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Tab.2 Gear parameters
24 Parameter {H Value

5% Number of teeth z 32

1% Module m/mm 5

JE 71 f1 Pressure angle a/(°) 20

W2 iE f1 Helix angle B/(°) 0

5 % Tooth width b/mm 20

A5 {37 Z 4% Modification coefficient x 0
Vi T8 E14% Tip diameter d /mm 170

W B 45498 Accuracy class 644 (GB/T 10095.1—2022)

Tab.1 Major alloy composition of 18CrNiMo7-6 steel %
b E
Chemical C Ni Cr Mo Mn Si
element
Sﬁrﬁﬁ 0.15~ 1.40~ 1.50~ 0.25~ 0.50~ <0.40
0.21 1.70 1.80 0.35 0.90 o
value
SEAE
Measured  0.16 1.58 1.57 0.30 0.76 0.31

value

1.2 SRALETZE

KB THEARTZWNER R RS
B -V - K RAL I T 25 . Bk T2 Ay
HEAT RS B, T2 2508 il B 930 °C, B i) 8 h, Bk
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Fig.2 Metallographic structure analysis
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Fig. 3 Metallographic structure of comparison gear
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Fig. 4 Metallographic structure of ion-implanted gear
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Tab.3 Metallographic structure grades of comparison gear

X Bk

. HORBER (5]
70 . : :
hl J, NH Technical requirements Comparison gear
Test items
(grades) WQHI3 WQHI14
£5 EEM? 1~4 3 2
Martensite
o
57}? FA AR AR ' | ~4 4 )
Retained austenite
k4 Carbide 1~4 4 4
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T S 1 R A I T Ak (7 o AR ok 98 i £ 5 30°
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Tab. 4 Metallographic structure grades of ion-implanted gear
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Fig. 5 Hardness gradient measurement
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Fig. 6 Hardness gradient curves
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Fig. 7 Residual stress measurement at tooth root of nitrogen ion-
implanted gear
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Fig. 8 Residual stress gradient curves
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Fig.9 Testing machine and designed fixture
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Tab.5 Bending stress coefficient values of gear

i
Parameter Yig Ve Yy Yy Ya o YVeur Vi Yy
ffiValue 3.100 1570 10 10 20 0998 0988 1

FEF XS W A AL, BT RRE R A = O XN
FIPE AR B T o, AT SE BRI FR R R 50 r = 0.05 %)
N B SEBR AR N ) o) A T4 AR, LK (2) .

_ (1-r)o}
T el (o, + 350) (2)
X, o, AT EE M B PT RIS B . it 0 284 5 D5 AR 2

2 575 I 7 BRI 5 R AR 6 7
®o6 HREHIEZNA
Tab. 6 Root bending fatigue stress

Apjﬁfg 31Jizﬁij/1<N o ;/MPa o /MPa
38.0 735.9 715.3
39.0 755.3 734.6
40.5 784.3 763.5
43.0 832.7 311.9
48.0 929.6 909 1

4 HR5R

4.1 RWHER

B X RO 48 (WQH) RIS 3 A48 (QH) , IF
Jre s il g 55 1R, 0t AR TE N [R) 7 9 (9% 557 A
A ARG I DL AN 7 R .

