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STUDY ON RESIDUAL STRESS AND BENDING FATIGUE
STRENGTH OF CASE-HARDENED THIN-RIMMED GEARS

ABSTRACT

Power transmitting gears for higher load bearing capacity are usually case-hardened.
Compressive residual stresses are generated at the tooth surface and the root fillet of gears
by the case-hardening, and have much influence on the strength of gears. Many studies on
the residual stress and the bending fatigue strength of case-hardened gears have been
published, and in these studies the gear of which the gear-side was not case-hardened was
used. However, higher power transmitting gears for the practical use are usually
case-hardened the gear-side as well as the tooth surface. In order to estimate the strength
of the case-hardened gear more exactly, it is necessary to determine effects of gear-side
case-hardening on the residual stresses and the bending fatigue strength of case-hardened
gears.

In the present paper, a method for the simulation of case-hardening process, which makes
use of the carbon diffusion analysis, heat conduction analysis and elastic-plastic stress
analysis by the 3D-FEM is proposed. It is applicable to an arbitrary the machine element of
three-dimensional profile. The validity of the method is examined by comparing measured
results of hardness, temperatures and residual stresses with calculated ones. The present
method is then applied to the estimation of residual stress for the case-hardening process of
various gears (spur gears, internal gears, thin-rimmed gears with symmetric web
arrangements, thin-rimmed gears with asymmetric web arrangements, helical gears).
Effects of the case depth, the case-hardened parts (tooth surface, gear-side, rim surface
and web surface), the module, the number of teeth, the standard pressure angle, the face
width, the rim thickness, the web structure and the helix angle on the residual stress were
determined. Bending fatigue tests were carried out for gears of various case depths and
case-hardened parts, and then S-N curves and bending fatigue limit loads were obtained.

Effects of the case-depth, the gear-side case-hardening and residual stress on the bending



fatigue strength of case-hardened gears were determined. Furthermore, a heat conduction
analysis and an elastic-plastic stress analysis during the case-hardening process of rollers
were carried out for various case depths and case-hardened parts by the FEM, considering
the changes of the thermal expansion coefficient and of the yield stress with the
temperature, and then residual stresses were obtained. Effects of roller configuration, roller
width, case depth and case-hardened parts on the residual stress were determined. The
method for selection of heat treatment condition and basic materials of strength design of
spur gears, helical gears, internal gears, thin-rimmed gears with symmetric web

arrangements and thin-rimmed gears with asymmetric web arrangements were derived.
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DEVCI I FATELH, EBICHAVWLNIRREANEE CIX, HEMARIZE
NTHEBIRNL DLWz, FLAERKBIERZREEAETbN WD, =
NHLOHBERELZHERIT I CRMEENDD. RREANKCISZEGIEHZ LD
EMIZFFMidT 5 7-0i2id, AIERRILCEHAROBMEEIEREIENICEZ 5EE
HERTEZS, ZRIUEREREGD -FEM) IZ & 3 B {zE B L O BB YIS 7 BTk
ERWEYIa LY RHMRTILEN DD EEZIBND. Fh, TOEDHVI
2 b=, BTEHEE v TBEREDI D BRI RE L OBREANE
HOBREILNERDIBACLHEATEZI2LDTH 3.

%I T, KETWE, 3D-FEMZ X2 REZLHB, BEES I UCHEE)IEDBITEZ
AWz Ialb—9%2BREL, ZO0YIaLl—92HAVWT, AR EEOHHAR
DIREEFHETD L LI, B2ORREANKHINTHVPAEEDORRIIREES
i, BEDHBLVOBRFISHDHERD, MABEEF LB HOMEHREY,
BENICLIIRESHORERZE RO C0, GAAERBIU X REKICLIBEHIES
OREHERCD-CW Y LR T DI EIZEY, KV IaL—9DOENEEHEID
%.



2.2 ZRTERERZEGBD-FEM)IC & B RFBIEENE

RKBEOREIFENOERFARIRCPIRATEZBNS.
55,25
IIT, CRREBET, ZHEE(x,y2)BXURKME OB C(x,y,2:t)TH 5.
DRHEERET, RBEETEREZRECOBEBLEZLONS.
B, BEOARICH > CEMEEL BARFEICHEET2BEOREZINBINE J
L3 hE, JiE, 74 v 7 O (Fick’s law) 12 & D

J_,_D_a_(_j_ (2.2)
on

THEZBEND. ZITC, n 3ERFONASEREEGHTH S,
BEHEAERQIDOEREELr LTI, UTOLS> 284055,
RS FCREBENEAEECTH 254

C=C ;S FizBWNT (2.3)
ER S, FTHRBRE L ATRB(OANT 284
J=J, ;8 EiBWNT (2.4)

R S LTREHEKSATAFORERFLAMBHORE,» 5AMAEARALET %
(BB T ERA T AT B)EE, DHA2VEMHFORIERFLAREDLI SFHK
HANBET 2 (BBREI 2 T7 28T 2)5E6

J=p(C-C,) ;8 LizsnT (2.5)
ZIT, BPREEBSTEKE®- GO C, IMBREAGEOFEHMIANT APORKRIRE
THd.

X 2.1, QABIUEALHRQI~QHEAWVWT, KRAIZRTREILB RN

DERBEREHERZELS Z LA TES.

(fﬁLﬂHWC@}( @][HmCﬂ (2.6)

'+1_ti ti+1 :
I, BREFIRERABBOBEOHEXTF vy EET. [QIEKREEFET MY v
7 A, [HIGREEBBE ) v 2 2TH5B. {C }c;’cﬁ’ﬁﬁ@*ﬁﬁm% E~X7 pLVT,

RATREIND.



{C}={C—Cn} 2.7)

2 1R T4HAUEAERE A VWS HAICE, 1 Gz
T h Vv 7 RQIE[HWEKRANTEHETES.
[o] = 2 [2IF (2.8) ) )
€ (Xz,yz,Zz) (x4,y4,24)
[H] = 2. (D[H])* +5 [H]°) (2.9 .
7L (X3,y3,23)
Fig.2.1 Tetrahedral element
21 1 1
et 2 11 (2.10)
lof = 2001 1 2 1
111 2

bl+cf+dl  bb,+cc,+dd, bb,+cc,+dd, bb,+cc,+dd,

1 \bb e +dd,  Bi+ci+d; bbby +ce,+dydy b+, +dyd,

T36V° | b teye, +did, b, tec,vdd,  BE+ci+d: bbb, +ec, +dd,
bb +c,c+d,d, bb,+cic,+dd, bb,+ce,+dd,  bl+c+d}

.}

(2.11)
0 00O
410 2 1 1
H[[==2
|, olo 1 2 1 (2.12)
0112
. 1
|4 ::g(a1+a2+a3+a4) (2.13)
[ @ =%,032,+ X042, + X,,25 ~ Xy V32~ X y20 — %, Y42
Ay = Xy V32 + X124 T X, V423 = X V324 — X3 Va2 — Xy 124
(2.14)

A3 =X V024 +X,Y42) F Xy N2y — Xy Vo Z) — X V124 — X1 V4 2

L Ay = X302 T Xo 123 + X\ V325 — X1 Yp23 — Xy Y32 — X312,

[ by = Y324 = YaZa = Y223 + V32, + Yy 24+ VaZs
by =—y32, = Y12y = V4Z3 + Y32, + V2, + 2 (2.15)
by =—=Y,24 = Y42, — V12, + Vo2 + V24 + Va2,
by = =022 = Y125 — Y32, + Vo2 + Y32, + 012,

_._7.__



[~ = -
Cl = XyZy + X2, + Xy2; — X32, — XpZ, — X424
) Co = X2y N Zy X2y~ X2y — X7 X2 16
= 2.16
Cy = X,Z4 + X2, + X2, — X,2, — X2, — X,Z,

| €4 = X2y + X2y + X325 — XpZ3 — X3Z) — X2,

[ dy = X3 Yy ¥ X4 V3 T XYy = X3V =X Y3 — X4 ),

) d2 =X Yyt XYy T XY XY — Xy Vs X Y, (217)
Ay = XV + XYy + XYy — X0 Vs — XYy — X4y

Ay = X,)3F XY, F X P — X)) — XY, — X Vs

I T, Z RELERWZ>VWTIMAALESEZ %KY, DIKEERE, pRKER
TERE, (x,y,20), (o ye z2), (x5, 93 23 ), (x4, ya, 24 ) B K21 R T U A E
EOWSOHKROBETHD. LEBEXORKEREOHEET, XQ.12) TIHI'%ZEH
HI 5K, BEEROHKRDOOEH A (x,y,21) ERMH AL TIVELH D,

2.3 3D—FEMIC & 2B E B E

HANBROBEREBNTOERABRIXCYIRARXTELZLNS.
pc%:;r_zg(gi{Jrg;%ng (2.18)
T, TRIRET, ZEMEE(x, y 2)BFLURKM OBEKT(x, 3 2:)TH5B. p
BHE, cldth#, ARBREERTHS.
B, BRE gL, 7—Y Dk (Fourie’s law) iZ £ 0

q=—1§Z (2.19)
on

TExXBNS. ZIT, n3ERALONMEEREEETH 5.
BEEFERXQINDEREHEL LTI, UTOIILEAED 5.
SER S, FTRENEMBEET THEEE

T=T;SLtizsnT (2.20)
BERS, ETRRE ¢ M RE(A)T 5584

g=q, : S EizHNT (2.21)
BERS FTREEND DHA

g=hT-T) ;8 LizsnT (2.22)



T, hZBEERE, T.RAEHEEQhLTE)DREETH 5.
A (2.18), QIOBIUVEREZHFERQ20~R2D)FHWVWT, KA RT BB
WOERBEREHERREI I NTES.

[—2—[‘1]—+[k]j{ 7;:1}=[—‘2[—”1f-[k]]{ T 2.23)

t,—t, t,—t
IIT, BRFEIRBEANBEOREDHEXT Yy 7%2RT. [plEBABTET M) v
7 A, [k]RBEEI Iy 7 ATHD. {TIRHEOHEMEERZ PVT, KA
TERIND.
{(T"Y={T—-T,} (2.24)
M2 A R4S REARBEREZRAWVWAEAICIE, MUy 2 X[ple[k]iZKRAT
tETE 3.

[p] = D pe[O)° (2.25)

(] = D (A [H]® +A[H.]) (2.26)
TIT, pEdEE, c3HE, ARACHEX HIBREERETHZ. EEOT LY
v 27 Z[01, [Hi],, [H]°3XRQ10~Q1NTHETES. =200, RQ12)F 0
LR EZROBREERAOEBEIC Y, BEEREO=Z2>DH SEE% (x), 2, 22),

(X3, Y3 23 ), (X4, Y4, 24 ) L, g%ﬁ%@ﬁﬁ&)@ﬁﬁﬁ(xl, YL Z) )%W%gﬁ,’é‘:tj—é
HEDRDH B,

2.4 3D—FEMIC & 2 ¥ S Bk

2.4.1 BEHEHCTORHENE

HERTOISIBFTOEBFRRCE, REETHETRR, 0TS E
ROHEEMBL>E OBRR, BLUORNNIEO O THAEBLEOBERRNTELLN
%,

[kYas} ={aL}+{dL}, (2.27)
{de}=Bllasy (2.28)
{do}=[D%]({ds}-{a}dr) (2.29)



==L,

(K] =2 [k (2.30)
{dL},= 2 {dL}% (2.31)
-y v v 0 0 0 |
v v v 0 0 0
v v 1-v 0 0 0
E 1-2v
Del= — (2.32)
[ ] 1 +v)1-2v) o 0 0 5 0 0
o 0o o o =
2
o 0 0 0 0o L=
2

IIT, [KJ3BELEDRAIME N v 27 X, {[dS}EBEEEROE SEMBEH N
MV, {(dIYBBELEOHRMEEO NI bV, {[dL} 3B RECL2EEL2EKDE
WEIR TSI N7 bV, {d@OTHER RS L, [BIREM-VTAHAI MY v
2, {d6} GEROEHABEMBO NI bV, {do}RIGHES X7 by, DR
BH—0VFTHI by 2R, {a}BRBERER2 PV, dT FIREHES, K BE
ZORIEST M) v 2 R, {dIY, BRAFRCLIDIERZDEMBETEAIEINI MV, E
EHRBERE, vIRRT Y VHEHTHS. DRLEERIIDVWIMAAbELAZLER
7. e

21 WKRY 4 HIANEAERERAVWIHEACE, M) v 2 X[B], [k, &
URZ b NV{dLY IRRTHETE 5.

b 0 0 b5 0 0 5 0 0 5 0 O
0 ¢ O c,c 0 0 ¢ 0 0 ¢ O
[5]= 1/0 0 4 0 0 d, 0 0 4 0 0 d, (2.33)
6Vele b 0 ¢, b, 0 ¢ b 0 ¢, b O
0 d ¢ 0 d, ¢, 0 dy ¢g 0 d, ¢
4 0 b d, 0 b, d, 0 b, d, 0 b
[} =[8]"[p°] [B] v (2.34)
{ary, =[B]"|p7] {ear} v (2.35)

::—C, Ve, bl, bz, b3, b4, cy, €y, C3, C4, dl, dz, d3, d4 ‘ig%@%;@:%g%ﬁﬁ



WT, RQID~QINTHETE 3.

