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2.2.1 BEARN
SABEEANG, FEMBEZFAL TENADOREFEZDOARIZTINVT VT A b

BEAEUCEEA2EREHAEETHIN, TOBAOBHMARTOERLIZTRD &
2 fibn s,
TI2ATz VOBEBBAFTERIT,
oD

vxH=22 47 2.1)
at

vxE=-28 (2.2)
ot

V.B=0 (2.3)

V.D=p 2.4)

TEABND. ZIT, E:BROME, H: BHEE, /. BENEE, B MAKE,
D: BREEZRT.

X5, BERABIUVBAOREMEFENEXETCHEERS—-EDHEE, &%
BEAEZBTERL, BHEUIRAERoEAVWT joCEE®RXDZZ e TE, R
QRDERQDFKRDEID>IZEETHRIOGNS.

VxH = joD+J (2.5)
VxE=-jo+B (2.6)

IIT, MERNIZMVERT Yy N AaREEATDHE, EL H J B D, Tnt

NIKDEDIZREND.

B=Vx4 (2.7)

H=Lvx4 2.8)
[

E=-jod 2.9)

D=¢E =-jwed (2.10)

J=J,+J, 2.11)

J, =0F =—jwocA (2.12)

X7 PNVEHBEBNERY, 75— VOEXMEBRESEREZRQSHICERT
5,

[[[,¥, @ xH-joD-J)v =0 (2.13)
PRLEN, ITNEERLTKRAEE5.
[[[ V- xN)+H -VxN,~ joD-N,~N,-J}av =0 (2.14)
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EREAVZDEEER2HEAITHERDEDICRS.

IL(HXN,.)-nds + H_[/{H-fo\r’,.—ij-N, -N, - J}dv =0 (2.15)
Eb, HREARKEZEALT, HEISEERTIERDOEIDIKELS,
[[[{#-vxN, - joD-N,~N,-J}av =0 (2.16)

RQR.D~R12D)ERQIODEEINETNRAL TKhRAEHRS.
H'[,{IIJ—VN,.—VxA—w’s'A-N,—Nf-Jo}dv=0 (2.17)

IIT, fREERFTERLEN, EEERAHVWTKROELIIIRENS.
&=+l (2.18)
jo
22 WRTIUEA 2 RABERTHE, BEOLLORAHET 2T, —DD0ERNA
DRHEIT 12 TH 5.
BEHNOBIRZ PVRT Yy VAR, REARXZ PVRT Vv V4, EXT b
VEHBEBRNERAVWTROEISIEEENS.

12
A= N4, (2.19)
i=1 .

DLEXORQINERAVWTEN 1 RABRRDORBTAEZERL, TOES 1 IRFE
REMOVTHERZ MVRF Uy vy VAR RTIE, BEABELHRIEEER, R
2.19)%R2.7)., QIDEZENETFNRALT

12
J, =~ joo z N, 4, (2.20)

12

B =Y (VxN,;)4, (2.21)

i=1

YROBIENTES,
ZLTEENORHRE O, AR TRENS.

0, = ]‘jJ‘V'-(-jl—_—|Je|2dv =£__.|JB|2V8 = o *|4|'¥, (2.22)
BITEROSRBE QO RKRTERENS.

. _ V_e 2

0 =2 SVl (2.23)

EMBEHRPBIRANTELIENS.



00w 224
) (2.24)

ZIT, QeI ANHITRET BREE

n

2.2.2 ACERT
FREREEMEOXEABRARIARTEL BN B,

or 7] orT d or o or :
or _of( 9T of oT) o oT 2.25
pe (Kx ax) dy (xy 8y) 0z (r_ 0z )+Q ( )

IIT, TeTaynnRBET, ERLBHOBRTH D, pi BE, o KR K

K, K ENENx y, c HEOBEER, 1 B, 0 BARKMIZBAKESRLY
CHBENB8E THDLRBETHSE. 22T, SHHE, TED5o=x=x=«(E

FO)DHZBEWZ2VWTEZX D, RQR2HBRDEI k5.

orT o*T  8*rT  8'r .
+ 2.26
K( ox? * ay2 9z }-I- 0 ( )

FEEREAGEFERQ2)H D VWIRQ26)BEEOEEIZLY, UTOXS HiERL

fRREBND. B, BiEgR, 77—V IOEHLD
__ 9T
g=-x2 (2.27)

THEZALBNS, ZZT, ni3ERLONAETHEBRTHS.
BAs FCREMREENDIHE, s LItV
T=T (2.28)
IIT, TRRERETH 3.
BR 5, £ TRIE ¢ A HEH(A)T 384, s FItBNT

q4=4, (2.29)
BR s ECREEN DDA, s LBV
g=a(r-T,) (2.30)

ZIT, a:@ BRERHE, 7. SHMEE
BR s LTRERAPDZHA, s BBV

g=ecF(r*-1,°) _ (2.31)
IT, e ' BHEK o A7 772 - RV UEHR, F:WREN T mER

W oo

RQR3DDFEF TR, RPVERB L - THBOHVWIZLW, 22T
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a, =soF (T +T,) 12 +T1,7) (2.32)
EHLTERED, RQIDZEITE KOS LR E LS.
g=a,(-T,) (2.33)
FEEEACEMBEIINTA2ERERERE, RQ200KEFST—FVEHDIVIEFY v Y
BEHEAT I L -THELONS. FEFRREMBEICHTHIHRERKNIZKD
s RN

Clp 1 [c]{%}= (3} (2.34)
IIT, (g HABERZ ML, K] BEET ) v T

- !’{aw o), AT o), AT o))

ox Ox gy oy 8z oz

(2.35)
+ Iac[N]T[N]dsq. Iar[N]T[N]ds
[lEBEREINY) v 7 X T
[c]= IPC[N]T[N | -
{f}ﬁ%ﬁﬁ’\ﬁ VT
{r}= [ovT & - [q,[NTas
v' (2.37)

+fa N ds+ [a,1.[N] s

ThHb. v, BEHERE, s BEXOER [N HiALEZRATREL2EUSITS
HNEBEET M) v 2 XA TH 5.

