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Experimental study and error analysis on bending fatigue of
low-carbon alloy steel 18CrNiMo7-6 gear
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(1. State Key Laboratory of Mechanical Transmissions, Chongqing University, Chongqing 400044,
P. R. China; 2. China Gas Turbine Establishment, Chengdu 610559, P. R. China)

Abstract: Gear bending fatigue test is an important means to evaluate gear bending fatigue performance. In
this work, the effects of test process errors on test results were investigated to ensure the accuracy of test
results. According to the method B in the national standard GB/T 14230—1993, the bending fatigue test
scheme was made with symmetrical loading across five teeth. The finite element simulation and strain
gauging were carried out to verify the correctness of the test scheme. The bending fatigue test of
18CrNiMo7-6 shot peened gear was performed by D-M method. The effects of gear geometric accuracy,
clamping error and equipment loading accuracy on the bending fatigue test results were analyzed. The
results show that the maximum error between the calculation of bending stress of tooth root and the results

of finite element simulation and strain gauge stress analysis was 8.7%, which meets the engineering
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requirements. Under 99% reliability, the bending fatigue limit of 18CrNiMo7-6 shot peened gear was
642 MPa, which is 28% higher than 500 MPa of MQ grade in the GB standard, suggesting that the
standard design is conservative. The geometric accuracy of the gear and the accuracy of the test equipment
have great effects on the bending fatigue test results. Considering the comprehensive effects of the errors,
the effect on the test results is 2.43%.

Keywords: gear bending fatigue test; strain gauge stress analysis; finite element simulation; error analysis
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1 Zwick Vibrophore 1000 kN Z5 # & 55 iR I8 #1
Fig. 1 The Zwick Vibrophore 1000 kN pulsator

% 1 Zwick Vibrophore 1000 kN B3t I Ml A S %
Table 1 Basic parameters of the Zwick Vibrophore 1 000 kN pulsator

BHAZH Kl
SN =% 1000 kN
T 25 o 280K 1%
NIk ¥ ) +500 kN
BIENE=% 752 2%
R R B 150 Hz
LIENE S 0.01 Hz

1.1 KSR EmER
BRI T 14 %8 P AR S S e 2 B R AR L 2800 3R 2, 1 58 A BL R 18CrNiMo7-6, T A 14 46 3%
1] 2295 B P K Ab B R A B )y 58~62 HRC, B Ak AL /2 TR 1.0~ 1.3 mm ., (& A8 BE 24 35 HRC, AR
RIHBEE R, 7 3.2 pm, IS5 L WAL LA B, BEALTR B 0.45A, B 3558 200% .
£2 EREANLASH

Table 2 Basic parameters of the gear

ZH Bl ZH Kl
Vi z 24 4V h/mm 11.57
BH m, 5 %3 6/mm 304-0.1

FEI 1 a/ ) 20 It U Bk 5
Wl AR5 h, 0914 i 5

L FRH x 0.486 || WP IE f1 K42 pr/mm 2,519
RIEWTE/HRC 58~62 | AELKE W/mm  69.7667 0
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Fig. 2 Drawing and real object of test gears

TR IS U A0 BN T TP o R G AL B L — B O RIE AR TR L R B EIR )T TR 1 &
B 3Ca) s . RIS TI S50 M 88 B & 8 Jl Romax DESIGNER #F # 28 128 56 25 %6 85 5 o5 1 4o &) 3
(b)Fi7R .t Romax DESIGNER $2 {1 1% 25 5 42 45 48 45 46 0 f b B0 45 )& S, = 11.026 mm, DL K f& B #K 1
Fre i &/ H A% Ds=112.816 mm,

5
o0 509

1.732

R2.186
R32

2.988 + 0.050

12.820

i
i
15.708

(a) BIIBH (b) KB RN P

B3 RISHERRBERER

Fig. 3 The parameters of machining tool and tooth profile in transverse section
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Fig. 4 Installation dimension of test gear
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Fig. 5 Force analysis
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Table 3 Calculation parameters of tooth root stress

E 3 Y. Yse Ysr Yirerr Y Rear Yx
Qe 2.039 1.754 2.0 0.997 0.964 1

H AT 0 28y 5 2 ARl N BEAE A S R A
oro =0.023 8F, COS @pen o (10)
Iz 354 ARl 5 R O
65=0.012 4F, cOS Qpey o (11)
AR B L BR ] 7E AT i 95 I I 20 U ORIE S /N A T BDE PRRREE REL v e =0.05, LLB (R 5R
WA o DR G R U AR 2 A BR L ) e 45y v e = O RS A BG4 4 50
oy — (1—%)7; , (12)