x7 KBRS HESHIR
Tab.7 Test gear bending fatigue datas

R No g e R %mmﬁ &%ﬁﬁﬁ bﬁbﬁ%‘&t”
Gear number Bending stress/MPa Fatigue life Damage condition
1 WQH-15 715.3 1109 894 2L Crack
2 WQH-15 715.3 106 435 Z447 Crack
3 WQH-15 734.6 68 121 47 Crack
4 WQH-15 763.5 53 090 44 Crack
5 WQH-15 811.9 45757 4L Crack
6 WQH-15 909.1 16 621 WAt Fracture
7 WQH-15 909.1 17 301 Wi i Fracture
8 WQH-12 7153 347 531 44 Crack
9 WQH-12 734.6 77221 244 Crack
10 WQH-12 734.6 85 462 4L Crack
11 WQH-12 763.5 44 678 44 Crack
12 WQH-12 763.5 75 364 4L Crack
13 WQH-12 811.9 21101 2L Crack
14 WQH-12 811.9 30113 Witk Fracture
15 WQH-12 909.1 17 276 WAt Fracture
16 WQH-13 909.1 12239 W4 Fracture
17 WQH-13 811.9 29152 Wi ik Fracture
18 WQH-13 763.5 103 881 44 Crack
19 WQH-13 734.6 133 954 4L Crack
20 WQH-13 909.1 44307 447 Crack
21 WQH-13 811.9 35085 714 Fracture
22 WQH-13 763.5 38 281 Bt Fracture
23 WQH-13 734.6 76 199 W4 Fracture
24 WQH-14 909.1 18215 Wi % Fracture
25 WQH-14 7153 107 883 WAt Fracture
26 WQH-14 715.3 73303 Wr % Fracture
27 WQH-11 7153 3000 000 i H Exceed
28 WQH-14 715.3 3000 000 it Exceed
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43 Continued table
B No Vgt %Hﬂﬂjﬁ &%%}éﬁ Tjﬁw%m _
Gear number Bending stress/MPa Fatigue life Damage condition
29 WQH-14 715.3 3000 000 i} Exceed
30 QH-03 909.1 29 435 Wik Fracture
31 QH-03 811.9 11078 44 Crack
32 QH-03 763.5 32791 44 Crack
33 QH-03 734.6 69 233 447 Crack
34 QH-03 909.1 19 840 2L Crack
35 QH-03 811.9 29196 W74 Fracture
36 QH-03 763.5 85271 W4 Fracture
37 QH-03 734.6 87 689 W4 Fracture
38 QH-09 7153 124 138 W4 Fracture
39 QH-09 909.1 5334 W4 Fracture
40 QH-09 811.9 19612 W4 Fracture
41 QH-09 763.5 16 994 W4 Fracture
42 QH-09 734.6 49 544 W4 Fracture
43 QH-09 909.1 13 732 Wit Fracture
44 QH-09 811.9 18 321 Wi % Fracture
45 QH-09 763.5 34022 Wi % Fracture
46 QH-07 909.1 6881 W 14 Fracture
47 QH-07 811.9 8 629 W 14 Fracture
48 QH-07 763.5 9726 W i Fracture
49 QH-07 734.6 32859 Wr % Fracture
50 QH-07 734.6 45353 Wr % Fracture
51 QH-07 715.3 59 702 Wik Fracture
52 QH-07 763.5 19 949 714 Fracture
53 QH-07 909.1 5538 1B ¥ Fracture
54 QH-10 909.1 11774 ik Fracture
55 QH-10 811.9 13252 W14 Fracture
56 QH-10 763.5 22377 Wik Fracture
57 QH-10 734.6 42257 W14 Fracture
58 QH-10 715.3 54 807 W4 Fracture
59 QH-10 7153 108 977 1B ¥ Fracture
60 QH-10 715.3 194 415 W74 Fracture
Xif HE G A0 O R 29 LIRS0, Horh 14 4LAS IR T2 E ARFRIFSI,
1M R, 12 214 0 DR S I R, o 1L 41 4% 5 8T pn,,)= =03 (3)
A TR 31 4150, v 4 4140 1 P9 24800 2k 2 ¢+ 04
27 41 5 1T 0 2 o7 87, 1% . 4 66 B0 PPN =—— (N, = ) o)
P10 FF % . S5, B HE A 48 I P 2 .
T 0 P [P(N,)]= p— (In N, = i) (5)
4.2 BHEFWIN 1 _ ~
2 WA Z b GB/T 14230—2021, RLE(3) 3t oln 5y, y = AN~ o) ©)
R R T HN Fo R IE S0 A RHEIE 25 43 A1 Fl R B /N A3 0 A DG g0 s 2 PR AR Y=A+

PRI S B JR 53 A5 0 0 58 2 B o7 IR B R AT 4y BXHEATWBOM A B RV OC R A (T, 45
Ak g6, 4% M (4) ~(O) M B A BERERIH IR 8 R I R,
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Fig. 10 Damage of test gears
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B A G R B0 S AR At 2 b 43 A bR 2501 AH
KRB XE . I, X BE 553 A oR B0 1 50 2 die
(R ERe AL 75 i 43 A1 BRI, R HZ PR EIGHA T R-S-N LA o