23 WHEEZFEM I L2 BEBHMAMITE, HHMEX FEM I X 5 R EEMEITE %
AWEREHE S u /S0 70—F v —hEBRT.

2.2.3 HEHE N
(a) EHEETOEHERE
MUK CORTHEFOEBFIRRCDE, RKEFTHIEARR, 0FaEiyrE
ROHREMNBL OBERAB LIV NIES O THRES 0BEREXTEIBNS.
[k las} ={dL}+1dL}, (2.38)

{de}=[Blas¥ (2.39)



Data input
Element no., node no., coordinates of nodes, electric power,
frequency, magnetic permeability, resistivity, spesific heat,
density, thermal conductivity, kKinematic viscosity,
Setefan-Boltzmann's constant, emissivity, heat transfer
coefficient, etc.

A

(Electromagnetic field analysis)

A e W e e e e e M e e

<:;’---\ no (cooling process)
t<t, )

yes (heating process)

Caomputation of magn

resistivity at the temperature for each element

etic permeability and

!

Computation of matrices [S], [M],

and vector {J, } for each element

v

Computation of mag

(Solution of system of linear equations by
Gauss elimination method)

netic vector potential

| Computation of eddy curr

ent loss of each element

b v e i e e e e e R e o e e e

t=t+ At

Computation of heat transfer coefficients of surface elements

(Heat conduction analysis)

i L e L .

Computation of thermal conductivity matrix [k], heat conductivity
matrix [d], and thermal flux vector {f} for each element

v

| Composition of matrices and vector for model |

{

Computation of temperature of each element
(Solution of system of linear equations by Coleski's method)

Fig. 2.3 Flowchart for calculation of temperature




{do}=[D%]({ds}-{a}ar) (2.40)
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[K] = Ze" [k]° (2.41)
{dL}o= 2. {dL}* (2.42)
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[De] L 0 0 0 1-2v 0 0 (2.43)
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Fig.2.4 Tetrahedral element
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[k} =[B]"[p*] [B] v* (2.45)
{ary, =[B]"[p*| {edr} ve (2.46)

ZIZC, VS by, by by, bs c1, ca oci oca di, do di, dy WEEOHISABEESH
WT, KORQAN~QS)THETE 3.

Ve =%(a, +a,+a,+a,) (2.47)
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(2.48)
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o 0
{do}; =—3& {0} ;f dr (2.56)
—2 '
Sz%(%ﬂ} (2.57)
o= \%[(03r —c:ry)2 +(0'y “0})2 +(o,-0.) +6(rfy +7, + rfx)] (2.58)
__E
o= [cr'Jr o, o, 7, 1, z',_t] d (2.60)
o'.=0,~0,
O—'y =0, =0,
0.=0,-0, (2.61)
c,+0,+0
g, =
3

IIT, [Kl3EELEORET N v 2 2 GHER (Q41)], {(dS}REELEDH
REMBE X2 bV, {dL}EREELEADHHERSRZ bV, {dL} 3 BFRIZ X
SMELKROFMET KA NE N2 bV ETEKXQ.42)], {dL} i F AR O EKTF
R L2BELEOSMBEEANHEIRT bV, {do}BIEHEH 2 bb, [D]i3H



IS —0FTHRTEY) vy 27 Z[FERQ43)], [DITEEEN-0VTHRITMY v 7
Z, {ds} 30T HEH R b, {a} 3RBERHER2 bV, dTIEEHES, {do}r
AMEBOBEREECLBEIES R b, {dL} AR OIREKEFYE
WEABREOEMETANEO N2 bV, {(VRBERIRZ bV, & FHEYLET,
oy XBRIG ST, G RHEBMERE, HRUOTHRELE, 6, 0. 0 Ty o ldib
SRSy, EGHREBEERE, viERTYVETHS. ) BEERIDVLWTINAEhE
5T EERRT. e

o3 WRTA4HANEABEREAVSIHAITIE, BERICBSTHERIZHLT,
BEEORMET N v 7 A DFHER(Q.45), BB X2 BERDEME LA NHEH X
7 b{dL}, DFER (2.46) BRIZRTH(2.52), 2.63)IXEDLYD, AFWAKDEE
REHICESEZOSMEENHOI R bV {dLYr BIRICRT R (2.64) TFHET
5.

[k =817 ( [+ [or] ) 817 2.62
{ary. =[8]"( [p°]+[p?]) {ear} ve (2.63)
{dLY. = 3GS[B] (o }aafdr (2.64)

INGOEBRRZHAVWT, REMNZIEIKRDOLIKITD. £7, Fxonki
ERD4dT, BIUONFMEHES LI LT, BEZZE LI-RERRE{a}, BR
EHOERE ek, R(243), Q)TN v 2(D), [BlERD, Bt
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Fig. 2.5 Relation between Vickers hardness, martensite content
and maximum cooling rate for S35C steel®'?
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Data input
Element no.,node no.,coordinates of nodes,electric power,
frequency,magnetic permeability,density,thermal conductivity,
Stefan-Boltzmann's constant,emissivity,elastic constants,yield stress,
thermal expansion coefficient,specific heat,heat transfer coefficient,etc

k.
y o

t‘S’_th\ no(cooling process)
C__./

v Yes(Heating process)

