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In this paper, Finite Element Analysis (FEA) for gear heat treatment using simultaneous dual
frequency (SDF) induction heating is conducted. To do this, thermal-electromagnetic coupled FE
model is built. A two dimensional FE model of gear and heater is introduced to reduce
computation time. For more time-efficient analysis, harmonic analysis for electromagnetic model
is adopted and transient analysis model, for heat transfer model. Through the coupled analysis, it
can be found that the proposed FE model can solve for SDF induction heating of gear and heat

treatment parameters can also be determined.

KEYWORDS: Induction heating (7T 7€),

treatment (2 2|)
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A = sectional area of coil
A = vector potential

B = magnetic Flux density
C, = specific heat

I = current

J. = current density

Q = heat capacity

r = unit vector

T = temperature

g, = relative permittivity
Ho = air permeabilbity

Copyright © The Korean Society for Precision Engineering

Simultaneous dual frequency (SAl O|S FIt%), Gear (710), Heat

L, = relative permeability
v = velocity

p = resistivity

6 = conductivity

o = frequency
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Fig. 2 Modeling for FE analysis
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Fig. 3 Relationship between frequency and skin depth
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Table 1 Material properties

Property Iron Copper | Air
Relative permeability Fig. 1 1 1
Electrical conductivity 1.12x107|5.998x107| 1

[S/m]

Heat capacity [J/(kg*K)] 440 385 C,(T)
Relative permittivity 1 1 1

Density [kg/m”3] 7870 8700 p(T)

Thermal conductivit
W/Am*K)] Yol 762 400 | K(T)

Table 2 Analysis conditions |

HF [kHz] |MF [kHz]| TH[A] | IM[A]
Case 1-1| 110 3 2000 8000
Case 12| 110 10 2000 8000
Case 1-3 | 110 15 2000 8000

V(C) Case 3

Fig. 6 Temperature distribution according to various MF

A 012704 skt slA A7) Fig. 69
et ok a”ellA & 4 %ol Case 1-1, &
MF7} 3kHz ¢! A5 T4 E271 71019 ¢
PAe wet FES & ¢ Jor), MFZF 10kHz,
15kHz ¢! Casel-29} 1-39] A9+ Case 1-13} MF



st2X 925t x| & 322 H 635 pp. 563-570 June 2015 / 568

Line m 1.2
T et . P »
o Pmz . 31
% Pra s pMO\
e i‘E 1 . —8— case 1-1
‘. \‘5' h’"n:-.‘.‘ p23 == case 1-2
Line 1 5 0.9 S - 1-3
A = L - @ = case 1-3
é- o Py s ; case
5 - g |
| / = " 3
#++Line 2 \ 0.7 b5,
1 /
| 0.6
N ‘ o 0 1 2 3 4
| . Line number
»+* Linc 3
(a) Depth=0.5mm
12
Fig. 7 Temperature measurement positions 11
. —p— case |=1
=1 pln p
_E' 1 21 —=—d== case [-2
= - @ - case 1-3
2= e 2
of g oEAW, exgsel ove yFde o SR N
o~ S~ 2 TSI~
% 4 glom, MFS F347h bl Wk gl E s <2sap,
oJEow ¥ wWel Byt 4 % 4 th 07 b,
2t xe] M 2REEEE Hu AgHen iy
vnad, sleje] AP weh 3pRe] A 0 Lo :
.Ane number
A el Aa delaliel Endse i

Bolth o2 YA £xw =4 (b) Depth=1.0mm

=)
B
o] 97e] AN How A O} 37 A% e v Fig. 8 Relative temperature distribution I

RES Wvngnh a9l deht 9%l & =

A AR p.o2 TAFGoH, 976 me Table 3 Analysis conditions 11

=3 ﬁ%g N2 e =4 Zolo 92 g HF [kHz] |MF [kHz]| Iy [A] I [A]

itk 7 ABoAe] 249X = FwWy ZwoA Case 2-1 110 3 2000 8000

7}7} 0.5mm, Imm T Solzb 3912 Asiglu) Case 2-2 110 3 5000 5000

Table 28] 7H7ke] ol7}z71e] Wsle] w2 o% Case 2-3 110 3 8000 2000

dro] JgS BA3tarA, line 19149 o o

3k line 29} 391412 0.5mm Z o], Imm Z o] A< MF=3kHz= 11743} t}.