FESRAG T8 B 1K F54iw o AR 3k b TR
N A AR BE R B9 57 A A . Al AR R SIBEELR 0. 50,

0.90,0.95,0.99. K45 1 1 A [R] v] 56 B 14 9% 95 75
i, HdR /N Rk AT i B, 15 3 R-S-N 2% .
FR4 E G471 GB/T 14230—2021 A AN AT 4B R T
(AT 5EF A N JHE R SHBOE SR A
Niyg=explp,y+0,,P'(1 -R)] (7)
HRPEZ (7) 1545 BN [ AT 58 B2 R 1425 i 9% 55 17
PRYCER, W52 10 .36 11 R .
X AN (R AT 55 B T 198 57 754w 64T 43 A ARG 5
WFIE BB, 58 NI (9 55 754w I T 880 b e e 40
IEAS AR . P50 i 55 i 2R R B 7k

mlgo, +1gN,, =1gC (8)
A Y=lgoy, X=1gN, . b =—%, a =—%, Iy

(8 FEXRHE AR & R AL A LR AR Y=a+bX, R
Tre/N e O AT E A W] 14 45 10 ) 9 R A
FTHEPIA A AE AR 5B R A R-S-N 28 2,
FEEGUEAHDC R B, X IRV AR B LA 2k 12 iR, B8
FHEARREIEIA R 13778

£8 BEAXWERBALEEXREYR (R ER)

Tab.8 Constant term and linear correlation table of the fitting formula (comparison gear)

R 1% Stress level

ES 4
Coefficient I 1 m I\ Y
B 7.981 3x10°° 3.770 5x107° 6.730 5x107° 9.480 7x107° 4.126 3x10™
E‘u.ﬁﬂ.ﬂﬁ . A -4.0117 -4.230 2 -4.284 5 -4.080 7 -7.277 4
Normal distribution
r, 0.9857 0.982 6 0.993 8 0.990 6 0.9811
B 4.1153 43313 42293 3.9942 7.458 7
R TE AN
XT&E‘LT ]ﬂlﬁ . A -53.9514 -50.294 9 -46.712 4 -42.545 4 -72.889 8
Lognormal distribution
r, 0.994 8 0.990 4 0.9939 0.989 0 0.988 6
B 4.827 1 5.0716 5.0370 4.7859 8.736 0
Sk o
W/ﬁ@ﬁ/J\ﬁﬁ o A -63.773 7 -59.3822 -56.123 5 -51.468 9 -85.862 1
Two-parameter Weibull distribution
r 09757 0.969 7 0.989 8 0.990 9 0.968 2

c

F9 WEAXWEBTALEEXRBR(BFENER)

Tab.9 Constant term and linear correlation table of the fitting formula (ion-implanted gear)

£ W 719% Stress level
Coefficient I I 1 v A
B 2.142 3x107 4.163 7x107° 9.177 9x107° 1.146 7x107 9.477 6x107°
IEZ
44 Normal distribution A -2.2495 -2.268 8 -2.078 2 -1.9129 -1.2529
r, 0.949 3 09551 0.974 9 0.966 1 0.940 2
B 1.904 0 24365 1.836 4 1.9915 1.3249
A A
XT%IIT‘M. ﬁj\%ﬁ . -21.880 8 -26.440 7 -18.263 8 -19.200 8 -12.326 0
Lognormal distribution
r, 0.9259 0.980 5 0.965 8 0.992 0 0.974 3
B 2.3344 2.854 8 2.249 1 2.3590 1.548 9
Py P
ﬂﬁ,%ﬁ(}ﬁﬁﬁdxﬁﬁ . A -27.3275 -31.480 5 -22.868 5 -23.2445 -14.918 3
Two-parameter Weibull distribution
r 0.944 2 0.9556 0.983 8 0.977 3 0.943 3
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Tab. 10 Fatigue life under different probabilities under lognormal
distribution (comparison gear)

CERS W T34 Stress level
Reliability I I 1 % V
0.50 493786 110421 62619 42267 17 543
0.90 388279 87963 49 569 33042 15376
0.95 362702 82472 46 392 30 814 14 812
0.99 319179 73079 40970 27033 13 810

R MPESAHTEFENERARBETHESFo
(BFENER)
Tab. 11 Fatigue life under different probabilities under lognormal
distribution (ion-implanted gear)

BETES N J14 Stress level/MPa
Reliability I i it % vV
0.50 97916 51630 20 857 15390 10 976
0.90 59295 34 090 12 124 9207 5037
0.95 51436 30306 10 396 7959 4039
0.99 39394 24303 7791 6056 2670

FT PG R-S-N I, 7 50% nl 5 AR S19¢ 1
T, % BRI #9857 75 A A 493 786, 1M B T E AN R
# v 97 916, A% T 80. 2% ; 7Erh i 19 I F , %
VI EEI% 55 A A 0 110 421, B T A 58 0% 57 F i M
51 630, FFMI% T 53. 2% FE R I e V', % B8 0 58 9%
S5 FFATN 17 543, B ARSI 57 54wk 10 976, B
KT 37. 4%, W& 11 fios .
T99%7%FT R 9% 1, % BRI 48 0% 57
FEAr R 319 179, 85 T8 AN 4695 95 77 6 J 39 394, 1§,
BT 87.7%:; ftlﬂf“ﬁﬁ]]l? Xof BRI 56 9% 55 75 i N