Computation of magnetic permeability
and resistivity of each element

4

A
Computation of magnetic vector potential

=t+At and eddy curent loss of each element
A (Electromagnetic field analysis by FEM)

)

\ 4
Computation of heat transfer coefficients of surface elements

Y
Computation of temperature of each element
(Heat condition analysis by FEM)

\ 4
e < t=t

no

Computation of maximum temperature and
maximum cooling rate of each element

v
Computation of martensite content and
Vickers hardness of each element

v
t=0

A
=

A\ 4
Computation of thermal expansion coefficient
and yield stress of each element

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

A
yes —
<t =t

no
Y

I Qutput ]

Fig.2.10 Flowchart for simulator of induction hardening
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MEGBR T, 20°C »5MEk, HHBETIE, 20°0C DKkTHAENDLDE LT
AT 24T - 7=,

HEERITICI VW TR, BEFEROA N2 L, B REHZ, K214 F0D
EESIUCHEFROEH LOSAOMATMAEMEE, L& - WAMENME B, HiES
ROFROEA M EMEZE, FE-FHEAEEMCBRE L.

2.3 FIERRBLUEE

2.3.1 ZRTEWMAHBFEMN CEZ2BWOBHARBEANBEORE S -E(LE O
HHEROLE

(a) EANBREDEE

X215, R212 R TEHOFEMEFVERWT, MBAEHN P=50kW, FEHEIK
f=200kHz T, BiRERENFEANRE 930°CIZET 5 FTHEL &, KF(20°C)
THALEBAOEFRITE O &M E S 5 3D-FEM & #ili%F FEM 2 X 2R E
DORHPHELELE L TRYT. R215F0 41, @RE,»S>OEHEERT.

216 &, X 2.15 OFAEEE CFEANKMEICH T 2 @R RETHE O E S E2 R
9. K215 16 £V 3D-FEM K L5 HERIE, ETNVALET VB ThEVR
%52 &, 3D-FEMOEF )NV B LHIAFH FEMIC X 2HEVBIE BT HZ edbnr
5. _

K217, K2150568E UEANGHICNT 23DFEMOETF LA LET
VB ZRWEGEOMBAK TROBESHEZSEMTRT. 215 KV ETFI A
OEBEER, EFNVBOHAELY 100CCREBRVW XA bh 5.

X 2.18 i&, 3D-FEM & 835 FEM IZ X 2 MBAK TR OIRE % LE L TR7T.
2.18 I D MBAR TR DOERERIL, 3D-FEM OEF )V B L&t FEM OB 4 TRIZ
E—ET 58, ETNVNADHELRINSGIERTRERE NP RVEL B L
Bhirb.

(b) BRIEH

2.19 i, 2.15 DA LR CBEANSGHATH T 5 REFE D 3D-FEM & iif
¥ FEM 2 X287 MAREIE o, HRAAAREIE oy, ¥ESEABREE 0"
ZmY. K219 EVEHAEE, 3D-FEM 83 FEM TIRIE—KT 5 e 2b

—22—



1200

o Heating | Cooling
s - d=0 mm
& 100021 P=50 KW, f=200 kHz
= -’ (=20 mm, D=20 mm
5 800|4— o Eem
A ="
@ ¥ -1 mm Curi i ——==aD-A
v { ! | \\ T 3D-B
400 A e ‘
e -
-4 mm - ? }
0| AT ———
“M 10 mm
I 1=046s | i
0 05 1 1.5 2 25 @ ! 4
Timets
Fig. 2.15 Temperatures during induction

hardening process
(P=50kW, f=200kHz)

§J 1200 P=50 kW, {=200 kHz
- 1=20 mm, D=i'20 mm
2=0 mm
g 1000 e AX,
% & 0.46 8| — v e a
oy i S| meman
3 800 . i 0P
E ‘%\?? 03s \ Curie point
F 600 N
N
400 Ls
3 0.01s
200 AW
MS :\%;_a.:‘ —-‘;:“'E‘"
0 2 4 6 8 10

Diatance from surface d mm
(a) Heating process

200
100°C. 1200
1100
1000
“Surface
//’/’
Center
(a) Model A (b) Model B

Fig. 2.17 Contour lines of temperatures at

end of induction heating process
(3D-FEM,P=50kW, f=200kHz)

$ 1200 1 P=50 kW, (=200 kHz
e i 1=20 mm, D=20 mm
© # z=0mm |
§ 108()*{‘ AS'_A
© ' 0.1s ——— 3
g 800 = = e
s é& 03s \‘Curie point
600 —
%%1 s
400 —— 238
] 3 e o
> !
200 ———
v e oy
10\ m\'xi‘:h
0 2 4 6 8 10

Diatance from surface d mm
(b) Cooling process

Fig. 2.16 Temperatures of middle section of shaft during induction hardening

process(P=50kW, f=200kHz)

: g
ot o o
& § =
glg g2 g/18 88 sl
Center Surface Center N e Center S Surfuge

(a) Axi-symmetric (b) Model A (c)Model B

Fig. 2.18 Contour lines of temperatures at end of heating process
(P=50kW, f=200kH z)



"B,

2.20 &, 2,15 DFEEFE UFEANSHEICH$ 28E13RE O 3D-FEM & il f ¥R
FEMIZ& 3 0,", o #xd. K220 XD 3D-FEMDEFTNVBDANETIVA DY
ALV LENH FEM OERE I —KT2 203 bh b,

(c) BE{L/E

2211, ®2.1505HALE UFEANSEHEIZHT % 3D-FEM & §ili 4 #8 FEM 12 &£
HZEEALBHVZSS0)DHE&EREERT. K221 &0, 3D-FEM L @5 % FEM IZ & %
HEBERIBE-HMTEZ b5,

DEDHERLD IDFEMEZAWVWTEAREANBEDRES XVIENOHEZTT
DHBADEENSEE, EFNVNBONERBEEI T OLENDS. TLABETHERL
7= 3D-FEM #7075 41d, BAREANBRORE BRAIBIVEANICELS
BRI - BLEHECES THILEABNS.