A 2EEEE AVFOREA, Zzhe] Tt Fig. 90 0.1% #¢] 7]0]¢8] LEREE HoF

Zd e 2% 7#dxo ol AFH gt} L glek a”elA & sdol, Case 2-1%1 -
Fig. 8 Table 22 Z7o] w2 7z} ZH 9 Ao of T24o]l 7o YPME wmEt XIS &

Ao ARl e FXE HYFa gt 1¥ T AUk olef o], F2Ado] ojo] Y& uwhet

= A OE]

oA o %ol 2ol 0.5mm AN Case  WEFE F4L W, 7]
1-19] Z=3ol o3k 7FdA] 2% HA7E 10% o] shol, Al Ax g7 Ak 1o

°lS & F gJor} Case 1-29 1394 = =% #H 9} Case 2-39] A= L7l 43 BEXE Hol
27F Hdl 20% o] TS & & AU A kA, 7]ojo] o] Fio] JMdEHE S &
T 9 o} TL 9ol o] EZo| vt A

th& o7 MF$ HFE UAska, HEOA Y A
(IH)Q} MFe] HF(IM)e] W3}l EPE degg Yo

w72 9. o] 9ste] Table 33 7o 3]] B = npx kA &2, Table 39 2F 917479
278 AAsiglen, Hol vEh s dhet e 7o} Ao £ FUEE Aurr|g
o] T AFO 7 10,000A2 AAE wj 77 4 ated, Fig. 701 FAIE A9 Aol &=

_ﬁ_
Fooo7F @A S0, EAE =] ddh
."

-

o3

Hl o] H2ns HdAsq). o, Fi¢e gk TEEE Z=Ate] Betow, 71 A7} Fig. 109]
Aol 7HF =& AxES HQ HF=110kHz el o



ol

I USS3[X M 32 ¢ X 63F pp.563-570

June 2015 / 569

(a) Case 2-1

01+ (M (9eg) 000 00

© (b)Case22

o f50) T T 000m

7 (c) Case 2-3 7

Fig. 9 Temperature distribution according to input current

Fig. 100 Ho]F=z0o], Z1o] 0.5mm oA Case
2-19] A% =% #HAZE Ad 9% A E=0d wka),
Case 2-2%} Case 2-3> Z+2) H o] 1= HA7} 23%,
10% A& 2. 45t 2] 0.5mmel] o34
T Case 2-19] £30] 7H £2 2= #Y4=E B
AES & F AU

Zo] 1mm 9l A& Case 2-19] A% pii py &
TEHATE 1% olHE ofF S WHH, py ol A
16% Axe vlazy 2 2371 TAYSIA O 1} Case
2-39] A% p33ellAe Hol A7 10% A= §-
T3 S BAFAT o5 519, Case 2-19]
dsol AitHog 9439 RS & F dor,
A3l Zol7F 0.5mm =7 279 wo = Case 2-
18] =485 AM&sta, A3t deol7b Imm HE7}
LA = Case 2-32] S AMESo] o Eue
AL gelg + Ut

wed, el AN Eajel Fold slolel
HA o A 212 F3re] - HFE 110kHz,
A= A7

B

B

- Py
s p P
E 10 " e P
= RN T
£ o9 ™ S-apPsy
é 0% —8— case 2-1 "‘-\ p22
= ==#== case 2-2 R - pjg
07 - 8- case 2-3
06
0 1 2 3 4
Line number
(a) Depth=0.5mm
1.2
1.1
£ 10
E 0.9
=
E‘ 0s —&— case 2-1 p22 Sl p31
E ) --@-- case 2-2 -‘~-.,.
F oo - & case23 P
0.6
0 1 2 3 4
Line number
(b) Depth=1.0mm
Fig. 10 Relative temperature distribution I1
4. 8
® =dAe 71ee dAgE AT FA o
F9}5

-+
o2,
(<0
o
a2

o
2
ol
Qo
=)
o
I
oot
=)
X
23

S
[\®)
s :
i)
1
e
BN
fob 1
)
_>‘~l_,
R
re
ox
i

o 12 1 A

sgd. A4dn, ® A 23t @

o FEt ANE F4T + Ao
Hd

B ATE FA099 FA982EEA
ASL “EA] ol FFAE FE ANEE 0|83 7]of
AR e AA) AQoz SR AH



ol

H2

JLUSSI3 X A 32 ¢ X 6= pp. 563-570

June 2015 / 570

RE

10.