INEOMBRREAVWT, EANLEHERKROELDITITY. FTEHEXONRE
W dT, BIXUOAREES LYz LT, RQ32)~0235) T MY v 7 X[D],
[Bl, [k BT R b V{dLY, 2KD, LT, R(230), Q31)T[K] {dL}. %
HET L. KIZ, BIEABRQL2NEMNT, HIAEMEN{ds}ERDD. E51Z,
X(2.28), Q2NIZLY, ENTNUOTH, IEHOED{de}, {do}zEHHL, Tn
LEAMBEBOEIIMADZEIZED, T Hh{s}, IBH{c}ekDDB. ZOFHE*x
BETZizdy, BREOBEAKE LTEXONERESHIINT 250 — 07 hE
WD T,

2.4.2 BEBEEUCHBEOKNETE

BEO—MBZBERREETEA, EHEUOTAED{(de?} B LI CAMBEKDIRERK
FEeEERTIe, ISHBETOERAERRXQ2D~Q2)FOREARR, LUV
ISP 0T HRESEOBERRIE, KiIZRT (236), QI3IDRNIEDLD.

[k fds} ={aL}+{dL}, +{dL}, (2.36)
{ao}=( [p°]+[p?] ) (e}~ faar) + faio}, (237)
REL,
{dL}r= 2. {dL}* (2.38)
s ~Sloto) (2.39)
= (a0
{do}, =320} ac;y dr (2.40)
o (H
S = f(ﬁHJ (2.41)
o= \/%[(O'x -—-O'y)z +(0'y ~ 0'2)2 +(o,—o, ) + 6(r§y +7, + ri)] (2.42)
__E
G= A1) (2.43)
{o'}= [o"x o, o, 7, 7, sz] r (2.44)



o-x:o-x_o'm
"o

¢, =0,-0,
% -

o',=0,-0, (2.45)

+0,+0,

o, =
L 3

IIT, [K]REELEORIMET Y v 2 Z EERQ30)], {(ds}RBELEDH
REMBINZ MV, {dIY3BELEEDOHTERE I NI bV, {dL} BB RIZ X
HBELAROEMA R ES N7 bV EERQ3D], {dL} ZARBEKOBEKRE
ML 2BELEOSMETENIEO R My, {do}BIGHHEH 27 v b, [DIEH
IR —0FT AT Y vz ZEFERX232)], DIREEIET-0FTHRT MY v
Z, {de}ROTHEHRT b, {3 BREBRRBR7 bV, dTREEHES, {do}r
FAMBEBOBRERFEICIZENEINZ MV, {dL} 3AHBRORERENE
WEHERDEMEEANESIRZ MV, {CYRREECIRZ MV, F FEHIST,
oy WEERIET, GREBMERK, HEBUOTHREAE, o, 0, 00 Ty Tu LIS
S5y, ERRERERE, vERATY VHETH2. Y REERZ>VWTIMAGLE
BrrERT. e

R21 KR 4HRMEARBEZEEZAVLISEGICE, BRI ST 2ERCHLT,
HEDOHIMEYNY v 7 2k OHERQ34), BB LZ2EZOSMAE A E SN
7 MV {dL}Y , DETER Q35) B KRIERTRA(Q.46), QANKEDLY, ARBEBDIEE
BEHIZESCBEZOSME S ITHEO NI b NV{dLY 7 FRIZRTR(2.48) THET
5.

[kt =817 ( [p]+[07] ) [8] 7 (.46)
facy. =[8]"([pr]+[p?]) {ear} v 2.47)
{dLf. = 3GS[B] {o ,}ao—, dT (2.48)

INSOMBEREAVWT, EANEHERKOLSLAS. 9, Sionkh
EMS AT, BLUAMERS AL LT, BELZZE L REERN{a), BR
S 0EE Zakn, ®(232), QINTTHY vy A[D, [BIERD, Wik
BoOERTIIRNQ.34), (2.35) Tk, {dL}. 2R, BEHEBOERTEIA (239~
(2.48) T[D], {do}r [k {dL}w {dL}r BR®, ZLT, R(230), Q3B

UR(2.38)T [K], {dL}.BLV{dL}; 25T ET 2. KRIZ, BELEKOAIEFER




Data input

Element no., hode no., coordinates of nodes; Case-handening
conditions; Physical-properties and boundary conditions for
heat conduction analysis; Elastic constants and boundary
conditions for elastic-plastic stress analysis

'

L

t=t+At

Computation of temperature
of each element
(Heat conduction analysis by FEM)

Computation of carbon content

of each element

t=t?

no

Computation of maximum

temperature and maximum
cooling rate of each element

Computation of thermal expansion coefficient
and yield stress of each element

t=t+At

¢

Computation of stress and strain of each element
(Elastic-plastic stress analysis by FEM)

yes

Fig.2.2 Flowchart of simulator of case-hardening process




(a) Type A (b) Type B

Fig.2.3  Method for dividing a prismatic element into three tetrahedral elements

Q36) BN THAENE R {ds} 2Rk B, 61z, XQ28), Q3NK&L, %
NENOT R, IRSTTDHES{de}, {do}z2itHEL, INHEIKREBOEIIMASIZ L
L&D, OFR{e}, iEN{c} XD, ZOBRBEREETZLIZLY, FEOMEK
ELTEXBNERESHICHT I -0 THBHEED TN L.

2.5 ZRLERRBEANC I L%

22~24 HIOEZRTHERBEREIZ L D2 RELEK, BEES L OB EE TR
ZRAVWT, BREANKCIZIEEENZTHT 2100 RTRREANY I 2 L
—y @OV REIY, ZRLBROBBREZOBACHEATEDZ Y I2 1%
ZHFELL. K221, XYI2V—YDHENKERT.

AYIal—F TR, ZSRTEREEA Yy Va P KTEREEA Yy Va2 hbH
AR TES., 7, BIAROSERICK - T, AEKERE24ERT 2. KIZ,
—DDAHBFREREZ=Z>ONHEABERIIDE TS5 LiCE->T, ZRTAYyVa %
AT 5. Lrl, AEAERZNEAEZERCSETIBICE, BETLIEROU
FALAZRZELBEWEDIICTHIHENSS. K23 BZAEKRELR 1-2-3-4-5-6
HHEAEER 1—-4—5-6, 1—2—3—6, 1-5—2—6 (#4147 A nEINHE,
HEAEEER 1—-4—5-6, 1—5—2-3, 1-5-3—6(F 1A T BZHEENHEER
T, LLR23G@OE2-3-6—5¢R23b)DOHE2—1—4—5 VEEEmIZLD L,
23 DM2—6HFH23b)DHE1-5LXETID, HERONAKEERIE
LEMTE RS E->TLED. INEHSCEDIIZ, 24 ERTEIIZ, BTE
WTWIRWAHGKEZORAWEF\BEERICZOLEVWEI LT ILEISHL. OF
D, K23@IERTIATABERETIE, W1-2-3DRTAYyV2DFALERC



4 = 1 6 3 4 1
A -7 A A
,/
/, 2
4 —~T7 6 3 4 1
B PR B B
Pd
P d
,/
5 2 5 2 6 3

Fig2.4  Connected side of adjacent prismatic element

Fig2.5  Admissible numbering of nodes for type A

Fig2.6  Admissible numbering of nodes for type B

B AEEEROHARSOEEOQQR LN 2.5 CRTHRAMZES> LD TRITN
Easikn, M23MERTIATBERTHE, H1-2-30KKAvy>¥a20DH
VERIBIIBEEEROHAZTSOEFTEOQG MK 2.6 CRTHAZES LD
ThiFhiEk s\,

23 ERTHAREZOSEEICLI > TEONLUEAERE, EEXERDR
HDOHRESN 1 THDD, il 2EC=2AVOEEIRRREAD > VWiIZHEE



(a) Type A* (b) Type B*

Fig.2.7  Method for dividing a prismatic element into three tetrahedral elements

4 y 1 6 3 4 1
. A* A* A*
~
~
S
5 ~ |2 5 2 6 3
4 1
~
~
~
~
~
5 2 5 2 6 3

Fig.2.8 Connected side of adjacent prismatic element

RELTHIEHNTERWQ2H, 238). 25, HIR1E2AMHRETILE
BB, ZAFOE1I-2-33RRRADD2VWIEAREERAME TSI ENATEIRN.

ZAFOHE 1-2-3 BRERAHDVEIAEERAEL TI2LELHDHEHEITI,
M27ZmRT LD, AERERI-2-3-4-5—6c2HEKRER4—2—-1-3, 4—
5—2—3,4—=5-3—6(F 4 T AN, HEIVIIHNEAKRELR 4—-2—-1—-3,4—2—-3—6,
4—5—2—6(F A TBHRHEINIFTVV. ZOEHITHEL, K28R T LI,
YA T ALY AT B*OEHRBREIN 24 ERTIA T ALY AT BOERBRKRL
FEIC 5D, 25 BLTR 2.6 CRTHEICE>TZRTAyYazlWNWT
BHRNCERENEERTEROBEERRALOMICE, TETLILFELD L
2, DESERTEDHZ R DI,

RERBESFE, 22 HIKFRTEEABROZXRTEREREMRNCL > TR
ENEH, R29 FRTIIRRREEITTIREZFRESTOHEEREY e



2 t.=3.25h
O 08 —QO\ T=930C Table 2.1 Gear dimensions
b=
g Module m 4
3 0.6
5 \\ Pressure angle fors 20°
g 04
O \\ Number of teeth Z, 18 36
0.2 Y
—O—O— Face width b 10 mm | 20 mm
o0 0.5 1 1.5 2 Diameter of bore D 32 mm

Distance from surface d mm

Fig.2.9 Relation between carbon content
and distance from surface

AbBNEHEE, BREKEA»SLERDELEITOREENIORDDIZIENTES.

RREANKCEZDIENE2HET 256, HEEBBRHEHBEOMBVIEABELLD.
AYIal—%TiR, WEHLOFECODEAWT, HEESERDS. Tikbb,
BEANBRTIE, BMEREI;SEEREBUEIEBER T IERNELLS S, KB OERME
TERZ 1T 2BRITTIVE, BEX2BREL D0 LELFME K 7HE 5 (K
HEMNZED 5.