2.3.2 BREOSHRRANBREORE -KH, BANCEIZEREEHEREILE

() MANBRORE

2224, K24 RTHEEETVERAWT, P=50kW, f=3kHz T, EHRAHE
6=30° (0: WIEF OB HHHMROER DT H) O Hofer O fiz I Wi i iz &
DIREAN, SWEIZD 7 > THFEANIEE 930°C I2E 9 5 F TME L 2%, KF(20°0)
THAILESEOWEFREEOAMEICS T 2IRE ORRMELERT.

22343, K222 DBALAUBEANEZHEORANBROBES A% SRET
~Y. K223 k0, REREOMEIR, MAEARTIR, WIBROEEMLIZ, GBH
BETIE, HEFROEFFILB LR bh 5.

X224, fEx OMESKEHEP, )=(50kW, 3kHz), (200kW, 3kHz). (200kW,
200 kHz)C, Hofer o fi W il (2 8 0D 18 £ AV BE AR EZ 930°C 1T 2 F TMA L -
560, MAKTROBELZ2ZERTRYT. M224 IVESEERZ, WThoBs
LVRBEmROEEMLICEL, MAEH, AEKOEME X LIZBATEZ by
5.

b) BMANBREOEH
X 2.25 i, 22 D56 R CHEANEH T 2HIBEFREMEHEZ=0mm, z:



[+
[==]
[=]

*
. MPa
-

8

Residual stress o

&

L=

&

- @ 800 — o 800 —w
e = -5 = | | e 3D-B
—2 308 400 BI) 400
b o] — e
) ;;\\‘;-\\._ 8 0 f’!.l;/ar %‘:l = % 0 l:' -H-::‘:.h_ S
7 . £ o g
,/ 8 | 8
! k! S_400 -
j P=50 kW, =200 kHz §_4DU / P=50 kW, =200 kHz S P=50 kW,{=200 kHz
1=20 mm, D=20 mm w / 1=20 mm, D=20 mm 8 {=20 mm, D=20 mm
z=0mm__ | T_gog z=0mm | € _goo z=0mm |
0 2 4 6 8 10 0 2 4 6 8 10 0 ' 4 6 8 10
Distance from surface d mm Distance from surface d mm Distance from surface d mm
(a) oz* (b) os* (c) o*

Fig. 2.19 Residual strsses of middle section of shaft (P=50kW, f'=200kHz)

w —800
o
= i = o |
*  —B00 F— e ¥ <1000
Sy ‘\‘\ o
@ \ =
N
$ —400 o * e 800 —
2 \ i\“, § [~ %\_\
© N\ . o
3 200} —— \ g -600 ——H— &\\
a ——=—-3D-A » ~—=— 3D-A o=
&} Y e 30-B g =400} — sD-B —
P=50 kW,{=200 kHz = k| P=50 K'W,i=200 kHz
1=20 mm, D=20 mm ¢ f=§0 mm, D=20 mm
200 d=0 mm | T _o00 d= n12m i - - :
i .
?Middl%} y & = (Enc?) ?Mlddlw o {Eng)
Axial distance z mm Axial distance z mm
(a) o:* (b) op*

Fig. 2.20 Residual stresses on surface of shaft (P=50kW, f=200kHz)

© 1200 Healing [ Cooling |
P=50 kKW,{=3 kHz
] Hvz560 g 1000 Bl 2=0 mm, b=10 mm|
3
- <
| | | oo
i ' i §
| | | S
L L _

[

S5mm

) Axi-symmetric  (b) Model A (c) Model B o Time ts
Fig. 2.21 Hardened layer (P=50kW, f=200kHz)  Fig.2.22 Temperatures during induction

hardening process
(P=50kW, f=3kHz, b5=10mm)



m
[

N CAS

Ss ls 3s
(b) Cooling process

Fig. 2.23 Contour lines of temperatures during induction hardening
process (P=50kW, f=3kHz, b5=10mm)
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Fig. 2.25 Temperatures and stresses during induction hardening process
(P=50kW, f=3kHz, b=10mm)
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Fig. 2.26 Stress distributions during induction hardening process
(P=50kW, f=3kHz, b=10mm)



(a) P=50kW, (b) P=200kW, (c) P=200kW,
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Fig. 2.27 Residual stress distributions (b=10mm)
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Fig. 2.28 Hardened layers due to induction hardening (5=10mm)
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Fig. 3.2 Photograph of heating coil
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Fig. 3.7 Temperatures during single frequency induction
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(a) P=50kW, f=3kHz, (b) P=200kW, f=3kHz, (c) P=200kW, f/=200kHz,
t,=3.5s 4,=0.7s t,=0.4s

Fig. 3.9 Contour lines of temperatures at ends of single frequency induction
heating processes (b)=10mm)

(a) P=50kW, /=3kHz, (b) P=200kW, /=3kHz, (c) P=200kW, /~200kHz,
t,=8.2s t,=1.5s t=1.1s

Fig. 3.10 Contour lines of temperatures at ends of single frequency induction
heating processes (»=20mm)
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Fig. 3.14 Temperatures and stresses during single frequency induction
hardening process (P=50kW, /=3kHz, 5=10mm)
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Fig. 3.15 Stress distributions during single frequency induction
hardening process (P=50kW, /=3kHz, 5=10mm)
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Fig. 3.16 Residual stress distributions due to single frequency
induction hardening (b=10mm)



