *,1. 27 X 10 *,2. 54 X
10 I, if o 22 fik B g e A= W A A, 1 = 6.4 X

4.0 ——
e 1=1.27x107, 1,=1.121x10°

351 —e— 1,=2.54x10, 1,=1.121x10"

35 L - 1,=6.40x107, 1,=1.121x10"
e 1,=1.27xT1074,=2.242 X102

25f . 1,=127x107, 1,=5.605%10

5 L T \1=6.40x10, £ 25.605x 107 !

1
—o— 1)=2.54%107, 1,52.242x107

ToE AN ) (plp)

0 02 04 0.6 08 10
TR A L (2/a)
(a) $fih) )

4.0 ———
e 1,=127x107, 1,=1.121x10
—o— 1,=2.54x107%, 1,=1.121x10
30} A 1=6.40x10%, 1,=1.121x10
v 1,=1.27x10%, 1,=2.242x10°
1,=1.27x107, 1,=5.605x10"
1,=6.40x10, £,=5.605x10~

351

1
o 1,=2.54x107,1,=2.242x10~

TCHE AT R (8la )/ 107

0 0.2 0.4 0.6 0.8 1.0
To R E (el a,)
(b) AHXI S
L7 BTtk 0 42 ok 7 7 R X 1 A% 1945 TRl
Fig. 7 Effect of modified quantity on contact pressure

and relative slip

10 B BT ik /N, mi s AT SR A B T S, 4 =
2.54 X 10 W BT f 3 K, i o R o8 4 iE A 42
fih 6, =1.27 X104, [FHE ¢, =1. 27X 10"~
A AR 1 B JE A AN ) 2R, =10 121 X
10 B ML B P i A8 T 42t [R] s 9>, B o =
6.4X10 ", 1, =5. 605X 10 I}, PS4 I 1 4
IS R IRBMETE H Y 5 24 S e 5 W i 18 i R
BESE I 1 %, Bl ¢, =2, 54 X 10 %, &, = 2. 242 X
102 B, R ity #10 A 0 A 5 4 2 fdobR 285, L 7 A i )
H S B S AT B R R g v

B 7(b) 45 T T 2 4G R AE AN A8 E ih
2R AR W B 4 AR Ak AR X T R B AR A B
ikt 7 7 AR AR 2SR, i K B TE 2 5 B B A
XU A 0 3k /N IR AT Tk fof i 3500 R X T S K

FL A 7 Fh A ] ity 3806 T o 8 T 28 A6 S R 17 42
fik 157 3 BAH X 4 8% 43 A1 & B S A B i 48 TR
oL AL A8 B R LA ASE 78 5 BEE L 3 R I B T it
ST T AL R AR Th SR A R R b S
B TE B N B35 BB TE 19 Eb Y, AR SC o A fE k5
Ui (A6 T 2 41 L il i 40K

4 &

AR SCHR Y (9 A1 A6 H U  op BEAL W B 08 T7
T AT L3 7 7 T 4 A S R T g 4 ik 2 B0 X Bk
AR RR 2 A7 S50 A0 4 i 17 3 R X T 8 O3 A L A
BN 4518

1) 3824 04 1) o3 B i ) 2k 18 08 B 2 2403 W
T2 A6 5 R 2 fih 7 3 FAR X 18 % 114 g 9 4R )
4L A i T8 Br S RAETE Be il 2 ad P71 . 1
U T L A S 1 ol 0 S A 2 B o0 A 2

2) R 1 AB ] A5 B Xk i T 4 A B ) 1 TR 3 T
WSH AR, T A SChANERE R I L
AR S 1 AR T 3 A 1 B0 i o BOR BOR E
B BT AL B — B T S AE B v SR 3R
8 5 2 B B o 1 o0 75 0T A/ A S 114 T S

3) i i AB R i R W O 2 A B I A 1) o Bl
WILAETL 0% S8 — A EHE N R B IE & MR
I 0 O 2 AL B ) LA A Y % A2 3R D0 B %
AR SCHR I i L A7 B R R L WO S 9 48 9 A
RATIECE PN

Sk

L1 ARMBRARI. fiias 5 58 1% 3 s 2% F LML % &L,
L LA A Tl R, 1988,
[2] Leen SB,Hyde T R,Williams E J,et al. Development of a



57

B TEARAE < 1A 1 53 BEAD W) £k A8 0 X0 3 TT 2 78 B R sl S 5 2 R 3 ol

1649

[3]

[4]

[5]

[7]

[8]

[9]

[10]

representative test specimen for frictional contact in spline
joint couplings[ J]. Journal of Strain Analysis. 2000, 35
(6):521-544.