2.6 BREANS I 1L —YOREE

2.6.1 BEEH%H

AENS Y LEPARBEDOEFETIE, R2IKRTED 2 -V m=4, ZEENA
% =20° B z,=18, 36, HIE »=10, 20mm, WNROEED,=32mm TH>D. %
NoOEFBIE, BT E cx=025m(m: Y 2 —)V), TEWENLREREr=0375m
DSy 7hy ¥ TRHBRETOEINZ2LDTHD. BMEEMHFT, H210&FK221KC
RY LD, MERE T=900CTRRIE =80 min(H—KYRF¥ ¥V C,=
1.1%), #EBEE £,=30min(I — AR VKT Y ¥ V C=0.8%) Db D (GA), T=930TC
Tt =180 min(C, = 1.2%), =90 min(C;y = 0.8%) D L ® (GB), T=930°C T 7. =480
min(C,= 0.9%), #=360min(C,=0.9%) Db D (GC)D 3 BEEZH, BRAEL T
5 850 COIRE T 10 min MRFL &, 70 COMPTHRAENT=LDE L.



o
2 ! o
o toG) |, telcy \20C
g Carburizing ' Diffusion | 10min 0Q
@
|__
70°C_ AC
Time
Fig.2.10 Heat treatment condition
Table 2.2 Heat treatment conditions
Gear sign GA GB GC
Treating temperature T 900 C 930°C 930 C
Carburizing time z, 80 min 180 min 480 min
Carburizing carbon potential C, 1.1% 1.2% 0.9%
Diffusion time Iy 30 min 90 min 360 min
Diffusion carbon potential Ci 0.8% 0.8% 0.9%
Table 2.3 Chemical compositions (SNC815)
C Si Mn Cr Ni S P Cu

0.14 | 0.23 | 0.53 0.78 | 3.03 | 0.20 | 0.009 | 0.007

WEMEHE SNC815S T, ZD¥EMSsER 23 IRT. BRRKME LTE, 211K
R LW, HEAECHAD - E2BT I LOBKIEL T, wE(EEE, &
EEbLEYL) CEMAKREAIrSBRENLZAEE T — R 1(Case 1), BIRFFIE L2
&, TxbbEE, REAE FIUCBAREAIOBRRKINIGEZT — X 2(Case
2)& L.

WEBROMHES L URKREHEOREREICN T2 —FEE2ZEL T, AFHE
T, BEFRIASHEWRETOERD 12 KXHLT, NEAEEREHAVWTEESE
2TV, REREOHERT -, K 21212, z.=36, b=20mm OFHHED FEM
ETNOEEDBEINY -V ERT.
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16

Case 1: Tooth surface and bore
Case 2: Tooth surface, gear-side
and bore
Fig.2.12 Mesh pattern of FEM model

Fig.2.11 Carburized parts (z,=36, b=20mm)

ERTEREREBECISBBEGERNOMFT TR, LELERA/RE D BN 2.13
RTEECWERAWE. BEF RN, a0y (CGH) BLXUOT ¥ v (CH,) BEEE L
T, BEDZEKZINIZREASELE SRCNALTELONELODD, KK
BATREE f=045mm/h EH W CY HRERELFOZBAIN 2FDORERRE C,
BA—KRVYRTF 2 VC,HEEBRII COELER LT, ASTROBELXEREL,

KRGV TRD I,

C,,,: Cp / Cf
logCr=10.0558i% - 0.013Mn% - 0.04Cr%* 0.014Ni% - 0.013Mo%

(2.49)
(2.50)

BREANEEOETUNEIZIEWT, REEEE C WX Hv DRI,
EPMA I XA REBREHESLUYTA 70 v A —ABEFHIZI I B IHEE R
ESWT, ROEPRCREBE SN T



700

o 1100 oo / f Martensite(99.5 %) y 7
- C=0.2% ° Z
C=0. 4% =1.6% @ 600 4

o 1000 : »
g C 1.4% £
5 / §c= 1.2% 5 c=(Hv/s§0)2 )
g % C=1% o 500 #
2 900 n
5 /7/0 3 N\
~ / / S Martensite(95 %)

soo| K > 400 —A2

/ ~ Z ‘\
%&éﬁ%% P
200 d C=0.6% 30 C=0.131exp(3x10 °HV?)
%8 7 6 5 81 0z 03 04 05
Diffusion coefficient logD cm?/s Carbon content C %
Fig.2.13 Relation between diffusion Fig.2.14 Relation between carbon content
coefficient and temperature and Vickers hardness
C=0.131exp 3.0x10°H*) (Hv<700) (2.51)
C=0.103exp 3.5x10°H*) (Hv=700) (2.52)

LaL, LoEBREEy #— XX Hv=550 OFFHELEEE d.=0.6, 0.9,
1.3 mm ® SCMA20H(MEOBRRIMOKREEEFR C=020%) H L THELENTZLD
T, M214 73T L3517, RQSDILHFHERBRET, REBRE C2 022%0HHH
T 95%B LT 99.5%DINT V¥4 bHBROBIZH 55, C <022%I272 5 & 95%
INTFYHA FRBRASLEOTRTVS. Z0kD, RIFETE, C>045%D
HETRAQ52)%, CS045%DHEATE, ROBEXZHWVE.

C=(Hv/970)? (C £0.45%) (2.53)
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Fig.2.15 Carbon content distributions (z,=36, =20 mm, GB)
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Fig.2.16 Comparison between calculated hardness values and measured ones
(z,=36, b=20 mm, GB)
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Fig.2.17 Comparison between calculated hardness values and measured ones
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Fig.2.18 Comparison between calculated hardness values and measured ones
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Fig.2.21 Contour lines of temperatures during cooling process
(1=180 mm, D,, =50 mm)
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Fig.2.25 Contour lines of temperatures during cooling process
(z,=18, 5=120 mm, D;=20 mm)
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Fig.2.26 Comparison between calculated temperatures and measured ones
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Fig.2.32 Contour lines of temperatures during quenching process
(z,=18, 5=10 mm)
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Table 3.1

Gear dimensions

Module m 4

Number of teeth Z, 18 36
Pressure angle % 20° 27° 20°
Face width b 10,20 mm 10 mm 20 mm
Rim thickness I, | 1.5m",2m, ™ | 2m,o0 | 1.5m,2m,

*
m : module,

40

Fig.3.1

WAVAPATE
»{éfé ﬁ 5\'\&\\3‘\\
N\ NN
\ R
AN
RN

7

i

L

L7

e,

)

a

23

*% .
o solid gear

W
\Q

\
\
W
W

7

\

’1
Q\\i
N

Z,

N

N
N

N
N

\
QA

AT
N\

N
ok
22
A
N

N\
N

N

AR
R

\]
QAV‘

275
225
VAN
Wy,
N V%

2
Y,
g

05

X
\‘\‘
\

Total no. of elements: 4560,
Total no. of nodes: 1125

Mesh pattern of FEM model (m=4, z,= 18, ay=20°, =20 mm, /,,= 2m)
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Fig.3.3 Contour lines of temperatures during quenching process
(m=4,z,=18, apy=20° b=10mm, I, =2m )
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Fig.3.4 Contour lines of temperatures during quenching process
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Fig.3.5 Contour lines of temperatures during quenching process
(m=4,z,=36, 2=20° b=20mm, /,=2m)

VLES L,=2m(mEY2—NV)DBAECHTIEANBROBES*SERTRT.
K33 &0, WEAAOEHEORENMANLVRRIZZL, WEOWHE, WE
BXOYLHAORER, HIEFROWEL Y ANEOFMMAEORE XV R K
FTEaZedbh b

3.4k, m=4, z,=18, =20° b=20mm, [,=2m OHETH T IHEANER
DIEREZFRMTRT. K33 K34 DBEREID, b=20mm ODEEDRES =10
mm OEEDBELIVBABENKEZVEDELET T2/ bRd

M35, m=4, z,=36, =20°, b=20mm, [,=2m DHHIIHT 2HEANERE
DInEZFEBMTRYT. K34 &R35DFERELD, 2, =36 DERBEDRED 2z, = 18



625 450

3 450°C
675 °

625°C 505 475
700 650 550 500 428

750 600 525
775 675 550 500
800 650 575 550
825 725 725 625 600
750 650 50
700

775
825 gng

Middle Middle d Middle

1s 3s 5.5s 10s

Fig.3.6 Contour lines of temperatures during quenching process
(m=4,z,=36, ay=20°, =20 mm, [,,= )

Middle

ls 3s 5.5s 10s

Fig.3.7 Contour lines of temperatures during quenching process
(m=3,2,=36, ap=20°, b=20 mm, [, = )

DEEDHFAELIVPPESLKRTTSZZ &b h5.

R 3.6k, m=4, z,=36, =20°, b=20mm, [,= [~ (ER)HEE]IDHFAIK
HTEZREANBROBELZSEBTHRT. K35 eM36DERLD, [,=2DEHR
WEDORENL=2mDBEARBEDHLLIVBAFTENATVEZDOELSETTZZ 8
Db,

K371, m=3, z,=36, o=20°, b=20mm, [,=°DFHIHTIHANGE



5.5s

500 MPa

TAH1iiE

12

Middle Middle

7s 16 oo

Fig.3.8 Stress distributions during quenching process (m=4, z, =18,
a=20° b=10mm, /,=2m,t.,=3.25h, Case T)

DIRER2ZSERTRT. M3.6 LN3TDERLY, m=3 DEEORELN m=4 DH
HOBASGIVABRENNEIWVWEDPOPEIETTAI AN S.

3.3.2 BANBREOKEN

X 381k, m=4, z,=18, @=20°, b=10mm, I,=2m, WRKWKME,=3.25h, ¥ —
2 T(HEEOARRRK, K32)DHEAEEHTIRANBEOEHOLISHEZRT. K
38 FOWEDE I, WHIZIH > TELAH T AR OEIRITE % o EE S I
EoTRLEZLOT, V2AHRAQIEHEHABAREOELIERZY AAAICEETE
K ->TRLEDDTHD. £, 5D, OBThENGIR EMIENTZRT.
R38&0, HEOIEHE, BANBBOHORK r=01s 2@ FIRIENIZRD, K
MoORBIZONTEEMEP DEMISHIZRY, 5TEHMARKET 2 & lEME
TREIBREACEDY, WIBREEMLOFIRENIIWA L TEMBEIIT2S. =16



1000

m=4

© Z,=18
~ 1 0(0=20°
o 800 EX—‘ l,=2m
2 W\ b=10mm
g;_ %\\ z=0mm
2 600 \
= \

400} \

B \
i A —T—— B
200 —_
D

400

. ey

Stress o MPa
L
(@]
(@] (o]
1
| (
L

t.=3.25h
Case T

0.01 0.1 1 10 100
Time t s

[
|

Fig.3.9 Temperatures and stress during quenching process (m=4,
z.=18, %=20°b=10mm, /,=2m, 1,=3.25 h, Case T)

s T, 2HWEOIRTIE, EFEEIICRD, BANKTRICE, KELEMHISHIC
5. Fiz, VLAHADIENR, BANBBROECSIRISHICKY, KREOREAIC
ONT, RIEWE»SEMISHIC D, BANKTRIZE, 2WNEETEEISHIC
%5,

M 391%, m=4, z,=18, & =20°, b=10mm, [,=2m, £=325h, 77— X T D%
BT IHEANBRBOREFR(z=0mm)BE L& ZEORE LIS ORHHNZE
fL%R3. K39 FDFES A B, C, D, EiF, TNEThHEE LOHESLAE,
Hofer D fER Wi E N B (R A E0=30°DAE (6 WP /LR L B8IT 3 & A il fR D #
BMoxdA)], EyFHALNE, HERCESLVCY LWELOEEF ORAE
BRT. £z, K39 FOIEHE, wEEAMCETE, SEICH-> TELLIHLT
FEaOERHEE, VLAREMETIE, VARACKRIHAFAOERIEER >



500 MPa

S5
A=/

2

‘x-.:\s..—?..lnmi"

Middle

Middle

Case TS Case TR Case TSR

Case T

3.25h

L

(a)

Middle

Case TS Case TR Case TSR

Case T

=85h

le

(b)
Fig.3.10 Effect of carburized parts on residual stress distributions

=2m)

Ly

=20°, b=10mm,

4, Ze = 18, [24))

(m=

i95 A1 B 1A 50301

Y, BREOREBIZ YSNTHERXICENLT, SAF 94 FEREBRIEE (B 200

EEIRIET

-
—

TW5, K39 &b, WEFMED A, B ROIENIZ,

}

4
—

SWZEA L THE

BkEREHBL IS, wEMED C, D ED

Lo TRLD)MNETRREIZEL &,

BEANK T R
FEA BN BIERIG T

e
'~

REBEL

~400 C T,

-
—

IS EDY,
S,

-
—

vk
ZEREFMBIEEN L TRAMBEIZEL

B ARBIEIG I
EBEED A B, C, DEOBELIVEWN

-
~—

Th, BRHORERZ >N T—EEM

B, V5T ¥4 b

551&IGTII
P

wh, Thh

I)L\

a2 N>

ZE L

-
~—

5. F£7-,
{

-
~—

DU THERIGT

L
~—

=¥ 4

3
WA Lo ®EH

7=

A,

BEEDE ED

Y
M

!