(a)P=50kW, f=3kHz, (b) P=200kW, £=3kHz, (c) P=200kW, /=200kHz,
t,=8.2s t;=1.5s =1.1s

Fig. 3.17 Residual stress distributions after single frequency
induction hardening (5=20mm)

(a) t=2.5s, t;=0.1s (b) tn=3.1s, 4,,=0.05s

Fig. 3.18 Residual stress distributions after dual frequency induction hardening
(P=50kW, fi=3kHz, P,=200kW, /,=200kHz, b=10mm)

(@) tm=3.0s, £57=0.4s  (b) £,;=6.0s, #,,=0.1s

Fig. 3.19 Residual stress distributions after dual frequency induction hardening
(P1=50kW, fi=3kHz, P,=200kW, £,=200kHz, 5=20mm)
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Fig. 3.20 Comparisons between calculated and measured hardened
layers of gear-side (P = 50kW, f= 30kHz, b = 10mm)
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t,=3.5s 1,=0.7s 1,=0.4s

Fig.3.21 Hardened layers after single frequency induction hardening
(b=10mm)

(a) P=50kW, f=3kHz, (b) P=200kW, f=3kHz, (c) P=200kW, /=200kHz,
t,=8.2s H=1.5s fi=1.18

Fig. 3.22 Hardened layers after single frequency induction hardening
(b=20mm)
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Fig. 3.23 Hardened layers after dual Fig. 3.24 Hardened layers after dual
frequency induction hardening frequency induction hardening
(P1=50kW, fi1=3kHz, P,= 200 (P1=50kW, fi=3kHz, P,= 200
kW, £,=200kHz, =10mm) kW,£=200kHz, 5=20mm)
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NIZE->THTKRELSIEHMEREICTEZRESTEHIIENTES.

4) AEOEAEBEANY I 2 LS L72EEOELLBOHELERELT, FBOAE
BEANEECSIIAHOT 7 oRRFEOFELBLIZE-KT 5.

(5) BEOHEAESAEREANICIZEAER, o KrrbeT P, fHANEWVWE
BREEEEIZEL, P AKEL fF MBEVWHEGCREEMZORICEL, P, f 5
KEWGAKEEMEORIZAL S, FLBEYX_ERAKRSHABERANEZRHET
B> THFPKRSIELEERZRBLZIZLNTED.

(6) _ERAFEAERANC I > THEOREM L TRKERERBRYGICINEL
ZMEEHZ, EBERKER-TELLBIELCIEFH LR RELRDIOTHEERET 5.



F4E BSEARBANEEOREENELE CHITRERDEEIC
BIET a4 LK) LESOHE

4.1 #

HHEEAEEOBMERROLZD, —RIBREANCEAEREANZE ORE
BAAENEENS. InOOREHECLAEIC L > THEOEES L UHTTHA
WEEIZIE, BEOPMAKERELEBEERYGISNFEL, INOHABREDAMETIC
KELREELXRITTILAALNTWREE) B CREAREANIC L 5H
HOBRYICHE BB FHT 2-00=XkTTEAERANY I 2 L—Y Ol%%
TV, TORMEEE,»IOD LI, BroEREEANZEFOLETY I L
—YavEFT-T, BRAEEANICIZEEORGIST EBEE I LIETMAES
BIUBRER X OEE I >WTHLMZ L., LAL, BEREEANEED AR
Bey (VP - EME) LEEICH - BLEoRRIZ>WTE, FLEEAY
HeEMZENTWaW, Fz, B3ETHWEREA A VIE, B2ETHELELE
KICERABERANY I 2 V—F OF%EEZHIrDDDITFEATI I 2H X TH
ELELDTHD D, MBERTROBEZHHTLEIHDZ 34 VAITHIRAAL
LD > TVWEY, ZDkd, EREINIMBA A VEERL, Z0oafVvzH
Wit A EIBEETOMRIANERAVEGEGOHEEIZDVWT LRI 2 HEN
HBHLEILND.

AETHE, MBI/ VEHALMAKTEORERAHD 2 >DKE:E L DEE
WREANAMBIAVERHEEL, O VEAVWEZSEAEOEEOTHE 2 OFH
WHANDY I 2 L—Yav2T-T, GAEEANABRORE - B0, AN
LEBRBIENEEILEZRD, TNOOFEFAREEWERHNADKEE L 2V
BRIV (B3EDLD) 2AVWEGAOHAZKERHERET I I LD,
SAEEAGBREORE - SN, RIS - BB RIETMAES, BEER
MM, MBAIANVERBLV) AES L EOEE I >DVWTHLNET S, KIZ,
INSOMBAIANERANT, RZMAKHOEEAKEANET > EEOEX
WEBLUHMITETRBEEZT > T, GHAEEANEEOTELES ZOHMITEYRE
KRIETMARMB IUMB I A VEROEEL LIS WTHLIIZT S

il



4.2 AREFRZECIIBRAEE-BRE - WHELUVELLEOHESE

4.2.1 stEH*

WHEOEARBANBRIIBIZ2EHEE, BESIVENOHER, JER=
RILFEM 12 & % ERE A MY, HiAER=IRIC FEM 12 & 5 Bz MyT, BEHISH
FENTEEERAWTIT -7z, FEEAERANC LA OHE R, BRGHEE CEF
TOBBRBLIUINTF VYA P EEEIOBEFREFVTT - 2. SFEFE O,
B2ETHENLNTWVS.