40 970, B 1 AW F I 55 Far b 7 791, 45 L
81. 0%; TE RN IV T, W BRI 89 55 F5am ok 13 810,
BT EA U R IE 55 7 Ao 2 670, 1 7 E 80. 7%, N
E 12 R o

50 493 786

45+
401
35
30
25

Bz R A% Comparison gear R=50%
B & Ty A Y% lon-implanted gear R=50%

110421
97 916

9% 55 73 Fatigue life/10*
[y)
(=)

N $18)% Stress level
E11 50% AT E T ERESRRIEE

Comparison of gear fatigue limits under 50% reliability

351

Fig. 11

319179

30
B+ R Ui e Comparison gear R=99%

25 R & F¥EA % Ton-implanted gear R=99%

20

55 751y Fatigue life/10*
&

73079

13 810
7791 6056

I 11T
. F14% Stress level

B12 99% P EE T 5B MR LS
Fig. 12 Comparison of gear fatigue limits under 99% reliability

F12 WNRERBIRNS
Tab. 12 Fitting of comparison gear data

CIEA S mlgoy,, +1gN =1gC HIE 2% aiN=C
Reliability R Z Bk Coefficient b Z 8K Coefficient a Correlation coefficient 7, m C
0.50 -0.069 4 3.233 1 0.903 8 14.409 2 3.858 8x10*
0.90 -0.070 4 3.2312 0.894 1 14.204 5 7.901 8x10*
0.95 -0.070 6 3.2305 0.891 2 14.164 3 5.725 2x10%
0.99 -0.071 0 32291 0.8853 14.084 5 3.021 9x10%
R13 BFENEREENS
Tab. 13  Fitting ion-implanted gearing data
QE:S mlgop, +1gN =1gC P L ofN=C
Reliability R 2 Coefficiont b 2 Coefficiont a Correlation coefficient 7, ” c
0.50 -0.093 9 33121 0.8889 10.649 6 1.873 4x10%
0.90 -0.088 0 3.264 8 09228 11.363 6 1.258 9x10"
0.95 -0.086 1 3.2512 0.929 8 11.614 4 5.764 3x10
0.99 -0.082 6 3.226 1 0.940 5 12.106 5 1.140 0x10%
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Study on the effect of nitrogen ion implantation process on the bending fatigue

strength of carburized and quenched gear

ZHANG Wei' JIA Huapo' GUAN Rongxin

WANG Xiaopeng™’

MA Chengtian® XU Yaowei'

(1. School of Mechanical Engineering, Zhengzhou University of Science and Technology, Zhengzhou 450064, China)

(2. National Gear Product Quality Inspection and Testing Center, China Academy of Machinery Zhengzhou Research Institute of
Mechanical Engineering Co., Ltd., Zhengzhou 450001, China)
(3. School of Mechanical Engineering, Zhengzhou University of Aeronautics, Zhengzhou 450015, China)

Abstract: Aiming at optimizing the gear surface modification process, the influence of ion nitrogen implantation on the
bending fatigue strength of carburized and quenched gears was studied. Using low-carbon alloy steel 18CrNiMo7-6 carburized
and quenched gears as the matrix, nitrogen ion implantation treatment was carried out through a radio-frequency plasma-
assisted ion implantation system. The root metallography, hardness gradient, residual stress distribution, and bending fatigue
properties of ion-implanted gears and unimplanted gears were systematically compared. The results show that the ion nitrogen
implantation process increases the root hardness from 695 HV0.1 to 780 HVO0.1, an increase of 12.2%; the hardened layer
depth decreases from 1.50 mm to 1.41 mm, a reduction of 6.0%; and the surface residual stress decreases from —-400 MPa to
-286 MPa, a reduction of 28.5%. Based on the R-S-N equation fitted by bending fatigue tests, under 99% reliability, the
fatigue life of ion-implanted gears is only 12.3%-19.3% of that of the control gears, with the failure mode dominated by brittle
fracture and accelerated crack propagation rate. The study indicates that although ion nitrogen implantation can delay crack
initiation through surface strengthening, the excessively shallow hardened layer and reduced residual stress lead to insufficient
crack propagation resistance, ultimately weakening the bending fatigue life of gears.
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