OB,

-
A



o —1000 =7 CC)ase $S
-1000 - y z,.=18 ——— Case
% & ——— 8222 ¥S 2 800 az=20° —__ GeselR
£ = - 8ase ¥§ ? ——— Case TSR
w® g~ r——— Case *y
5 ¢ === ~600 AN
é *o ] ,;5// @ \\
—-600FE—=—— o S BRSSO

m=4 b=10 mm Kz —— //)~ \\f\\

z,=18 ,=2m T ~-400——f— SN

=20 t.=3.25h 3 b=10 mm 3

-400 c ] I,=2m
0 1 2 3 4 5 & tc= 85h
i -200
Z mm (Middle) (End)
Z mm
(a) t.=3.25h (b) t.=8.5h
Fig.3.11 Effect of carburized parts on residual stress o*g-3p°
(m=4,z,=18, 0u=20°, b=10mm, /,=2m)
3.3.3 BE¥IKEAH

(1) RRBOXE

X 3.10 ¥, m=4, z,=18, @=20°, b=10mm, ,=2m, 2,=3.25, 8.5h, ¥ — X T,
TS (BT & B B E R IR, 3.2), TR(EEE Y LHEREK, 3.2), TSR (B,
WEAES IV 2HERR, R32)0HGCHTIEEBIVY AHEAOKREIL
Ho#HERT. RNILI0OFOIBHERREINIZSOBALAEALTHS. K3.10 £, &
EDEMBEZICT, AEERREANT 2 Z LI2& - THRIBRESLEMLTHED L,
ZOWPOBRER, 1.=85hDBEDIFTIHN .=325h DB HEIDREVI LD
5. Flz, VoARZBRBEANT HIEILE->T, £=325h DBEHITFIEFELALE
BEHOoWVWE, t,=85hDBAEREREMITRI TSI hAbrd. ZniE, #
HEVL2AADINTF VYA VBRI I2EBEERTN TN EIER ML L BT
AORBERIIHTSIHMREZBIIEEILITLDEEZIOND.

3.11 1, K 3.10 DR » 53R 7z Hofer DM E AL E DB EFIE T 0% g_30- % TR
T, K311 &0, BEFRMAED c*goseeld, HEBLIVT) AHNAZRKREANT S
TEIZE-oTHEAL, ZORBALVORBRER, ,.=85hDHBEDIEDH 1,=325hDEE
EOKENT EHDRS. |

X 3.12 1, m=4, z,=36, a=20° b=20mm, /,=c (—&EHE), 1,=0.75 3.25,
8.5h, ¥ — A T, TS OFAIZXT 5 Hofer DEMRMTEME DEREIE T 0% s30T .



Residual stress

Residual stress

T g=30" MPa

-1000 -1000

*
T p=30" MPa

CaseT § o CaseT
——— Case TS £ S ——— Case TS
— /f::\
-800 == © g —800 P S
—600——7 b=20 mm —600r =3 b=20 mm
z,=36 l,=0 z,=36 l,=°
ay=20° t.=0.75h ay=20° {.=3.25h
-400 -400
0 2.5 5 7.5 10 0 2.5 5 7.5 10
(Middle) (End) (Middle) (End)
Z mm Z mm
(a) £=0.75h (b) t=3.25h
" —-1000
Q& Case T
s s ——=— Case TS
73]
._5 . g} / —//__§~\\
é b e e o _’// \\\
—600r =4 bh=20 mm
z,=36 l, =00
=20 t.=8.5h
—400
0 2.5 5 7.5 10
(Middle) (End)
Z mm
(¢) t=85h
Fig.3.12 Effect of carburized parts on residual stress c*-3¢-
(m=4,z,=36, 2=20° b=20mm, /,= )
—-1000
—800 s m=4 b=10mm
B e~ s e [ = z,=18 h=2m
=T ) Y - _gool%=20 Case TSR
-600 = =
m=4 * //_"9—\
ze= 18 \ b 600 -__:—////
400151y [ t,=0.75h : —
lh=2m |———° 325 K T
CaseT —_— 8.50 h g —400—— .

-200 S t.=0.75h
0 1 2 3 4 5 'g _— 3.25h
(Middle) (End) x 200 S 8.50 h

Z mm 0 1 2 3 4 5
(Middle) (End)
Z mm
(a) CaseT (b) Case TSR

Fig.3.13 Effect of carburizing time ¢, on residual stress 0% 5_3p¢
(m=4,2,=18, ¢=20° b=10mm, I, =2m)



500 MPa

Middle

Middle

Middle

t.=85h

t.=3.25h
(a) CaseT

t;=0.75h

500 MPa

t,=85h

t,=3.25h
(b) CaseTS

t.=0.75h

Fig.3.14 Effect of carburizing time ¢, on residual stress distributions

=o0)

oy =20°, b=20mm, [,

2

z.=36

(m=4,

bHle-> TR

-
—

v

]
RO,

LT, &b
ER

HEZRRKEANT S Z

’

300 b3

X 3.12 &9, o%

’

i

-
e

SNTHEKXKT B

& (K 3.1 L Rk Em Z2 xR

-
'~

KEFH] 1, DI K
ok

DEEFR

18, 6=10mm, [,=2m
(2) RixEFRIDOHE
X 3.13 1, m

— X T, TSR D& D o*,

Z,=

7

’

8.5h

0.75, 3.25,

2

=2m,

10 mm, [,
9. K3.13 £V, ¢

b:

o =20°,
%

»

=4, z,=18

g=30°

o*

0.75h £ 3.25h DB EOD

7~

=30°



-1000 -1000

? w b=20mm ? w b=20mm
o [a = 0o o0 | =00
B = Y 4 B =2 W
5 » —-800 Case T @ _lw==—TT~_ 5 w» -800 Case TS Jp——
5 3 %/ N g 3 ///\ N
n* n ¥
o ° o b \
X _g00 = -600
m=4 — {=075h m=4 — {,=075h
4=§% - 3.25h 4=g% - 3.25h
o= — 8.50 h o= E— 8.50 h
—4 -4
c)OO 25 5 7.5 10 000 2.5 5 7.5 10
(Middle ) (End) (Middle) (End)
Z mm Zz mm
(a) CaseT (b) CaseTS

Fig.3.15 Effect of carburizing time 7. on residual stress o* g-3¢°
(m=4,z,=36, =20° b=20mm, [, = )

X, Y¥—Z T, TSROWTNDOHAEL, BrALEDLEWI e brd. Fz,
1,=8.5h D o*gospeld, £,=0.75h & 325h DB/ AHWXERT, Yy — XA TSROFEKRE
HWIBCO > TR T, ¥—ZATOBECREREHRALZOHEAS L, HIEHR
FETRBEIZHKRTEZERORrD.

N 3.144F, m=4, z,=36, a=20°, b=20mm, [,=, £=0.75, 3.25, 85h, 7
— 2T, TSOHBACHTIHEOREIENAAERT. K314 X0, REDEME
FIGHE, 7—ZAT, TSOVWTNOHED, ,=075h £ 325h DHEEFRXRE LAY
BhHoiWh, (,=85hDHEHFWREEMETLRVNEL DI eHbhb. &
=, ¥—Z2TDHEHIHRT, ¥—2 TS DIFOAHRIEWRERMTATEIL, £0D
BLOBREZ 0BMzZo>NTHKRTHZerbrD. Inidz=18 b=10mm,
I,=2m Q& (K 3.10) & EEZEEZRT.

K315, N34 0ERIOROETEBRMEMEDOREIC T 0% ss02RT .
®3.15&D, .=075h & 325h DHFA Doty ® HETEHE, ¥—ZXT, TSOW
THOHFED, 1,=325hDIEFIRPRKREVWI b E. i, 1.=85hD5EEG
D o*gospeltd, z,=18, b=10mm, I,=2m OHE (K 3.13) L @HEIZ, £,=0.75h & 3.25h
DFHEWHRT, ¥—ZX TS DBAZFLWRICDEZ>TEITED, FT—ZXTOD
BAECIEERMEOHKBEA L, HEFRMGETRBETHERTEI LD, 5.

Q) BEENAORE

N 3.16 1%, m=4, z,=18, @=27°, b=10mm, I,=2m, t,=3.25, 85h, ¥ — X T,
TS, TR, TSR DHBAKHN T H2HEHEB LTV oHAOERGIL I nHizERdT. K 3.16



©
Q.
=
o
=)
5!

Middle

w‘bﬂh
: .-.$.\.\=r/¢»4llmd\.h, 20
P SN

BT INES

3 = N [
Ho
\ - N
o

Middle

Middle
Case TS

Middle

Case TSR

Case TR

3.25h

Case T

le

(2)

©
0.
=
o
S
D

;4.

ot z LF L7
L & ll..u"
...:\..-.-iﬂ.wﬂ

it
P —

TN

ZUedNV= o\
...!.......:—%.A \v
\/

Middle

Case TSR

Case TR

8.5h
Fig.3.16 Effect of carburized parts on residual stress distributions

Case TS

Case T

le

(b)

10 mm, 7, =2m)

b=

=27°,

Ze = 18, (27}

2

=4

(m

e
Eox | ] 515 O
EG | Rl
ER N o ©
= _ O M
s .

.me / =
\ _ | 7 ©
/ / |
/ o~
238 "
If I i
N2S

o o Q 8 =

S 8 8§ § §

T T T
BdIN .om&*b ssalls |enpisey

5)
= 2
ST ¥
n __n;\
Q- FT
w ..nh.n3
\ nWwo
\ N~ o
\ omoo|N
// "
o = \ h ©
I | 3
sl
'8 _ e
\ o =
o =) Q g
g8 8 8 3
R
NQE Omnmb

ssaJjs [enpisay

(End)

mm

(Middle)

mm

(b) Case TSR

(a) CaseT

=30°

t. on residual stress o%,

Fig.3.17 Effect of carburizing time

10mm, I, =2m)

b=

=27°,

4,z,=18, oy

(m



-1000 g T : - i
o | =20 ., —1000 | e
S —_— 27 o Case T —_ 27
Case T = \\;/;_
5 —800 h P i 5 —800—= =
b === A b \\\
@ -800E=— N «» -600——Case TSR \\\
o Case TSR ® N AT
: : TN
T -400 IS = AN
) b=10mm g —400 b =10 mm
2 m=4 ly=2m @ m=4 ly=2m
B _opolZe=18 t,=3.25h & _,nolze=18 {,=8.5h
0 1 2 3 4 5 e 2 3 4 5
(Middle) (End) (Middle) (End)
z mm z mm
(a) t.=3.25h (b) t.=8.5h

Fig.3.18 Effect of pressure angle a on residual stress o* -3¢
(m=4,2,=18,b=10mm, I,=2m)

X0, =2T°DHEITHa=2000F4 (K 3.10) L AHEIZ, WEOEMBEREISITE,
HEEZRREANT B2 L-> THRRESEMFATRI L, TORPORER,
1,=85hDBADIFIN 1=325h DFE LV AETNI &, F, ) LAHERRKE
ANTHIEZE-T, t,=325h DBACFRBLALEEDLLZWVA, (,=85hDH
BRREEMLITEATEIZ VDR 5.