4.2.2 FIMETFILOERNEFEOEREMH

AFECHWEEEOBRTEEZR 41K, EHETEER4IERT. VLAEZE,
wo(—1&), m, 2m OD=FEE, HIEX b=10mm & b=20mm O _FHTH 5. WBEHFH
13 S35C, T4 NMHHIZEMTH S, Fic, BANFHER42ITRT. BHEIIH LT,
WEPROHHES S UCBRAESGEOMEAEICIE T 52 —FEEZE LT, MEEK
BRXREHOVTHEETY, BAVWERORE, KHOHEEZT - .

A FEM AT IC A W Is £ F VB INERT, 42 MBI A LVORK - TEE, X
43I FEM EFVDOBERPENRY - &ERT. BEABITICES VUL, BEHFER
PLEDDOT, WEMED 12 FETORIMBEEMBTERIC &), EREER
r=0mm B HHEAEEEHEAE L, B/ THIZKQCO)AHENEZDTIA N
DRI 20°C —E & LTW 5.

4.3 RERAERBIUERREKE

4.3.1 RREESIUMEB ML

K441k, RERICHWEEEENRI A VOKEBRERT. K 4.4@)D Coil A
Tid, 7KE& (Water pass) i2 2 4 V&HIA DKM TN, MEBKTH, HE LT (K
3.1(a) Coil A @ gear-side U) & D A — X THKENMTTEHETS. K 4.4(b)D Coil
B Tid, 7HHUIKEE (Outer water pass) 2 2 4 VIHHIF QAN HN, MEAKTH, HHA
7K#& (Inner water pass) IZ/KE W LHHIA D SEH ENZKTHRENAAAEND. R
RWEOEHTIE, EVa—NVm=4, ZEENH =20, B z=18 HiFs=
10mm TH%. KR4I CBBRBEEOMBSRL ERT.
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(a) I,=m (b) 1,=2m

Fig. 4.1 Shapes and dimensions of gears

Table 4.1 Dimensions of gears

Module m 4

Pressure angle do 20°

Number of teeth z 18

Face width b 10 mm 20 mm
Rim thickness 1, m*, 2m, oo*¥
Material S35C

m*: module, w**:s0lid gear

Table 4.2 Heating conditions in simulation

Heating
N 1 1 3 o, . .
0??;:;: Face width | Rim thickness Coil condition Heating time
b mm L, 1S
z PKW | fkHz
10 27, 32, 3.7
Coil A
20 69, 7.9, 8.9
oo
10 | 2.8, 33, 38
20 7.4, 8.4, 94
18 50 30
10 2.6
m Coil B
20 5.8
10 31
2m
20 s




Insulatar (Teflon)

Test gear (S35C) Coil (Cu)
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(a) Coil A
§ j'ﬂ ...... = 1
Insulator (Teflon)
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(a) Coil B

Fig. 4.2 Dimensions of gears and coils
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Fig. 4.3 Mesh patterns of FEM models



:tMidd[e section M ,Gear-side U

Coil(Cu)

: ) | Water pass
1 N [
J'Z__ Gear __! ) 1o
i (GRS -
[ NN | yis
L '
+ \\Gear-side L 1
480 10
(a) Coil A

iMiddIe section M , Gear-side U

Cooling hole for gear
Inner water pass
Outer water pass

SN A7 77777
ST 168 E
= . Coil(lCu)|, 10 I2
480 Gear-side L o 26
(b) Coil B

Fig. 4.4 Dimensions of gear and heating coil

Table 4.3 Heating condition of test gears

Gear Number |  Face Heating condition | Heating
sion Material of teeth width Coil time
& z b mm PkKW fkHz th s
GAl 2.7
GA2 Coil A 3.2
GA3 3.7
S35C 18 10 50 30
GBI 2.8
GB2 Coil B 3.3
GB3 3.8




4.3.2 BRREANEE
451, BRAEFEMBAER (R34 CLVERAEBEANEIToED (a)in
B THERBIDY OGHBRBEROEREEZRT .

e W

(b) Cooling process (Just after beginning of cooling process)

Fig. 4.5 Photographs of induction hardening (Coil B)



4.3.3 BTAELERAKAE

B 4.4 D Gear-side U, Middle section M-M, Gear-side L O 8753 J» B SR 52458 £ &
0 =30" O Hofer DfEMMTENIE (0: WBPHOLMEBWITT ARARDOZTA) BT
HHEEESE OB A ERE LK.

e, BREEANZT >EBEORTTHAATERAE 0 = 30° O Hofer DfE
fREEEOEILEOME L I 7 v fBEIE R - 1-.

4.3.4 BATEFHBR

AERICHER L -MITEYRRE Ve —%) oBBERER 4.6 12, EE%*K
47 Y. ZoORBRRE, MECIVBRLHEEZEZX5LDT, 74 —EIVH
BIFMEIES R Y 7 2 DRBEE L 0 2 3 REMEREKED, ELHIHEEQD,
BILUMEAMEERLV 2> TS, RBMOMEOHEER LEEZ, B9 670 [
ThHd ABREEOARMEIELETHS. WEMORET, ABRBCEMTZE
HHEEBOH IV THE2HOTARFB LA YO 22T EAVWTHRLE > TF
Stz Fie, WEOBELENDS SXI0°2BATLEAENM LWL EOMEES
Lo THIWTEFREMEE L.

Rl 481k, RAREOHTIEAFECLBLEEERT. HEMNE P, EITH
TIHERE A WIEb T HE, BOSIRMETTAAREES o KA 5RE
5.

o, =A%
2L, Wb HEEBREA4Z, €H FARXRIDKRDEIKLRENS.

