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Deformation Technology for Thick

Plate Using Single Pass Line

Heating by High Frequency Induction Heating
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Abstract

The temperature distribution and subsequent permanent deformation of SS400 carbon steel plate subjected to an
induction-based line heating process were studied by a numerical method involving coupled 3-D electromagnetic-thermal-
structural analysis. The numerical study revealed that the amount of permanent deformation is strongly related to the Joule
loss caused by such process conditions as input power and moving speed of the heat source. To validate the numerical
analysis results, line heating experiments were carried out with a high frequency(HF) induction heating(IH) equipment
capable of bending thick plate with the moving accuracy of £0.1mm in heating coil position. The amount of permanent
deformation increased with decreasing moving speed and increasing input power.

Key Words : High-frequency Induction Heating, Electromagnetic-Thermal-Structural Coupling Analysis, Deformation
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Fig. 1 Schematics of the high frequency induction-
induced line heating model

Skin depth

Fig. 2 Finite element model for coil/core/plate/air
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Fig. 3 Materials properties of the SS400 steel [4,8]
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Table 1 Chemical composition of the SS400 plate
Element C Si Mn P S Fe

% 0.07 0.28 15 0.014 0.003 Bal.

L VYoltage @ OV

Current

Fig. 4 Power input conditions for the HF IH process
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Table 2 Thermomechanical forming conditions adopted

in this study
No.  Heat input Move speed Peak Current
(kW) (mm/s) (A)
1 40 1 4570.7
2 40 5 4570.7
3 40 15 4570.7
4 30 3668.3
5 50 5430.6

Fig. 7 Photograph of automatic HF IF apparatus used
in actual thermomechanical forming process
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X-axis

Direction of line heating

Fig. 8 (a) Starting and end points of the heating source
upon plate (b) points for measuring temperature
as a function of time and (c) points to obtain the
amount of permanent deformation along z-axis
upon HF IH-induced line heating

N,

T o9 g Wt mAe JFS IRl
3 Table 1 3} e A Xg 719 A
K . o] wl, 15kHz F34 =704 &
A wwste] 114 smm S A8
AA A 7td AN [ dFS
#, coillcore”} o)== Az 2 & 9= F
8(a)ek Hol WA &
9 QA71E A»Etn Fuagon, L&x =4
A= Fig. 8(b)¢t #o] fAl T (XY-plane)’d-2]
Mol Hol A &= dataS xR, AN 71
MAAke] A 1, 7,13, 19, 259 A9 ddo] AR o
Z23= PBAR 9 A4 L7} obd A HE=
of & /by shel EW obd 3mm A Lx
SAs 0 tEo] A4 7t Ve 29 o

o

o

[

il

B Lo
o2
QL
it
Ky}

8 s K

i

442 /3h= 28 IFS &S X /M 208 HM6%, 2011

04
£
N
o
p
ox
oft
N
iy

' ©

Max at core: 1.17x10% Max at plate: 1.33x10%

- ©

Max at core: 1.79x10% Max at plate; 2.04x10%

 © e

Max at core; 2.53x105 Max at plate; 2.80x10%

Fig. 9 Steady-state Joule-heat distribution under
different input power
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1 mm/s (a) 8.8 sec 5 mm/s (d) 1.76 sec 15 mm/s (g) 0.59 sec

T =632.5 oC [ Trsc=260.4°C Tma=153.6 °C
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Fig.11 Expected temperature distributions along the direction of thickness as well as on the plate surface by
elapsing time obtained under 40 kW, 5 mm/sec HF-IH condition

(b) P AT D
2 2 Step 51
/{osi(ion
/
By (A
.
‘0) 1000 p— (d) —
e —_—F
BOO 4 — Y 400 4 —_
‘g 800 ] —= g h —
] 5
B B ]&\
[ 7] 4001 200 4
£ £ \\‘\_
2 2m I , ‘\_,- —
’ 100 200 200 % s 100 150 0 | ;0 | 300
Time {sec) Time {sec)

Fig.12 (a) Local melting feature during HF IH-induced line heating with the moving speed of 1mm/s. The result of
actual temperature measurement at the center line of the plate (b) can only be obtained as a function of time
under different moving speed of (c) 5mm/s and (d) 15mm/s
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Fig. 15 Numerically simulated vertical deformation
distribution under the constant input power
of 40kW at 5Smm/s
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40 kW, 5 mm/s

1,

Fig.16 Curved feature for the HF-induction heated
plate followed by cross-sectioning
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Fig.17 The amount of permanent deformation along
the z-axis at various points measured after

line heating under 40 kW at 5mm/s
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Z axis displacement (mm)

0 5I0 l(I)O léO Z(I)O
Position (Y-axis, mm)

Fig.18 The variation of permanent displacement

along the direction of z-axis obtained from

both numerical analysis and experimental

measurement
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Table 3 The comparison between numerically calculated
and experimentally measured permanent
vertical deformation along the direction of

thickness
Pos. Numerically Experimentally

calculated Az, (MmM) | measured Azyy, (MmM)

1 2.02 4.06

3 2.48 4.14

6 3.19 4.62

9 3.68 4.84

11 3.53 5.34
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Fig.21 Curved feature by cross-sectioning for the HF-
induction heated plates deformed under
different input powers of 30, 40 and 50kW
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