X 3.17 &, m=4, z,=18, o=27°, b=10mm, I,=2m, t.=0.75, 3.25, 85h, 7
— AT, TSR DFEDo*gumeRmT. K317 ED, a=27°0FEITba=20°0%;
A (K3.13) @I, ,=075h &£ 325h DFEDo* B BT S, 77— AT,
TSROWTNDHBEL, BLAYELLREWIZ L, £/, 1=85h Do*geeld, £.=0.75
h¥325h DBAICHNRNT, y¥—ZATSROBARXEEHIEIZTHE > TR T 24,
=2 TOBETIHERMEOHZRBEP L, HEBEFRMGALTEIAICHERT S &N
Db,

M 3.18 1%, m=4, z=18, =20, 27°, b=10mm, /,=2m, =325, 85h, 7 —
2T, TSR DFEDo*gmeokRmT. K318 LD, o*gyeld, HIHEHERKB IV LA
BRREZIPDET, WTFNOt.DHEDL, a=27°0EF D0 a =200054L0 K
EVWZ RO h B, T, a=2T"DB AT L a=2000H & L FARIC, HiEP R
Do*gaeld, WEABIC®) LRNBERREANT S Z I L THAIL, TORE
Bt OEMICO>NTHKRTHZehbhb.



500 MPa

Middle

Middle

Case TS Case TSR

Case T

t,=3.25h

(@)

-]

500 MPa

AAW-ﬂ“ﬂﬂtttﬂst!
A

A

Middle

Middle

Middle

Case TS Case TSR

Case T

t.=8.5h
Fig.3.19 Effect of carburized parts on residual stress distributions

(b)

=20mm, /,,=2m )

z,=18, ap=20°5

(m=4,

B
R

(4) tao

I,=2m, t.=3.25, 85h, 77— AT,

20 mm,
M AZEEBS LG LABOREIE N0 %

4, z,=18, 0p=20° b

3.9, m

X 3.19 £V,

~Y.

-
—

TSR D& &
20mm DEEAITL b=10mm DEA (K 3.10) £ [E

TS,
b

T D FEREZR B L 043,

-
—

Bz,

PORER,

LU, TDE

& o T IE 5% B 5 £ 8 T
325h DFBA LD KEN

&

B 1,

HEzRKEANT %

1R IR 58
=85h O

VAREET

&, E£i=,
TEAEEDL WD,

3
=T

8.5h D& DIF
ANT %

L

L

>4

.=3.25h DF A

t

»

Z &z

EHROhD.

—
e

FHEEMLTHEADT S

3.2014%, m
— X T, TSR DA D o*,

-
~—

¢

AL
=

0.75, 3.25, 8.5h, 7

l,=2m, t.,=

9. K320&0, FT—XTOHED o

=20° b=20mm,

s

’

z,= 18

::4'

X, ¢=

=30°

7~

=30°



-1000

1000 é —— ,=0.75h
2 o —— £,=0.75h ) =
£ g ——— " 325h % -800 -
by < -
B e o —600==
[0}
X 800 £
b=20 mm z,=18 T 400
400 IW=2‘m Cang -g b=20mm ze=18
0 2 4 6 8 10 & ly=2m Case TSR
(Middle) (End) 200, 4 &5 s 10
Z mm (Middle) (End)
Z mm
(a) CaseT (b) Case TSR
Fig.3.20 Effect of carburizing time #. on residual stress o*g-3¢-
(m=4,z,=18, ¢g=20°, b=20mm, I, =2m)
—-1000 : -
1000 $ | ———b=10mm
- = — 20 mm
2 o ——— b=10mm , Case T
=g T 20 mm ¢ -800
7] ase ® 3~ "
T 5 -800—Y = o ;CL\/
3 & = A \
Bxg /@'—// ™S -4 @ —600 \ /\\
o —600%/ z,=18 ] = AL \ /
ag=20 @ 7] m=4
Case TSR ly=2m S _400=—- \ Ze=18
| t.=3.25h = N 0 =20
—400 @ Case TSR l,=2m
0o 2 4 6 8 10 & | t,=8.5h
i -200
(Middle) (End) ) 55 5 75 10
Z mm (Middle) (End)
Zz mm
(a) £=3.25h (b) t.=8.5h
Fig.3.21 Effect of face width b on residual stress o*g=3¢e

(m=4,2z,=18, ap=20°1,=2m)

0.75h & 325h DB HITHNRT, =85h DEIVNHIBFRMAATEEALEEDL
Wi, WIEWmMAETERA T 2288 bhd. £, 77— X TSR DFE D o* 5004,
b=10mm DOHE [K 3.13(0)] L FAKIZ, 1,=0.75h £ 325h DHEHITHNT, =85h
DIFINLEEZ D> TRADTED, ZOBPOBRER b =20mm DFDH/NE
BB bohrs.

3214, m=4, z,=18, @=20°, b=10, 20mm, I,=2m, £.=3.25, 8.5h, ¥ —
AT, TSRDFAEDo*y 0o R3. K321 &0, HESIVC) L2HAAZ2RREAN



500 MPa

Case TS Case TSR

Case T

3.25h

le

(2)

©
a.
=2
o
o
0

!-E

\ U o
»-.-:—‘ -~mnu#-.wm--mva”i.w%
T )
A=

Middle

Case TS Case TSR

Case T

=8.5h
Fig.3.22 Effect of carburized parts on residual stress distributions

I

(b)

4,2z,=36, ag=20° b=20mm, /,=2m)

(m=

20mm & b=10mm DHFET

WIND T, b

0 DAL,

i X Bo%,

-
e

ER

RO,

ONTHKAT S Z

-
~—

ZOREIX b DWW

Rl A 2R T 2,

(5) HHOZE

X 3.22 4, m
TS, TSR OB HICHTHIHEERLIC) AREORYEIS T HHE 2 RT.

t.=3.25, 85h, ¥ — X T,

=2m,

=20° b=20mm, /,

4, z,=36, o

3.22 £,

E O EMEEISE, WEZ

-
~—,

3.19) & &R

EAZ K o THIE v B 5 A 2 T

36 DBEHITL 2,=18 DEA (X

RIKFEANT %

Ze =

L, ZOBPVOEEZ, 1.=8.5h
BERIREANT 3

P

-
—

PR

7z,
TEAEEDLBIZWVA,

GLoREVWZ Y, F

DFEDIE DN 1=3.25h DB

i

85h DHE4

2

Ziki

t:=325h DFEL

iz E - T,
EfATHEALT S

-
—

EhRbhBb.

~
—



Residual stress

Residual stress

*
T g=30° MPa

=30" M Pa

*
T g

-1000

© —— t,=0.75h
1000 | S ——— ° 325h
b =20 mm " ) — 8.50 h
l=2m g 80 === N\
_800 Case T N *b _______—_—_-__-_-,_-—.—“" N
| A== | 's g 600
o004 —— ,=0.75h T _400
2,=36 | _ 3.25h 2 m=4 b =20 mm
400 ay=20 — . 8.50h @ z,=36 l,=2m
0 25 5 75 10 o220 Case TSR
(Middle) (End) 0 25 5 7.5 10
Z mm
(a) CaseT (b) Case TSR
Fig.3.23 Effect of carburizing time #, on residual stress c*g-3¢°
(m=4,z,=36, %=20° b=20mm, [, =2m)
o —-1000 2 =18
o e”
-1000 - 36
z,=18 = Case T,
Case T o " /,ﬁ:/‘ M
-800 ,:: \\ b ey | \\
=== . \ —600 N
//Q/ m=4 . § //
~800=—— g0—=2200mm L ‘"'—_—9’74 m=4
Case TSR 1=%m S _400 / 2 =20
£,=3.25h T Case TSR b=20 mm
-400 3 hy=2m
0 2 4 6 8 10 o f,=8.5h
(Middle) (End) 202 4 6 8 10
Z mm (Middle ) (End)
Z mm
(a) 2=3.25h (b) 2.=8.5h

Fig.3.24 Effect of number of teeth z, on residual stress c*5_3¢°
(m=4, ay=20° b=20mm, l,=2m)
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Fig.3.25 Effect of rim thickness /,, on residual stress c*5-3¢°
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Fig.3.26 Effect of rim thickness /,, on residual stress o*g-30°
(m=4,2,=18, 0p=20°, b=20mm, £,=3.25h)
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Fig.3.27 Effect of rim thickness /, on residual stress 0* -3¢
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Fig.3.28 Effect of rim thickness /, on residual stress 0*y-30°
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Fig.3.29 Effect of carburizing time 7. on residual stress distributions

=00)

Ly

=20 mm,

, =20°5b

z,=36

>

=3

(m

20mm, [,=c°, 2m, t.=3.25h, 77— A T,

b=

27°,
3.28 &£,

Qy =

4, z,=18,

3281, m

2000 % 4 (K 3.25)
THOBEL, HREEED

cz0==227"a)i§%1%‘k1 %D (24}

ER
LT D o*y

7~
EON—HREELD/NE<IED

30°><E:'f

TS D E D o*y

W&, 7y — X T, TSDOW

=30°

z, HiE

& F#RY

EBRDODRD.

-
—

M EP1—-loE

3290, m

85h, 7

o 1.=0.75, 3.25,

Ly

20 mm,

b=

Y HWEDEREIL =

bm=40D%A(X3.14) &

nogay,

=20°,

=3, 2736, o

H&

30D
B, ¥—ZXT, TSOWT

m =

X 3.29 &9,

~Y.

>
'~

— T, TS OHE

v

T O FE A 2

BRI,

t.=0.75h & 3.25h DF A

Eil

-
—

8.5h DB A&

le

BIBEAEEDL RV,

L4
e



-1000 -1000

2 ® Case T 2 Case TS
2 % b=20mm 2 % b=20mm
= W= _ == ] = S0
g % -800 | g g % —-800 //
T . T L N
00—+ =575n  |m=3 00— -075h  [m=3
———  325h |z,=36 ———  325h  |z,=36
— 8.50 h oy =207 — 8.50 h g =20]
—400 —400
0 25 5 75 10 0 25 5 75 10
(Middle ) (End) (Middle ) (End)
z mm Z mm
(a) CaseT (b) CaseTS
Fig.3.30 Effect of carburizing time 7, on residual stress o* g-3¢°
(m=3,2,=36, ay=20° b=20mm, ,=2m)
-1000 I
©
o CaseT
«» —1000 I = N -
oo Case T 5 —800— ,,‘.’ﬁ;:.\
B = L———— @ — ~+ ~
T o —800 e ———— \\\ "o i ,// S
5 ¥ == \ o —600
3% Z= 36\\ Case TS o Case TS N
/e -B800+ a0=20° I 0 Ze=36
b=10 mm _ ‘© _400_(10=20°
ly= o0 — m=3 35 b=10 mm
400 t,=3.25h ——= 4 @ =00 — m=3
(Middle ) (End) 0 2 4 6 8 10
Z mm (Middle) (End)
Z mm
() 2=3.25h (b) #.=8.5h

Fig.3.31 Effect of module m on residual stress o*g.39°
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Fig.4.1

The form and size of gear

Table 4.1 Gear dimensions
Module m 4
NS L-L
PNV Number of teeth Z, 18
Pressure angle (o7 20°
Face width b 10 mm
10 == Diameter of bore D, 32 mm

AL WAY

AARMMRMRRLYL $'4
AMA TR VAN S

Z
¥

\ TN
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PAVAY

7

Carburized part

\\
A

KD

o
< Total no. of
Elements: 3672,
Total no. of Case 2
© Nodes: 952
A Case 1: Tooth surface and bore
Case 2: Tooth surface, gear-side and bore
Fig.4.2 Mesh pattern of FEM model

(z,=18, b=10 mm) Fig.4.3 Carburized parts
EERE A, BE p H#oc, BEEXR)] HBERKE R7YYHvE, EhZE
N B=0.45mm/h, h=1744 W/(m*-K), p=7860 kg/m®, c=5861/(kg'K), A=41.9W/(m"
K), E=206GPa, v=03 % f\\iz@®~*18
WMEBRONHES L UCRREANZEOHE O —RME (EEOEIZH Y
HZEHORHE)ZERL T, AWETE, R42ERTET NV EZHAVT, HEHEKE
RCEEZRE T - 12,
REBESHOHER, £ 22 HiEXEZZRTHEEARRNOBEREREIC LS
FTEERAVWTRD ., BREL LT, wHE, HEAESICHARED 3 &
BEZ, R431RT &5, MEAEE2RKBELT, WE LD NEELE



Table 4.2 Dimensions of test gears

Module m 4
Pressure angle fe7y 20°
Number of teeth Z, 18 36
Face width b | 10 mm | 20 mm
Diameter of bore D; 32 mm

L) EEHRETHILBRENESGE Y — 2 1(Case 1), BEMIELEWEES, Tk
DHWE, REAESICHEHARELORBRENEBEE 7 — X2 (Case2) & L.
BRRAEBROMBERELEGOTHIAN AFDRERE C, 3K 22KERTHI—FR YV
RT VI X NVC, CEBEIZLT, R2IEZRTHHOIERD>OEELERL,
R4V ERXQSOEAVWTRDZ., d, BREANBOWEDE y h—ZXEX
Hvid, REBEMFOHEFEREZLLICLT, RQS5D R EAVWTRD 2.