11.

FERENCES

“Gear,” http://terms.naver.com/entry.nhn?docld=92312
5 &cid=3430&categoryld=3430 (Accessed 20 May
2015)

Cho, J. R., Kang, W. J., Bae, W. B., Lee, Y. S., and
Lee, J. H., “Analysis of the Heat Treatment Process
on Bevel Gears,” Proc. of the KSME Fall Conference,
pp. 1471-1476, 2002

Bae, K., Yang, Y., and Park, B., “Analysis of
Deformation of Automotive Helical Gear in Heat
Treatment of Carburized Quenching,” J. Korean Soc.
Precis. Eng., Vol. 27, No. 11, pp. 84-91, 2010.

Ahn, M. J., Xu, Z. Z., and Lyu, S. K., “A Study on the
Heat-treatment Deformation of SCM415 Spur Gear
by Carburizing Hour,” Proc. of the KSTP Conference,
pp. 74-75, 2011.

Choi, B. H., Lee, H. C., Lee, H. D., and Byun, S. G,
“Optimization  of
Commercial Vehicle,” Proc. of the KSAE Conference,
pp. 1999-2003, 2011.

Grum, J., “A Review of the Influence of Grinding

Carburizing  Process  for

Conditions on Resulting Residual Stresses after
Induction Surface Hardening and Grinding,” Journal
of Materials Processing Technology, Vol. 114, No. 3,
pp. 212-226, 2001.

Hoémberg, D., “A Mathematical Model for Induction
Hardening Including Mechanical Effects,” Nonlinear
Analysis: Real World Applications, Vol. 5, No. 1, pp.
55-90, 2004.

Kim, J.-H., Yoo, H.-Y., Kang, H.-H., and Jeon, H.-J.,
“Quality of Thermal Distribution for Induction
Heating with FEM,” Proc. of the KIPE Conference,
pp. 156-158, 2005.

Bae, K.-Y., Lee, T.-H., and Yang, Y.-S., “A Study of
the Effects of Process Variables on Temperature and
Magnetic-flux Distribution in Induction Heating of
Steel Plate,” Journal of the Korean Welding Society,
Vol. 19, No. 5, pp. 78-85, 2001.

Yang, Y.-S., Bae, K.-Y., and Shin, H.-Y., “Effects of
Inductor Shape in Steel Forming Process with High
Frequency Induction Heating,” Journal of the Korean
Welding Society, Vol. 26, No. 4, 2008.

Lim, J. S., Chun, S. H., Moon, Y. H., and Lee, Y. S.,
“A Study on the Residual Stress of Small Radius Pipe

12.

13.

14.

15.

Fabricated by Pipe Bending with Local Induction
Heating,” Proc. of the KIPE Conference, pp. 331-335,
2011.

Im, K.-S., Kim, W.-K., and Oh, S.-1., “Analysis of
Induction Heating System using FEM,” Proc. of the
KSTP Conference, pp. 125-129, 1997.

Shin, W.-S. and Park, H.-C., “Inverter for Induction
Heating
Method,” Journal of Power Electronics, Vol. 16, No.
6, pp. 554-560, 2011.

Wrona, E., Nacke, B., “3D-
Modelling of the Transient Heating Process for

using  Simultaneous  Dual-frequency

and Resetov, D.,

Induction Surface Hardening,” Proc. of the Modelling
for Electromagnetic Processing in International
Scientific Colloquium, pp. 119-123, 2003.

Zedler, T., and Nacke, B.,
“Investigation of Relative Magnetic Permeability as

Nikanorov, A.,

Input Data for Numerical Simulation of Induction
Surface Hardening,” Proc. of the Modelling for
Electromagnetic Processing in International Scientific
Colloquium, pp. 119-126, 2008.