14=(1+0ﬂ83J(056A5+OAOJA52+36A,2+IJ5AC) (4.2)

(4.1)

yo,
6/siné sin@
4= 527 4= s
(4.3)
cosd 6ycosd
A =- - >
s s

B 48 WRLIEEHEOETEETERERERAVWTHAEL, ZoHE2RNAE.2),
@HRALTHEHTIENEERK 4 2ROz, B44 CHBREOTEB I UET
HERN A DHEZRE2RT.



[ H

(D +ulsating pressure generator (2) Pressure controller

@ Loading apparatus

Fig. 4.6 Bending fatigue test machine

Pn

0 ——-

Fig. 4.8

Dimensions for root stress
calculation of test gear

Fig. 4.7 Photograph of bending fatigue test machine

Table 4.4 Dimensions at root fillet and root stress influence factor of test gears

Gear sign {/ mm

§ mm

y mm

£ mm

60

A

GA, GB 8.40

7.65

1.33

2.05

59.71

0.96




4.4 FEH - -ERRRBLIUEE

4.4.1 BEANBREORE

(@) a4 LROFE

4.9, X 4.10 %, 818 b= 10mm & b =20mm O EEIZX L T, MEE S P=50kW,
JABEE f=30kHz T, Coil A & Coil B %AW T, Hofer O &k i AL & D L A8 15 1E
LIz > THREANIRE (930°C) KET 2 E TMH L 2%, K (20°C) THHRI L
HAOWIEFREE (G = omm) KB AEHS L CEBH LR LOESDRED
BRENELCOHEEREZRT. K49 K410 LD, MBEBRETIE, b=10mm DF
&iE, IANVERICEFREL, HER 4.9, K410 D A &) B LU Hofer DfElR
WEEORE R, MBEOHZEHEDRELVECLAL, BEOEENF Y
—RIEETH E,PLZMICLEAL, HEIVLEL RS2 DA 5. b=20mm D
BEE, a4 MVERI22DHD5T, wE[E D, ERORER, ¥a2)—R8F
TRHCERL, T0%k, B0 EAT I, HESLOBERFEMEDIRERR,
Coil A TIME L =854 T, BAORENF 2 ) —AMfEKETI2ETRAR L
BL, ¥IZ, Coil BTMHAULALBETE, HEORENAF2) —LTETIE,S
BHMIZEALTWSZ e hrd. HEBETE, WIFnoaf VR, HIEDS
&, REZAHMBERCAMCTEL, RHEOZEL & HIZKIER Q0°C)IZ:ED
KZehbord, HENKE G HADRER, NMEBETIEEII»ZVE
<, BRHoZEBLLr LI LAL, AHBRTRE, WEHEEENTICEWTHAER
DENITE-T, HAMBELELGLTH2LHAORELVLEL LD, TOEE
POICTERLTKRICESHEE2RT I EBb5.

K 4.11, K4.124, K 4.9, X4.10 D5 A & R U239 2 8GiE KB E (z = 0Omm)
ERE(z=5, 10mm)D &R H T 2REORMWELERT. K4.11 £, b=10mm
DEEE, a4 NVERICEFRZLS, HHEOEE» »SMBENTWSH, Coil A TH
BLUIGAE, WIES LU Hofer MR EIE N E O M iE - R & U DR E 24
REL, HECE S NIV MBENTVWSZEAb23. 412 &Y, b = 20mm
DEEE, WIED LU Hofer D EFRWTHEALE O WIEF RETH & EDBEZEI/NE
K32 edbhrd. IniE, HIEOHENE L DICAFESHEML-7/-, NEE
AR o7z Th5.

B 4131, b=10mm T, K49 DFELHE CEHFIINT 2MBBAROBE S %
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Fig. 4.9 Temperatures at tooth surface and core on middle section during
induction hardening process (b=10mm)
o AN I-!ealindl Cool‘mq]l ! &) A H:zating]I Cqming]l 1|
- —ABCD P=50 kW, =30 kHz ~ — _ABCD P=50 kW, f=30 kHz
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Fig. 4.10 Temperatures at tooth surface and core on middle section during
induction hardening process (6=20mm)
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Fig. 4.11 Temperatures at tooth surface on middle section and gear side during
induction hardening process (b= 10mm)
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Fig. 4.12 Temperatures at tooth surface on middle section and gear side during
induction hardening process (5= 20mm)
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Fig. 4.13 Contour lines of temperatures during heating process

(P=50kW, f=30kHz, b5=10 mm)
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Fig. 4.14 Contour lines of temperatures at end of heating process

(P=50kW, f=30kHz

b=20 mm)



ZRM[BTRT. K413 v, MEBR T, Coil A TMELLZEAZ, MEFHBY
i, WiEPREOHAES IUCNERESETRSREIC LD, MBI B
THLELIAHOEEMEARESRETZA2DIZF L, Coil B THEL ZHEI
B, HHEOBREMESECREREZZDZ DI S.

4143, M4.10 OHELFEUEHICHTHMARKTROEBE ST 2 FEMRT
RY. M4.14 £V, MBETEIZE, Coil A TMELZGAR, NEHOEE! &S
REIIZ/E2DIZH L, Coil BOHAKE, MHEOREMAFESREIZRS Z LN
hihrb.

R 4151, K49 DFE L E CEEIZXN Y 5 Hofer DIEFRIFHENE DIRE L,
BEEIZbhl> THRANIRE (930°C)IZET 2 E TMEL 8546, MEERE% 0.5sec
HOWHEBLIURVBAEOMEKTROBESSRMATRT. M415 &0, REE
EofElR, WiIinoGaLAHOEEMEICZL2ZEibhb.