MEEMITTIE, BREBZSOTHLL 0 COWMFTHAIAEINZLDELTWS. &
HIREE, HE, HENE, SIUCEBHRREE LTS, HBEEREIHERTE, &
BHIUWEFOCELOSAOMBAMENER, ¥&-  BAmEMLE R, HiFF
RE LOHROBMAHMEMERE, & - ARFAEMEBE L.

4.3 REFEBIUVEREKE

4.3.1 RERW=E

MIPEZPERIIAVWERBREANTFEER, RI42ZRTEY 2 - m=4, EEK
z.=18, 36, EEENAx=20° WiE»,=10, 20mm, BHNDOERE D,=32mm T, #H
B SO - ZRATYOMILAEZLDEMD->ELEWVWTHRTEYOMIL
bD%, AUAMESEHF (K210 LR 22ERTIOLETRREANLZLDT
Ho5. BRFE LT, 43 WRT LD, HEMEmICHD > XL T, H@
CEINERENORRENTZBEGE 7 — X 1(Case 1), RRFFIELRWEHE, Thbb
WHE, FEAESLCEAREIrLBKRINLHEAE T — X 2(Case ) & L7z,

M 4413, RBREEOHTTAHAAREBRAE 6=30°(0: BEHOLREBETT AAE
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Fig.4.4 Hardness distributions of test gears
Table 4.3 Effective case depth of test gears
Effective case depth Surface hardness
Gear sign d, mm Hv
z,=18 Z.=36 z,=18 z,=36
GA 0.39 0.47 740 789
GB | Casel 0.70 0.64 740 750
GC 1.06 1.12 745 757
GA 0.42 0.42 750 760
GB | Case?2 0.70 0.67 740 765
GC 1.14 1.06 760 780

AR DR D3 A) D Hofer DERMEIMNBIC BT 2EEEE FEDOE I M O H
R —2 1 WEME, y—X2: HEPRE) 27T, K44ED, ¥—22
DEEFME, HEOEHATIZA»HET, ALBLBEEHEDOr -2 1 DiFAEE
NENRFEERLCTH2ZeBhDhI 5.

#4311, N44 DREHRIZ L > TH LN Hofer DHWILERBIELEIZ BT 2
REBELEDELBEZ 4, (Ev h—ZABEX Hv=550 DA BDOEILBEX) 2RT.
K43 LD, AHELBEZ 4., ¥—2 1, 20VWTHOBAL, HEOFHETIZ
P59, GA, GB, GCOIEIZAEL 2 bhr5b.



(a) GA (b) GB (c) GC

Fig.4.5 Photographs of macro-structure ( z,=18, =10 mm, Casel)

(a) Tooth surface (b) Core

Fig.4.6 Microphotographs of test gear ( z,=36, »=20 mm, Case 2, GA)
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X 4.6 1%, z,=36, b=20mm, 7 —Z 2, GA DHAITXT 2 HIE+FREELICE
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KINVT VYA PBRELCTWH Z A2 S,

4.3.2 HITEFAER

AT, FA42 W RTEBEICH LT, M47IZRT 70— #0557 A B
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Fig.4.7 Bending fatigue test machine Fig.4.8 Dimension of test gear
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ATMEBEREETHS. MEORER, RBRBCRATZEOHEAEEOE IO
AEHOTHFE IO Y70 a—-TE2HAWTHAN - TT- 7.
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Table 4.4 Dimensions and root stress influence factors of test gear

Z, Ip mm |sFp mm |y, mm | o mm @ A
Measured 8.40 7.65 1.33 2.05 59.7° 0.96
18
Calculated 8.4302 | 7.6213 | 1.3631 | 2.3023 | 59.702° 0.94
Measured 8.36 8.49 1.51 1.93 64.2 0.88
36
Calculated 8.3017 | 8.4295 | 1.5054 | 2.1346 | 64.038 0.86
sin®
A4 = (4.4)
Sg
4 =__cos@ 3 6y, c<2)s@ (4.5)
Sp S

BRIETEERB A2 RDZ27-2DWCLELRWBEDRETIE I, sp yr, por O1F,
48WRTLOT, FREFEBLZETHETE, 50, HEL RT7DEFHETTEH
BTEHUWD AW i, RREEOETEOLREEEBUER (2051043
AERERE TR U@20 I RTHERC L2 ERE, BLUBTOIEERRK 4D
HEERERT.

4.4 5E - EERBERBLUVEER

4.4.1 RBRBREDH

K491k, EVa—NVm=4, Wz =18 HEEENA 0=20°, ®WIE b5=10mm,
r—2 1(HEBREELE, N43)0BA&IT LT, SEMEEREPREEEFEAE
T HEAEDOER z=5mm) D Hofer D HITREMBTEAE HEHRAEI=30°DLE
(6: P LREEITTAAMBOEROTAICHITI2RAEESTADOKERIR
BEORMHNELOFEEREZRYT. M49 D J 3HE,LS>OEEEZRT. K 4.9
XD, GAL GBOBEOWHMADKRRER, BRBABRD A -—KRYKRT ¥ v
CGHERBRBOI—RVRF Uy NV CENNE WD, BAEBBRORA + O
me iz, BRRKBBTREMT 20, MBRERTRECRI T RIS,
INIZHLT, GC OBADRRBER, BBEEABOI-—RVyRT7FyTx )V G AR
RBBO C,LELRDT, A OEMEebiz, WM T2I b b.
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Fig.4.9 Carbon contents during carburizing and diffusion processes
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Fig.4.10 Carbon contents during carburizing and diffusion processes
(z,=18, b=10mm, Case 2, z=0 mm)
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Fig.4.11 Carbon content distributions (z,=18, =10 mm, GB)
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Fig.4.12 Carbon content distributions (z,=18, =10 mm)
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Fig.4.13 Hardness distributions (z,=18, =10 mm, GB)
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Fig.4.14 Hardness distributions (z,=18, =10 mm)
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Fig.4.15 Contour lines of temperatures during quenching process (z,=18, b=10mm)
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Fig.4.16 Stress distributions during quenching process (z,=18, 5=10 mm, GA, Casel)
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Fig.4.17 Temperatures and stresses during quenching process
(z,=18, =10 mm, GA, Case 1)
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Fig.4.20 Effect of carburized parts on residual stress 6% g-30-(2z,= 18, =10 mm)
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Fig.4.21 Bending fatigue test results (z,=18, =10 mm)
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Fig.4.22 Bending fatigue test results (z,=36, =20 mm)
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Fig.4.25 Bending fatigue limit loads (z,=18, =10 mm)
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Fig.4.26 Bending fatigue limit loads (z,=36, =20 mm)
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Fig.4.27 Crack length distributions (z,=36, =20 mm, GA,
Case?2, P,/ b=2.747 kN/mm, N=1.047 X 10°)
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Fig.4.28 Crack lengths (z,=36, =20 mm)
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Fig.5.1 Thin-rimmed spur gear with symmetric web arrangements

Table 5.1 Dimensions of thin-rimmed spur gear with symmetric web arrangements

Module m 4
Number of teeth Z, 36
Pressure angle o) 20°
Face width b 20 mm
Web thickness by 5 mm
Rim thickness Iy 1.5m", 2m

*
m : module

E Hv=550 TZNZN 04, 08, 14mmBECD 6Oz s,

WEBROMSHES IUOBRREANSHEOAAS RO —#HE@EBFLOEICHT S
EROXNFE)ZEZE LT, RFETR, WETRISEEBEREI TOED 12 2L
T, NEGREZREAVWTERSE 2TV, RRBE, BESLVIRNOHERT - 2.
M52, L,=2mDBEDFEM ETNVOBERJENSY -V %ZRT. R52FDX v ¥
2 a3 R2AEMEEBELZLOT, AvyabB3AAMEBERELT, Mir<pEILED
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Table 6.1 Dimensions of thin-rimmed spur gear with asymmetric web arrangements

Module m 4
Number of teeth Ze 36
Pressure angle for) 20°
Face width b 20 mm
Web thickness by 5 mm
Rim thickness Iy 1.5m*, 2m

*
m : module
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Fig.6.6 Temperatures and stress during quenching process
(1,=2m, t.=3.25 h, Case TSRW)
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Fig.6.7 Effect of carburized parts on residual stress distributions (1,=2m,t.=3.25h)
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Fig.6.15 Effect of web structure on residual stress (7, =2m, t,=3.25h )
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Fig.6.16 Residual stresses distributions (1,=2m,t.=8.5h)

5. 1, 7 — X TSRW DA D ¥y 13, BMARNHY = THERE, HERIEHEF
v THEEHRE, MARBAMEE, —AEEOHCKE< LI erbirbd. ¥
tTBERED Y x TEEWHEMEOEREISNPNEL L2 DX, V= TREADY
VFrH A4 VERBICE2BRBEREEY, HEOABRRIHTI2HREZBLEEL D
cizkdEeEZLENS.

X 6.16 1&, I,=2m, t.=8.5h, ¥ — A T, TSRW Q&I L T, HAHFEIHY =
THEREOR Yz 7/, v 7HOREREOLISMEENENEBALEH
H(b,/b=0), —HKEHE(b,/b=1)DHISMNEDENFMEEELTRY. K6.16
v, MAFENKY c THEREOREREBOISNHMIE, K7 =2 7#l(z=10mm)
TREFAMZHEELZEIRCTH S, 77 fll(z=—10mm) TE—EKEEDE
BLREDPBORRLZZENDDS.

i

5.4 %

ARETR, ZRTREEANY I 2 L9 2HAWVWT, ZRTEROBERIESI Y
tTHEEEORRKEANBRE O BREMT L HBRIENBIT 2T -7z, Bonik
FEEENT DL, KOLBVTHS.

(1) BREANCX2EAERNKRY c THEREOEMEREL I, VLAHAS
FUYz TREERREANT 22 E > THEMETES L, RENEZRK
BEANTA2Z > CTHREMESHEMETHRITS. £, TOEIORERIR

—=105—



KM, OB X0 BB EIAHT LHMAT 5.

() BKKEME 1.=85h DEMBYELS NG, VL2EZTr»H5T,1,=0.75h & 3.25
hDOBEGTHERT, 77— 2 T(RE O RRR) OHE T s L O EEME I
THhRONEL 25D KFL, ¥—X TSRWERHIEZ L) 0H A LERERIZH
TeoT/IhNEL 2 5.