Leen S B,Hyde T H,Ratsimba C H H,et al. An investiga-
tion of the fatigue and fretting performance of a represent-
ative aero-engine splined coupling [J]. Journal of Strain
Analysis,2002,37(6) :565-583.

Ding J.Mccoll T R, Leen S B. The application of fretting
wear modelling to a spline coupling[J]. Wear, 2007, 262
(9/10):1205-1216.

Leen S B, Richardson 1 J, McColl T R, et al. Macroscopic
fretting variables in a splined coupling under combined
torque and axial load[J]. Journal of Strain Analysis,2001,
36(5):481-497.

Dietz P,Schafer G, Wesolowski K. £ 5 §ill % 32 . [ 77 Fl )&
BURFPELT ], TAR B, 1996(1):31-38.

Dietz P, Schafer G, Wesolowski K. Strength and abrasion
wear of involute spline[]J]. Engineering Design, 1996 (1) :
31-38. (in Chinese)

Medina S, Olver A V. Regimes of contact in spline cou-
plings[ J]. Journal of Engineering Tribology, 2002, 124
(2):351-357.

Medina S,Olver A V. An analysis of misalighéd-spline cou-
plings[J]. Journal of Engineering Tribology, 2002, 216
(5):269-278.

WAL RN . 2 TR S AL T LR AR AR 5R B 43 B LT AL
TS 1801k, 2008, 155(4) :90-92.

CHEN Zhdo, ZHU Rupéng. Strength analysis.of involite
spline of aero-engine[ ]J]. Mechanical Engineering and Au-
tomation,2009,155¢4) :90-92. (in Chinese)

VSR, e Pk AR S WOHE 09 SR B T LT ). Rl KRR,
2001,25(1) :45-467

HAN Xiaojuan. Strength calculating methods of flexible
splines[J]. Journal of Yanshan University, 2001, 25 (1)

[11]

(12]

[13]

[14]

[16]

[17]

[18]

45-46. (in Chinese)
Kececiogulu D, Koharcheck A. Reliability of aircraft
splines with or without a wear induction period[ ] . Journal
of Vibration, Acoustics, Stress, and Reliability in Design,
1983,105(2) :163-170.

Ratsimba C H H,Mccoll I R, Williams E J.,et al. Measure-
ment,analysis and prediction of fretting wear damage in a
representative aero-engine spline coupling[]J]. Wear, 2004,
257(11) :1193-1206.

Ku P M, Valtierra M L. Spline wear-effects of design and
lubrication[ ] ]. Journal of Engineering for Industry, 1975,
97(4):1257-1263.

McColl T R, Waterhouse R B, Harris S J, et al. Lubricated
fretting wear of a high-strength eutectoid steel rope wire
[J]. Wear,1995,185(1/2) :203-212.

B ARG, 0% B O 4 0y B [T . T HL A, 2009
(5):24-27.

MAO Weipeng. Design-and calctlation of the coupling with
crowned\ tooth [ ] ]. Colltery Mecharical and Electrical
Technology,2009(5) :24-27. (in Chinese)

TR, 0K . SO 5 0 28 5 T AR A 0T 5E O ik
EF A BIHLA . 2005(3) £ 52-58.

WANG Xinlin, SUN Yongsheng. Simple calculating meth-
od for design of drum tooth coupler[]J]. Heavy Machinery,
2005€3) :52-58. (in Chinese)

Leen-SB,McColl T R,Ratsimba C H H, et al. Fatigue life
prediction for a barrelled spline coupling under torque
overload[ ] ]. Journal of Aerospace Engineering, 2003, 217
(3):123-142.

Ding J,Leen S B, Williams E J, et al. Finite element simu-
lation of fretting wear-fatigue interaction in spline cou-
plings[ ] ]. Tribology-Materials, Surfaces and Interfaces,
2008,2(1):10-24.