1— 7r
7y 350

A o, H 18CrNiMo7-6 FIHLHIBREE 1 080 MPa.,

2 HIRTHEAWIE
oA e i 67 58 o O RS 3 A e R PR R 3 T e BEL 28 0 kAT S
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Fig. 6 Finite element model of gear bending fatigue test
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Fig. 7 The contour plot of tooth root bending stress
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H#:2.0 mm X1.0 mm,BHE N (1204+0.1) Q, REEEE:2.0+1% ., Wi RH DRA-30 A £ if o i v A8
0, HRE AT 2238 38 W) A R AT . SR U4y 2 — 5 i 7 s b A7 2, M3 R B A S B 3 a1 8 s . LA
M BE 10 kKN, 2 A 10 kKN B Z 14 A1 28 80 kN L 1 25 4% SR A o ml xof 107 1) 14 AR 25 gty o7 F7 1

8 GIRT M5 A4 R R KI5
Fig. 8 Testing principle and field of tooth root bending stress

2.3 HIRE N SIXFELIIE
5 321 W37 20 v L 28 W 1 K B 0 8 BT 3 i S 0 7 AR 25 g BT A i A % 4
Fios . R 4 AL MR G T SR A5 B B9 A AR A il 1 ) 5 A BR T 0y B A B v BEL O A 3 ) 45 2R Y B R iR 22
8.7 V6 il JE AR SR o E A X 1A AR A T T R A (B A S 0 DA T 3 i T A il 7 1K Uy 9 IE A
x4 =ZMAXERTHM AR
Table 4 Values of root bending stress obtained by three methods

F./kN 52 / MPa 11 ¥/ MPa D5 BAE R 22/ 0% 55/ MPa R/ %
10 208 196 —5.8 206 —1.0
20 397 391 —1.5 413 4.0
30 581 583 0.3 619 6.5
40 771 775 0.5 826 7.1
50 963 964 0.1 1032 7.2
60 1152 1152 0.0 1239 7.6
70 1334 1339 0.4 1445 8.3

80 1520 1525 0.3 1652 8.7
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e IE HEAT U 48 25 i 2 57 108 22 T X a0 1 4 19 25 o 2 57 7R B RE 0 A 458 I 0 4K, MR 40 5 0 3 4 SR
B R AR AT A B Fa=72~80 kN, 87 M B4 2 kN 3 5 AN 07 ¢, SR I T e 12 0 s 3l 6 147 48 10 25
f 2 55 56 FE AR BR o 4 XD L xR 2) A5 B (] 1 96 28047 X 10z 14 145 4R 25 i B2 00 A3 5 s o o i DR 0 T
R AR PR SR RO R 20 AN A iR OF U BOE 3R 6 TR L TR IR A R AN 9 TR
RS ARBERTERSHEN

Table 5 The values of gear root stress under different load levels

AT F./kN or/MPa
0 72 754.938
1 74 776.507
2 76 798.111
3 78 819.747
4 80 841.417

Fo THEFXBHBE
Table 6 The data of bending fatigue test

Wik a1 /kN TRV REE) /) (ND
1 74 3000 000 N
2 76 88 093 F
3 74 224 792 F
4 72 3000 000 N
5 74 591 556 F
6 72 3000 000 N
7 74 3000 000 N
8 76 3000 000 N
9 78 3000 000 N
10 80 51 625 F
11 78 75 062 F
12 76 3000 000 N
13 78 205 623 F
14 76 3000 000 N
15 78 3000 000 N
16 80 111 275 F
17 78 258 569 F
18 76 3000 000 N
19 78 84 880 F

20 76 66 587 F
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Fig. 9 The results of “up-down” method
MG E AR GB/T 241762009 4z J& b1 R 55 5050 08 Be 1 75 58 19 40 0 J5 1801 %) 7 e 1230 6 &% 2R B A7
B Ak B8 R R AR B TR HE L SRR 7 TR
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Table 7 Analysis for “up-down” method results

F./kN PIIIE- % s f iXf EX S
80 3 2 6 18
78 2 1 8 16
76 1 2 2 2
74 0 2 0 0

WU A 4 50 0 AT 5E BE R A Hp A

/xFZFOJFd(?f—%jQ (13)

l [
Hoify A=D0if =165C = >, f, =10 BAFHIE d =2 kN3 i g5 koK F X 8 =3,
i=0 i=0

BC—A? o
M D= o =1.04>>0.3 W}, bRifEZE N

1D

~_ A2
g—1.62d[B(’A j

0.029
C* +

[
Ho. B=>i"f, =36,

WA R AT HE R =99.9%6,99%,95% 90 %, ) Xk RE fly 5 9 1E 25 20 A Jr 8 @' (1 —R) = —3.090,
—2.326,—1.645,—1.282, ALE R B ialge 2 BUR Bk sh B im0y X0F e, e 45 R 5 A il ik iz
SRR I 45 AT AR e e R e B 2 Ol f, = 0.9, MR [a] Al 52 i s g 3 5 WA R (15) . A AR
(11> (12) (15) , AT A5 350 15 58 7E AN [R) AT 5 B2 00 4 il % 57 A PR, N 3R 8 T