(3) BRBEANIZ X 2RI Y = 7HEHHEO Hofer O fE Wi HE AL & [#4RH
BEO=30°DNME(: BT LREBTTAAMBOERO LT A)]OELTHTEOD
FERBEIE ot gm0 13, VAESZ2A2DET, WEME, VLAHA LU
TREEZRRBGIETHZ LI E>THKRT S, £, TOHRKOBEIRRIERE 1
DEMIZ >N THEART S,

(4) BREANICLA2HEHENRY 2 THERED ¥y DEAMIE, ¥ — 2 T,
TSRW OWTFNoHEL, VAEZOEADIZ>NTEAL T 5.

(5) BREANIZIDZEEDo* g0 1E, HEORBRK LIZHEIZE, FAIER
U7 HERE HARBAMEE BANKFY z THEEEE —@FREEDIHRIC
BEGIE L2 WE &I, HANH Y« 7HEEE, SRENTY « 7THERE
HABRBARAEE, —EEEOIRICAREL RS,

(6) BREEANBAHERNH Y c 7THEREORBRE ORI I LHE, KV =
THTREBAMEEELIZIEIRLCTHZY, vV 7HTR—AEEOEAEL I,
O RLD.

—106—



FTE RREANFAREOCERZISN

7.1 #

il

FHEEOHETIE IOV TR, HE < OMEHERCDTIORFEIN TV BN,
ITEYRESLOCBREISHICET A2METD0OF3 0k, 2, TN5OHME
BRBEARECHTIMIFEYRBRERE ZRTAREREQD-FEM) T L 5%
BISTTOHEZR L ETH 2. LT28, B2~6EOMEZRICLD, HiEOHL
(B8 b=10, 20mm) FAEEORKEANIC L Z2EEISIE, WBGHEOAEIIZ X
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Table 7.1 Dimensions of spur internal gears

Module m 4

Number of teeth Z; 90

Pressure angle o) 20° 27°
Face width b 10 mm 20 mm 10 mm
Rim thickness Ly 1.5m", 2m, 3m, 5m 2m 2m, 5m

*
m : module

Total no. of Elements: 5130,

197

Total no. of Nodes: 1267

§
Fig.7.1 Mesh pattern of FEM model (o =20°, b=10mm, /,,= 3m)
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ZEMORFE)EERL T, RFFETE, WEFRIOHEWRE TOHD 172 124
LT, MEAEZZAVWCER 2TV, REXRE, BESIOGHOHERT
o7, R7.11, a=20° b=10mm, L,=3m OBEIIHT S5 FEMET VOEERS
Y -V ERT.

REBRESHOFER, R23MKRTEANEANWT, BRREFLRRRE, DS
BREOELE TCOEEISRD T, BEEMT T, BRESSOCTHS 65TOD
HHATHHEINZDDOL LTS, HARER, HEEEE HEEHLESL), &
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Carburized part

Case T Case TS

Case T:  Tooth surface

Case TS: Tooth surface and gear-side

Case TR: Tooth surface and outer surface of rim

Case TSR: Tooth surface, gear-side and outer surface of rim

Fig.7.2  Carburized parts
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7.3.1 BAKBRORE
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Fig.7.3 Contour lines of temperatures during quenching
process ( ap=20°, b=10mm, [, =3m)
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Fig.7.4 Contour lines of temperatures during quenching
process (2 =20°, b=10mm, [, =2m)
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Fig.7.5 Contour lines of temperatures during quenching
process (p=20° b=20mm, /,=2m)
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Fig.7.6 Stress distributions during quenching process
(=20° b=10mm, ,,=3m,1,=3.25 h,Case T)
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Fig.7.7 Temperatures and stress during quenching process
(@ =20° 5=10mm, },=3m, =325 h,Case T)
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Fig.7.8 Effect of carburizing time on residual stress distributions
(ap=20° b=10mm, I, =3m)
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_Krll Kr12 + Kr13 5 Frl

Ko Koy +K, [5”]: F, (8.10)
__Kr31 Kr32 + Kr33 "2 Fr3
| K. Kr12 + K3 ] [§r1:!=[ F, ] (8.11)
_KrZI + Kr31 Kr22 +Kr23 +Kr32 +Kr33 5r2 FrZ +Fr3

MEAHEOBEIZ>WTY, RBNDIZED, {BINKODEIDIZHEETES.

Ky Ko Kus || 64 F,
Ko Ky Ky 512 =| F, (8.12)
Ky Ky K 1 Fs
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Table 8.1 Dimensions of helical gears

Module my 4 3
Number of teeth  z, 18 36
Pressure angle o, 20°
Face width b 10, 20 mm
Helix angle Bo 0, 10, 20, 30°
Km an - Kt13 FI1
Ky K=Ky [ ”:(= F, (8.13)
2
Ky K~ Ko Fis

A< )y 72 200HEERSEZDI, KRZEFT 5.

[ K Koy — K ]{5“]__[ F, :! (8.14)
Kt21 _Km Krzz _K123 _K132 +Kt33 ) Ez "Ft3

12
HAMOBEEIZ O VTE, X@B8ILED, XB.12)~B.IHEZRT LD & EERIZ,
{6} HETE B,

8.2.2 MEETFTILOERFE R ELREREN

ERZE LARTIIEEOERETIE, RNV ERITHEAREY 2 — NV m,=3,4,
WEAETA a,=20°, Bz =18, 36, HWIE»=10, 20mm, R UCNA =0 10,
20, 30°D—HEHETHS. INEOEMIE, BHITE x=025m,(m, WEHEY 2
—NV), TABEAREErH=03T5m, DT v 27y ¥ CRIBEETIDENZILDOTH
3. HEMEIE, SNC8IS T, ZOMHOBRRIEN, BERARIE, K2288LU
K229 CRTBERERANZEDCY g HECLELREERK L BEp &
oo MEER) MBERKE K7V VEVIE, ENRTN h=1744 W/ (m* K),
p=17860 kg/m*>, ¢=5861J/(kg'K), 1=41.9W/(m*K), E=206GPa, v=03 2FW
fr @D~ BN 227 CRTRREANSGHE T, BEFHEHKIEZ IR (8.7)
~@BIDTHAWVWANZLDEALEEZTWVWS, TNHORKFHLKTIE, RRF
M 2,=0.75 325 85hd3FEIIRH LT, BEEEIEZ, Evh—XBEX Hv=550
TENEN 04, 0.8, 1.4mmBECY EOzip 3,

WEBROBENHBESIOBRREANCIZEFOBPENHEEERLT, &
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M Wu .

Y LAWY

RIS
b

Y

Carburized part

A

Total no.of
elements: 4560,
Total no.of
nodes: 1197

Case T Case TS

Case 1:  Tooth surface

Fig.8.2 Mesh pattern of FEM .
Case 2:  Tooth surface and gear-side

model (m,=4,z,=18,
b=10mm, B, =20°) Fig.8.3 Carburized parts

HETEH, KS2WRTEIRIZEETLVEAVWT, HWEAKEXCERSE 2T
- 7. '
KRERBRESHAOFER, N231 KRTHEHAREAVWT, BRREFLRRRE»S
BEEODELEITOHEEISRDZED~CY S8 X, BIKE 850 T 5 65T
DHFTHAENZ DO LTWD. BAREE, HEELEEH SEHLEL)E
WEMEE LTWS, BMEEED®F TR, HIEPR(z=0mm) OEE - §HF L
RO SEME -WAREMEE, FEARNEMNEH, HHEEHKE LOHILEHA -
RS EEMEE, @BAEMEMBABRE Lk,

RERHEE LT, AECHEENEO 2 @FzE2, K83 KRT IDICHEDA
DPOERKEINDSEEZ7—X T, HELAEISRRENDIBZEGE T — X TSRRE
BfiE7z L) & L.

8.3 HERRBLIUEE

8.3.1 MANABEDERE
M 841%, WMEAEY 2 — )V m,=4, B z=18 HIE b=10mm, B UENFHAH [=20°
DRTEREOREANARORESERHBTRT. X84 &0, BTEEEDLEA
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425 0

5.5s 10s 20s

Fig.8.4 Contour lines of temperatures during quenching process
(m,=4,2z.,=18, b=10mm, [, =20°)

NGEEOEESME, HEHROEHICHFCRbRWI E, £k, REMOE DAY
RBPEIDBRETT DI/ DD 5.
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700
800

700750

b=20mm
() m,=3,2z.=36

Fig.8.5  Effect of face width b on temperature distributions ( £y =20°, t=3s)
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Bo=10° So=20° Bo=30°

Fig.8.6  Effect of helix angle £, on temperature distributions
(m,=4,2,=18,b=10mm, t=3s)

X 8.5, m,=3, 4, z,=18, 36, b=10, 20mm, B=20°DFXTIFWEIZX L T,
BIK% 65 COBHAMBARELISER =3sDRENHESEBTRT. K85LD,
BRITEREORANBREOREZ, m=4, 2.=18 ¥ m,=3, z.=36 DW\WTNOHAH
Y, FHEOHA (K33, R3HDEHEHFEZ, HIELOEME ELITELETTSZZ
EWNbHOhB.

X 8.6 1%, m,=4, z,=18, b=10mm, £=10, 20, 30°DFTIEHEHEIZXFL T, &
K% 65 COBAMBABISEL r=3s DRENHEZHEBTET. K86 LD,
HTEEEORANBREORER, RUhALOWNE L, HEFLMAEDR
BERNEL DR’ onb.

X 8.7 1%, m,=3, 2z,=36, b=20mm, F=10, 20, 30°DFTFFWHEIZH LT, &
K% 65 COBHMBPARELSEX =3s DEEPHESRMRTRT. K87 &0,
m,=3, 2,=36, b=20mm DHEHIL, m,=4, z=18, b=10mm DFH (K 8.6) £ [H
BRI, RCNAR{OEME LI, HEFOLMEDORBRFIELS B2 Zehbird.
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Fig.8.7 Contour lines of temperatures during quenching process
(m,=3,2z,=36,b=20mm, t=3s)

8.3.2 BANBREOIEN

X 8.8 1%, m,=4, z.=18, b=10mm, [,=20°, RRKM ,=3.25h, 7 — X T(H
HDREK, RBI)DHAEIIHTIRANBROEHEDOICHAHERT. 8.8
DI, BHICH->TELZELTFMOESHELZRERESEIZE > TERL
ZLOT, HED, ORTNENGIR, EMISHERT. X 88 &v, WHODILES
I, BEANMBOHOREZ r=0.1s KE5RIEHIZRD, KREOREBIZ >N THEEL
FEPSEBEZD, I5ZKREIRET 5 HEMATRIIRIENCRY,
FREMISHCEDS. t=20s T, @WEOILHE, EFEISHITED, EANK
THIZIE, KREREBEH RS,

X 8.9 1k, m,=4, z.=18, b=10mm, [=20° £=3.25h, 7 — A T OHEITHT
DZHMANBROBEFR(z=0mm)WE ELEMEORE IS ORBMYELERT.
M 8.9 FOISHIE, WEIKH-> TELIELTFAOEIRIEE, &5 A, B, C,
D, FNETNHEE LOHESLAE, Hofer DEMRMITENE HERAKEI=30°DAL
B(O: BT LREETTHAABEBROEROLTA)], CyFHALMLE, BLU
AWM ERRT. K89 L0, WEMEID A B KOIEHIE, EANFHEBHMIZ
BEIRIG N2, BEOREBIZ >N THR2IZEMLT, YAV T ¥4 M ZEREHB

—135—



500 MPa

500 MPa

1525 20s oo

Fig.8.8 Stress distributions during quenching process (m, =4,
z,=18, b=10mm, Fy=20°, t,=3.25 h, Case T )

BE (0 200~400CT, REBEKX I ->TRLZI)MFAETRREKCEL &, S
B LTEMBEHCEDLD, BANKTRICEIXERERSHIZRS. BEMED
C, D ROEHE, BANKBHMHICEIIREN TR, REHORERII>NT—E
EMIS TR0, INPEEIRIGTDICRD, V7 ¥4 P ERHFHIGIRE ML TR
AKEREL®, ABCBRI L TEBENCRS.

