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This study performed high-frequency heat treatment experiments and simulations of the park gear of an automobile
transmission. The heating temperature and hardening depth were measured during high-frequency heat treatment.
Moreover, by applying the resonance RCL circuit, the current value of the coil during high-frequency heat treatment, the
electromagnetic and heat transfer material properties dependent on the temperature, and the phase transformation function
were all applied to the simulation. In the high-frequency heat treatment experiment, the heating temperature was 977.4°C
and the 1st direction hardening depth was 1.5 mm, the 2nd direction hardening depth was 3 mm, and the 3rd direction
hardening depth was 2.5 mm, and the reliability was verified by comparing the simulation heating temperature of 1,097°C
and the 1st direction predicted hardening depth of 1.6 mm, the 2nd direction predicted hardening depth of 2.8 mm, and the
3rd direction predicted hardening depth of 2.7 mm. The error rate of the heating temperature results was 12.2% whereas
that of the hardening depth results was 7.1%.
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Table 1 Experimental equipment for park gear high-frequency heat

treatment
Brand Model
High-frequency heating machine - 150 kW
Infrared thermometer InfRamax Gemini P4.0
Oscilloscope OWN HDS3102M-N
Micro Vickers hardness tester Mitutoyo HM-112

SURFACE HARDNESS
HRC 53-58

PATTERN DEPTH FOR
INDUCTION HARDENING

Fig. 2 Measurement temperature of park gear during induction
heating
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Table 2 Measurement hardening depth result of the park gear

1st direction 2nd direction 3rd direction

][)rre:;i }]l hardening depth  hardening depth  hardening depth

[HV] [HV] [HV]
0.05 626 614 610
0.10 622 624 602
0.20 627 630 617
0.30 626 626 622
0.50 621 622 618
1.00 623 625 605
1.50 523 616 603
2.00 598 626 592
2.50 603 499
3.00 584 402
3.50 338

Measurementi
section 1
-——

(b) Measurement section 2 in resonance tank

Fig. 3 AC voltage and the frequency measurement

(Resonance Tank)] 7|5 A|E](Z45:9] 1)} Fig. 3(b)2] 2
SR 2olA A W Fukig eAlRATEE A1gFle] &
4oisich. 2939 1ol4e] 0% 9 Faki= Table 314 LA
1 Eus 7*01 AC 840V, 19.77 kHzo|t}. ZX@H 204 0] A
I @l Zules= AC 90 V, 19.82 kHzo] ZAHATE Agic}. =

of BEE ARE AN S8 DT GEsld Ao

e o r°“

Table 3 Measurement results for the alternating current voltage and
frequency in measurement sections 1 and 2

AC voltage [V]
Measurement section 1 840 19.78

Frequency [kHz]

Measurement section 2 90 19.82

Ig=99A

Ic = 1,566 A

C=15yF
Measurement | - Measurement
section 1 — section 2

Transformer ratio
9.33:1

Vg =840V IVL—Zlgt?zvzsA
P; = 834 kW L

P =792 kW

Fig. 4 Parallel resonance RLC circuit of resonance tank
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Fig. 5 1/11 symmetry FEA model of park gear and coil

< Induction heating process >

Electromagnetic field

\
N
\
\
\
\
N
\
Qq

Heat transfer - Metal phase
< - transformation
< Cooling process >
— Metal phase
Feat transfer < - transformation

Fig. 6 High-frequency heat treatment simulation process: The

dashed line does not couple during the simulation

FARE B A7HEES YERdTh AIST 1552 gharto] A
A A GAIA R Wehs Hol 2wl F7] == oF 770°CO]
tH4]. Fig. 7(b)oll A F=7bE Foll 25271 78] =5 233}
H A 54do] &AET e R QIR FAke Heke] 9%
< AR 4= Q4] v AR F e s 2o wket
GEAA HH 2 AH Lol EofA Higto|E, Heo]E Yl wjofut
o|E AHl= PHEL-EE Hdg ARSRIT. H|2to|EofA
QAHUOIE AHEE disls &% £4 3= Table 49]
UERTE. HgtolEoM FAse e HUo|E a0 AR
Bl A(22)9 A3l LAEH Lo E AJEfoll A e o2 4
o] FE|E = 4= Qlrh. Table 5= S AHUo]EH|o|Ljo]E 2%
o] &5 UERIL, Table 62 L AHUO|E-H[o|Uo|E 25
£29] g UERlh LU EoA FAH Holueo|E
28] AR HEES A)(23)0 Zei(22]. L AH Lo E] Bkt A
el 2o np2diito]| ES| A= Zarstn, §dH nt=d
AfolES] Bl&2 SojAEdlntERE2Sg wdo] o) Fojy

Ms &% olatze] Thyzio] ulgjsict. ulZEAlolE Hejg o
2](24)2} -1 Table 79] LFEPHTH23].
Y= kn&-Lné 22)

¢ = F(DH(DE - G(DH(D) & (23)

T T T
.y v 650
3 45 ]
£ \ [—m— Thermal conductivity| —~
§ |—w— Specific heat 600 &
< (=]
27 ‘ \ 3
= -
S >< L 550 §
ek b4 ' Q
8 =
- / \ S
£ 30 - v -500 &
g v
= / l\‘
25 Y7  J—— N W)
T T T T
0 200 400 600 800 1000
Temperature (T)
(a) Thermal properties dependent temperature
T T T T
A | —A— Electrical conductivity
SE+08 .“:—.—'—.—‘\. —e— Relative permeability | - 200
= .
E \'\ :-:
B 4E+06 A =
> \ L 150 2
2 \ 8
S 3E+06 - a g
© =4
5 . L 100 &
= A )
g 2E+06 - =
= ~ T
8 T 4
ko) A L 50
W 1E+06 oA
A A
0E+00 ; ! : 7 0
0 200 400 600 800 1000

Temperature (C)

(b) Electromagnetic properties dependent temperature

Fi

park gear
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Table 4 Ferrite to austenite, temperature-dependent functions

Temperature [°C] K [l/s] L [I/s]
750 0.22 1
770 0.53 1
790 1.05 0.97
810 2.02 0.94
830 4.55 0.87
840 5.6 0.76
860 7.37 0.45
880 10.77 0

Table 5 Austenite to bainite, temperature-dependent functions

Temperature [°C] K [ls] L [I/s]
340 0
350 0.0147
450 0.067 0
550 0 0.067
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Table 6 Austenite to bainite, temperature-rate-dependent functions

Temperature rate [K/h] HII]
-43,000 0.2
-15,000 1
-7,200 1.5
-1,500 0.22

-700 1
-70 0.0044

Table 7 Austenite to martensite parameters

Parameter Value
Ms 223 [°C]
B 0.011 [VK]

degC
A 1097

1000
900
800
700
600
500
400
300
200
100

V¥ 42.33

z
Y.iox
(a) Heating temperature result

degC
A 1339

120

100

z
Y.

¥ 20.03

(b) Cooling temperature result

Fig. 8 High-frequency heat treatment simulation results of park gear
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Fig. 9 Phase transformation simulation results of park gear
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Fig. 10 Prediction of the hardening depth in the park gear using
simulation
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