F=f,(uy +®'(1—R)o), (15)
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Table 8 Bending fatigue limits under different reliabilities

AEEEE R/ % ox/MPa F./kN
50 720.245 76.20
90 677.116 71.76
95 665.001 70.51
99 642.158 68.15
99.9 616.655 65.51

4 THESWRIRESH

FRAE 14 48 44 SCRUSE i i s A H 3 D AR S ol 1z 7 o 36 07 %8 RS BB S 0l 5 G, 16 AR L RN RS FE T
JE 5 GO BE 042N 22 30 BB U Bl o D) S R o 80 2 B 1A A RSB AT R A B 5 i 2 ) A7 R K A 2 e o IR
TE R 76 X050 147 4 2 e o B Pt A7 A 2 e 152 25 5 FLIR I I 45 W 28 ) A7 6 I 20K B2 . B 29T R iR
TR 2 0 1A A il % 57 1 00 45 SR 1 R w4 AT
4.1 JLE 5 EE 3T 2 9% o5 4R PR B 5 i

IR T 56 B TG 4% AR K BE R W=69.766 mm.5 FAEE T . ALK EAE W=69.662~69.700 mm
LRI B, ATEL K E R R S BOm A & ek s W 512 i 18 he 58 ENA ara £ 5L
T | R 1A AR S L T A L AN IR K B I A A ] 10 TR A OGRS T S S R LR 9.
g5 NAD (2) LA KR 8.9 1585 JEAS R A TE LA BN 19 W] AT &8 BE 15 48 25 il 9% 57 i B . 4n & 10 Pirom.

69.700 mm
69.662 mm

W
W:

(a) (b)
B10 RAEAAEEZKEMIBEMLE

Fig. 10 Loading positions of different common normal lengths

R FRAREZKETEREASHER

Table 9 Results of root stress parameters under different common normal lengths

W/mm Y. Y Ysr Yoar Y Rear Yx

69.700 2.106 1.737 2.0 0.997 0.964 1

69.662 2.120 1.734 2.0 0.997 0.964 1
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Table 10 Bending fatigue limits of different reliabilities under different common normal lengths

P% 57 e FR / MPa
AlEEE R/ %
W=69.700 mm W=69.766 mm W=69.662 mm
50 738.2 720.2 744.2
90 694.0 677.1 699.6
95 681.5 665.0 687.1
99 658.1 642.2 663.4
99.9 632.0 616.7 637.1

H 2% 10 I A AE N R A TR K BN ANl A] 56 B2 A 25 il % 255 I BR AR T 44 LA KX NE., 5
B SUNELR K ERS A L ALK 8 W=69.700 mm I 925 i 57 55 5% B RiR 220 8 +2.50% . A 4
KRR W=69.662 mm I %25 i 82 57 1 BR A 08 22 0 + 3,33 %6 BROAS ] 28 ik A JEE 1 100 T 25 il 98 97 A FR
MR ZETE +2.50% ~+3.33 % Z [ 3l .

p 2 C5) T, B () A 2 5 ) A AR S i 0L T 1) B S, B VPR R Xk R R4
2 XY FEHR b=30 mm, {HELFREFEAE b= (30.02£0.1) mm mFﬁWYB‘Zzﬂﬁo gL N GYMA2) L K 3 F1 8
RIS AN [R] V5 98 T B AS [R] AT BE 1 145 48 25 il 57 iR L an R 11 s,

F 11 AEEETAETEERNS #ES KRR
Table 11 Bending fatigue limits of different reliabilities under different tooth widths

‘ #5295 B/ MPa
A5 R/ %
b=30.1 mm b=30.0 mm b=29.9 mm

50 719.6 720.2 724.4
90 676.6 677.1 681.0
95 664.4 665.0 668.9
99 641.6 642.2 645.9
99.9 616.1 616.7 620.2

M2 11 AT, 54 XU S5 L AR TG . 05 95 9 6 =30.1 mum B 19 25 198 25 B B B R 251 K —0.1% . 15 5%
S b=29.9 mm 5 525 19 25 B BR R iR 25l +0.59 %, B [\ 14 5 0 T 25 i 9 9 B BR A% 4% 25 7E — .
10%~—+0.59 % Z [al W 5h .
4.2 FRREVTHEZRRH G