8.3.3 BEIEH

(1) RREFHOME

X 8.10 1%, m,=4, z,=18, b=10mm, £,=20°, £,=0.75, 3.25, 8.5h, ¥ —X T,
TS(EHE & WEAERR, R83)DHAIINTHIHEOREILIMERT. K 8.10
FORHIRREIR 8.8 DHEALFALTHS. K810 £V, WMEOEMHEZEIENIZ,
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Temperature T C
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b 0 \il/ '
o \
(72 )
2 \
o —400 -‘
t.=3.25h A
800 Case T
0.01 0.1 1 10 100
Time t s

Fig.8.9 Temperatures and stress during quenching process{(m, =4,
z,=18, b=10mm, B, =20°,¢,=3.25 h, Case T )

FHEEDEAR3I)EEEZ, ¥—X T, TSOWTNODHEAEDL, ,=0.75h & 3.25
hDHEIRIFEEALEEDLRZL, t,=85h DHBARXIHEEMETRAITEH, £
BLPORER, BIREEOBAETREHMOE S PWAAMEIORENI EHD
BB, Fiz, T—ZXTOHEERT, 77— TS OIF D H thiF umth 5 48 THA
L, 20BPOBER (. OBMIIO>NTHRTE2IEFDAIS. INLPFEEDE
A& (R 3.14) e EEREmZRT A, AEHRRIC XS EIERELEMLOREISTOR
VORBEZRCEOREMDIEIZD FULHAARME D KE .,

X 8.11 1%, X 8.10 D& R H 53R 7z Hofer D fERBTHE LB DB FEIE T 0% 30 % 7R
T, K811 &£V, ¢,=85h Do*yseld, FHREDHEG (X 3.13) LEAKIZ, £=0.75h
E325h DBEWENRT, y— X TOHATRIHEERTEIL, 7—X TS 0% &
RERECOE> THAPT I8 5.
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Fig.8.13 Effect of carburizing time on residual stress o*
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Fig.8.14 Effect of carburized parts on residual stress distributions
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b=10mm, F=30°

2

=18

(m,=4, z,

3.25, 85h, ¥ — AT, TS D

X 8.12 £D, m,=3,

20 mm, ﬁ0=200y tC

2,=36, b

X 8.12 &, m,=3,

GEIZH T OWHEOKRBIG N HERT.

36, 5=20 mm

B 55 13 3L O FE M R

Ze ™

-
'~y

DEEHEWL my=4, z,=18, b=10mm DH A (X 8.10) & FE£E

IS, fHERE

BODP5.

&

=325hEBELD/NHEV

le

8.5h DI D H

le

A IY SRS AN

-
—

{

0.75, 3.25, 85h, ¥—X T,

le

20mm, fy=20°,

36, b=
fe bR BT T AL B D 2R IS T 0%

Z,=

X 8.13 1%, m,=3,
TS OFEIZH T 5 Hofer D

8.13 &0, &7

E

™

30°%

8.11(a)] & [F #% 7z fH

ETES
-

10mm DI IEWE [

B15A &4 O B iR v (2

300 DBV ORBEZ, m,

4, z.=18, b

My

300t

HERL TV,
% 0%y

— AT Do*y
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Q b — e e 8 /// N
o -600 _ 2 1
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(@) 1,=3.25h (b) t=8.5h

Fig.8.15 Effect of carburized parts on residual stress 0% y-3¢°
(m,=4,2z,=18, b=10mm, Fo=30°)

B. Flz, 7 — X TS Do*ygospeld, my=4, z,=18, b=10mm DT T IFHWE (X 8.11(b)]
CEBIZ, 1,=85hDIFDN£=075h & 3.25h DEEHIERT, 2EIEICHOE->T
BLT 50, ZOBLORBREZ, m,=3, 2,=36, b=20mm DFDHF/NI< b &
Db,

(2) HERROZE

X 8.14 1, m,=4, z,=18, b=10mm, £=30° 2=3.25, 85h, ¥ — X T, TS D
BAETHTIEEOBREISIOHERT. K814 L&D, [=3000BEICL =20°
DHAE (X 8.10) L FEAEK, HEOEMERICHIZ, BREMIC»rPDLT, WHEMA
HERRKEANT B EICL» THIBHEEMATHEAIL, T2, TOBRPORE
X, ,=85hDFEDIIFIIN £,=325hDHFEIDKREVI LRI 5.

8.151%, M 8.14 DR D 53R D /- Hofer DEMRME NI E O ERBEIE T 0% g0 & 7R
T, 815 &V, o*peeld, FHEOEHES (K312 c@FIC, HHEHZzERREANT
5ZriE0BAL, TOBIOBRER L OEMIZ >N THEKRTEI LR DI 5.

X 8.16 1, m,=3, z.=36, b=20mm, [B=30°, £=3.25, 85h, ¥—X T, TS D
BACKNTAIHEOBREIS I #HERT. X816 £V, m,=3, z,=36, b=20mm
DFEHEIZL m,=4, 2,=18, b=10mm OHA (K 8.14) L FHEIZ, WHEHODEMEEEIS
Hg, BREMIZ DS, AIEERREANT 32 &0 & » THIERE LR
TRAL, ZOBPORBEWR, t.=85hDBEADIFDIN £=325hDBELDKRKEN
NP Y oV TR

—141—



% [ew]
= ) =2
lo - 0© D
< O O { Lo
© 04 . oo \ Sl
A g 00 X £ N
= ] /
= _ ‘
2 \
.2
m o \\ c
[7s] n P
S 2 8 { = Elw
) =
2 CE \ 9o
o = \ o
= 00 Lo o
- N o
‘B o o o [=N]
te 8 8 8 %
ooy f=1
] Q A | | 4
S o !
= = g e 0820 o
V8] w £ 8 din *
o w 8 o s$Salls |enpisa
o SIS |
Il
it o 1]
< ~ N o o
> > 29 w A&7 <1
T 2 =2 T (] w9 Q
—, l' e N [ 0] n
TR 4 o S » o o\ non
\...........:S.-v‘m. ;“u.....“....nvl._. 3 M, mw mw mn NS o
S S | 7,
e &w mn _ _
u-\\l\ 2]
= e~ © y
@ e - 4 < E
3 < 0 /A 0 Elw
© S / S ol
P { nn
o o
o (=) o =X}
o O (o] o
4 ] |
mn=>_ .cmnm*b

SsaJjs |enpisay

mm

8.5h
30°

g

(®)
30°)

20 mm, 5,

—142—

m

2,=36, b

m

b
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Fig.8.17 Effect of carburized parts on residual stress o*
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& 200 ——= 20mm € oo —_— 20mm
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(a) Bo=10° (b) So=20°

Fig.8.18 Effect of face width b on residual stress 6*g-30°
(m,=4,2z,=18,1,=8.5h)

-1000

.
—800/ -\/’ N\ P
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~ ~ a \
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e = 10 MM
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Fig.8.19 Effect of face width b on residual stress o*y-3p°
(my=3, z,=36, fy=20°t.=8.5h)

8.17 1, X 8.16 DFERH» 5K 7z Hofer DEIRMIE LB DR IE T 0% p=30- & 7~
. K817 £V, o*puseld, my=4, z,=18, b=10mm OF 4 (X 8.15) & FERIZ,
HEEZRREEANT 2K I > TRIT 2D, TORIVOBREIR, m,=3, z.=36,
b=20mm DIFOIB/NEL BB &R bOh 5.

(4) BIBEDOHE

X 8.18 1%, m,=4, z=18, b=10, 20mm, =10, 20°, £,=8.5h, ¥ — A T, TS
DI EIZX T 5 Hofer DEMWITHE AN E DEEIETT 0*o-30-2 =T . X 8.18 £V, 0%p=30e
i, 5=10, 20mm DWTNOHEEL, A/rHhPH5ET, lEHERKEANT S Z
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Fig.8.20 Effect of helix angle £ on residual stress o*g=3¢e
(m,=4,2,=18, b=10mm, #.=8.5h)
-1000 -1000
? © m,=4 ? o 100 t.=8.5h m,=3
g < = oo b=20 mm z,=36
B = B = ) e B Case T
® 3 & 5 - e NS —
B, 3 3 < % \
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e ©  _600f — 5=0;
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R L 30°
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(a) mpy=4,z.=18 b)) m,=3,z.=36

Fig.8.21 Effect of helix angle /4 on residual stress o* g-3¢-
(b=20mm, t.=8.5h, Case T )

ERE->THEAL, ZOBPORER, FHEOHa (K320 EAEC, HIEL D
BALIZONTHERTHI el OS5,

M 8.19 &, m,=3, z=36, b=10, 20mm, S=20° ¢=8.5h, ¥ — 2 T, TS O
BT % Hofer DEMWENMEDEREIS T 0¥ g0 d. K819 KD, m,=3,
2,=36 DHEW L m,=4, z,=18 DH A (K 8.18(b) ] L AHRIC, HERREANIZ X
5 ot DWHORER, WIE L OBWMPIIO>NTHERTEI i bh 5.

4) hthaomE

X 8.20 iX, m,=4, z,=18, b=10mm, S,=0, 10, 20, 30°, ¢,=85h, ¥ — A T,
TS DB A Do g R T. K820 £V, c*ggpe &, 7T—XATET—ZATSOWVY
NOBEL, RUNAR/CLI->THrRVREDZZEAbRS.

X 8.21 1, m,=3, 4, z,=18, 36, b=20mm, B=0, 10, 20, 30°, ¢=8.5h, ¥
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— XA TODBED oty d. X820 &V, o*goseeld, TV 2 —J)bm, B zIZ
PAH5T, p=20mm DFEITL b=10mm OH A (K 8.20) L EALIZ, hUNnA B
WE>ThRVERZDZZERDRS.

il

8.4 #&

AETEH, BT ULABMEETTCRVWETEEEOREOERSLEEZERL, 12
WEFLVERAVWT, —®hiBTEEEORKIEANBRQBMETEMRNT & BEEE T #
WET-7To. RETEONLEELRE2ENTILRODEEVTHD.

() BREANBIEIHEOEANBROEE R, EEPOEICHBIZESZS,
RHEMMDIF D NTAAZPMEI OV BESETTS. £/, RChAL{HOENE LT, &
HRLHAEDOERBENEL 5.

(2) BREANCIZRZTEHEEOREOEMEZIC L, FPREDBE LAk
i, HIEERKBEANT 22K E->T, BRREM PR RVTEDZLITE -
T, EREEMETRI TN, ZORPOBRER, BTREEECHETRREMA
DIZ D BYLARM LD KE W,

B) BREANI L2 TIEEED Hofer DEREEAE [(EMRAEI=30°DAL
B BBEFLREETTAABBROEROZTA)OELTHFEAOERFEIEN
0Fomeld, FHREDOHALAR, WEAEARRKEANT 22 &> TR L,
ZOEAPOBRER, RREMOBEM, wWEORIZONTHEKAT 5.

4) BREANIZILIDIEZTIEEEDF 0o ld, FREOH S EFERFRIZ, RREEH
R EL BT ED L, Bk, OBAKCENRT, HEOARKLLESICITHEIE
WAL TEA L, BRFIELZVWEEGCZREHECIDE > TRPT 5.

(5) BREANIZEDRTEEED*joapeld, TV 2—)b, B, HIBZLr,D
59, RUNALIE-THhEDREIRD.
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Fig.9.2 Mesh pattern of FEM model ( Model B2 )
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Fig.9.3 Contour lines of temperatures during quenching process ( Model B2 )
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Fig.9.5 Effect of carburized parts on circumferential residual
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Fig.9.6 Effect of carburized parts on residual

stresses of middle section
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Fig.9.9 Effect of carburizing time ¢, on residual stress of outer surface (Model B2,d=0mm)
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Fig.9.10 Effect of carburizing time #, on residual stress of middle section (Model B2, z=0mm )
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Fig.9.11 Effect of roller configuration on circumferential
residual stress distributions (z,=3.25 h, Case 2)
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