M 4161, K49 DHALA—FEIIHTHHNBROBRENHEFRMTRT.
K416 L0, BHBRBTEIVWThO I/ VBROBEL, HHOHCIEEDOIRE
PRABMICEIT 201z L, HENTOREIZX, HHEOEBL & LIZEPOMIZET
THRIER DDA, T, HHPHCEEE AEH2>rSEANEND D, KERE
DfLER, EE>SHRIEPROBHH LM EMAECEHL, ZOMEIRMOER
CELIZEBFOLRERETLCEL > TBHT LA hh 5.

b)) VLEETORE

X 4.17 1, b=10mm, b=20mm, /,=m, 2m, olZx L T, P=50kW, f=30kHz
R A4 TR TMBRFH T, K 421277 Coil A THMEL 7284 D Hofer O &R T E
firE (K49, 410+ 0 B &) OREFSEIESEICDE > THRANIRE (930°C)
WWET S ETME L%, K (20°C) THH L =R O EIE+FREE ¢ =0 mm) DK
HBLUEEHOREOZEROBEDRMYELERT. K417 &0, MEBRT
&, b=10mm OFEE, WINOY LEZIOHEDL, ¥ ) —-HAFfLETRBIZE
AL, Z0%, @02 LT 5. ES LU Hofer DERRBTEALE DB LI, 1,=2m,
oDFAETIHE, BEADEBESRF2) —EKITETAEI,LAEHMICEFLTWAZ R
bhd HHBETE, WIno)2EI0H4d, RERSHBKERIZAKC
ETFL, KREOREBE & LIZKEQICOIES I eAby s, EHEE EENED
BEZZ, L=m 2m oDBRXKEL B3 bhr3. ZniZ, VLRAEEHS
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Fig. 4.16 Contour lines of temperatures during cooling process

(P=50kW, f=30kHz,

b=10 mm)



R [Heating Cooling] [
b —AB,CD P=50 KW, £=30 kHz]
g 1000} ———E,F.GH 2=0 mm, b=10 mm |
= A i |
)
§ 800 = t?é
£ C -Ifé.« i\& Curie point 7
F 600 1A A S
D ﬁ’ L/
400 j P £
r
r
L §
200 5 ANIYA N
77 H RS
i = !,,:2.?5
0 1 2 3 4 5 6 7 8
Time ts
b=10 mm
8} 1200 Heating Cooling | |
& ¥ T T T
™ o0ol=—ABCD P=50 kW, £=30 kHz
:é -———E,F.GH z=0 mm, b=10 mm
§ 800
[=9
£
@£
~ 800
400
200
0
(&) 1200 Heating [ Cooling |
H } L T -
"~ L oo00l. —ABCD P=50 kW, =30 kHz
g ———-E,F,.GH 2=0 mm, b=10 mm
2 A~y
g 800
E B
P 600 — S
7
L
Z £
400 ,,\)( S
A
200 N
“H

Temperature T C

Heating| Cooling |
l 1 H T 1
1200 AB,CD P=50 kW, f=30 kHz:
———EFGH 2=0 mm, b=20 mm
g i
1000 : E -
] point
800 e =

vk
B
=
(=]

600

400

200

0 2 4 6 8 10 12 14 16
Time ts
b=20 mm
(a)l,=m
P = | Heating [_Cooling |
T - -, P=50 kW, f=30 kHz
p 1000 2=0 mm, b=20 mm |
3
w
5 D
g 800 |t —— = ErE o
§ o ﬁF\\‘fE
600 N 508
H O/
S N
L ; P
200 [T N
24 H *u‘*:\‘&“\
& Pty
o L 4=75s [
0 2 4 6 8 10 12 14 18
Time ts
b=20 mm
(b) I,=2m
P 14%__ Hiaatingé Cclmling ]I
b= ——AB.CD P=50 kW, =30 kHz
g 1200~ __ ¢ GH T z=0 mm, b=20 mm |
2 S i
[ |
§ 1000 :
E 8 A Curie poini
m C ‘\“\.
F 800 | -
D
800
1R TN
400 7 E NN -
ﬁ JSX: ‘\\\
200l T H N
’ RS
P 4,=8.45 =3
L ] ™
0 3 6 9 12 15 18 21 24
Time s
b5=20 mm
(¢) =

Fig. 4.17 Temperatures at tooth surface and core on middle section during
induction hardening process (z=0 mm, Coil B)



LEHEIND L, F, BEEN L=m 2m olZJHEKXKREL LD LILLD,

M 4181, K417 DHBAE R UEEHT 2 EIEFREE (= 0mm) & {H (=
S5mm, 10mm) DERIZH T 2IREORHMYELEZRT. K418LD, b= 10mm D
BEE, WThoU LEEDHAEL, WIES LU Hofer O il AL E O IR £ i,
l,=m T, WEFPRFEORESIVCHEOEE»SMASN, [,=2m «TH,
HEORE,ASMASNAZ b3, TN, WEOHEME & LICBERIE
MU=, MBEELES koD TH 5.

K 4.19 1%, X 4.17 D54 & [F U4 5 Hofer O fE bR HIN(LE O IR £ 5 8118
ST D > THEANRE (930°C) X ET 2 ETMALZBEO MK TR ORE
FSRHTRT. 41940, BREREOMER VIThov LES, HEOSHE
b, WiEPRYE EOEEMLIZZS.

4.4.2 BANBEOESH

(@) T4 LERKORE

X 4.20 ¥& b=10mm, K 42113 b=20mm T, K49 DHELE ULHFICHT Sl
iF A U (z = 0mm) D & BIC B 2 BEANBRORE & IE T ORRPZELLZRT.
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