TR0 D7 6 26 e i B TP AR TR R IR 25 AR AN T TECRE e i 1 AR 0 A DRk o U 2K e 15 25 A B T o 2R s AR Ak
o o ARG 2 SRR 1 =66.3 mm, AR I 22 0.1 mm, B0 3% 4 2] 145 4
D HERTE r.=66.2~66.4 mm {EHE NN, FIREWME 11 Fian., FIBRICR2E MR N ) S84 R
WFE 12, BEAXAD (12) K3 8.12 155 % B2 Je 152 22 1A [7] v] 58 B 0 15 502 il 55 iR, WL 3% 13,
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r,=56.382 mm
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B 11 RERIRE
Fig. 11 Clamping errors

®12 FEERRETEREASHER

Table 12 Results of root stress parameters under different clamping errors

r (*/ mm Y Ys. Ysr Yoar Y gear Yx
66.4 2.064 1.747 2.0 0.997 0.964 1
66.2 2.014 1.760 2.0 0.997 0.964 1

®13 FAEERRETABTEENET HESHRR

Table 13 Bending fatigue limits of different reliabilities under different clamping errors

W% 595t B / MPa
AR R/ %
r.=66.4 mm r.=66.3 mm r.=66.2 mm
50 724.8 720.2 715.7
90 681.4 677.1 672.9
95 669.2 665.0 660.8
99 646.2 642.2 638.1
99.9 620.5 616.7 612.8

H % 13 AT, 5 4% U e EAR H . r = 66.4 mm B (1925 i 9% 97 i BR A KR 2205 0 +0.64 % .. = 66.2 mm
N 25 T 9 55 A BR i 0% 25 S — 0.64 %0 BSOS [R) 2 e 152 22 1 100 T 45 il % 55 A B A9 1% 25 A — 0.64 %6 ~
+0.64 Y JuHE IS .

4.3 & MEEE T ST #E SRR ARG

A 25 i % 95 150 SR FH 3% 45 0 Zwick Vibrophore 1000 kN iRIGHL, 7 1 al M H S S sk b 2%,

EHENAXADMA2) 3 8,15 2% i &K B2 A [F] ] 52 B R 5 58 0 & il g 57 B (L 3% 14,
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Table 14 Bending fatigue limits under different reliabilities considering equipment accuracy

e 3% 95 He PR/ MPa
R R/ % — — _
2 mER £ SUm#E —20
50 735.1 720.2 705.4
90 691.0 677.1 663.2
95 678.7 665.0 651.3
99 655.3 642.2 629.0
99.9 629.3 616.7 604.0

H1 3R 14 AIAL, 548 SUIMAR I AR EE  + 2 26 T8 7 g i) 257 ity 9 55 0 PR e K13 2518 Ry +2.07 %0 . — 226 In 8 )
AF %) 25 it 9% 55 A B e 1R 25 (B — 2,06 26, il IR 00 18 A AR B 0 0K B 1R A9 45 F A i o 5 A PR R 25 A
—2.06%~+2.07 %L HE N E.

2 b nT 0 p A e TUAAT 1R 25 LA B i A ARG B 5 s 06 158 25 o LA, DR I A AT Al % 55 156 B,
IR R 50 14 5 0 JUART R 32 DL SO B BB 28 B I 80K B2 . ok 4 30458 2 [m) Ik 1 S0 0 PR A 0% B 38 AR {1, X a3 22
(EIEATIMAT ¥ A5 B 25 5 25 Rt 50 2o A5 108 25 X 257 o 90 57 9 FE R BR R 52 i Ry 2,43 %6

5 &g

FEI T U s il 0 55 00 IR R Y BN 1 A S 57 a0 R v Y 05R 2 BEAT R R R 3 BT L AR B AR
510 .

1) MR 48 o T e 25t o 55 1058 Ty 58 L O I e O AR 4 ithy 102 g A PR C 0 LA K H B AR R e T 28
SRS i A7 S S i R T A KR 25 R 8.7 %40 il TRE R oK .

2)3RAF 99 AT EEFE R 18CrNiMo7-6 5§ AL 1A 46 25 ffy 3 57 5 B B KR &y 642 MPa, A L A% GB/T 3480—
1997¢ #7726 [ A% U 58 /R 4R A8 J1 3152 0736 ) MQ 2419 500 MPa, #2755 1 28 %, b vfiE S i+ A% <7 . 9 T2 1
R,

3)JFJ T 5 it 9 55 e ek R v A R DG 1R 2 6 25 o 55 A PR 0% B2 A3 BT, R S kR K R i 25 L U B AR
Z IR EMBTEIM TR ES EiRZESN N +2.5% ~+3.33%.,—0.10% ~+0.59%, —0.64% ~
+0.64 % F—2.06%~+2.07% . & i1 57 550 B o B O UE 50 1 A8 A 0 ZORS B DA B aal 56 U A ) ) 2 R
B R 4 IR 2% [ B B AR BR A AR SR AIG X 1R 25 B AT AT 2 45 B 25 A 2 R 00 o B R 25 X A il
9% 57 5 AR BRI SE mhy 2,43 %%
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