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The quality and quantity of heat treatment in mold processing can vary depending on the skill level of the equipment
operator. Therefore, study on ways to overcome these disadvantages are essential. This study aimed to increase the anti-
wear properties of molds through high-frequency induction heat treatment and laser heat treatment processes. The heat
treatment was applied to the surfaces of molds used in car body production using an articulated robot, to achieve long-term
use and quality maintenance. Additionally, an articulated robot system based on redundant degrees of freedom suitable for
mold heat treatment processes was designed, and its operational efficiency was verified through virtual environment
simulations. Furthermore, heat treatment was validated through on-site testing of the robot system. Its effects were
analyzed according to mold materials and shape conditions, ultimately deriving the optimal robot heat treatment conditions.
Finally, off-line programming (OLP) in virtual processes was proposed to minimize robot setup time and maximize
production efficiency. The conditions for articulated robot automated heat treatment obtained in this study can be pre-
applied in simulation environments when generating heat treatment robot programs based on OLP. They can be utilized for
optimizing the quality of mold heat treatment in car body production.
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Fig. 1 Design concept of redundancy to the end of 6-axis articulated
robot
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Fig. 2 Design concept of articulated robot with 1-axis redundancy
and 1-axis gantry

Table 1 Working area of robots without or with redundancy
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Fig. 3 High-frequency induction heat treatment robot with 1-axis
redundancy
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Joint2 [.60.0001 78.6553deg>  76(103%) 59,8397 deg 76 (76%)
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Joint6 [210 71919 deg  210(34%) Joint6 [210  691126deg  210(32%)
Joint7 [G0.0002 30.0000deg 90.0002(33%)  Joint7 [-300002 30.0000deg 900002(33%)
(a) (b)

Fig. 4 Simulation results of high-frequency induction heat treatment
on the robot: (a) with 6-axis robot (b) with 7-axis robot
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Fig. 5 Laser heat treatment robot with 2-axis redundancy

curved area curved area

: For heat b For heat

» treatment ~ treatment
Joint 1 -160 13.8230 deg 160 (8%)

Joint 2 -60.0001 795648deg> 76 (105%)

Jont3 |.750002 745323deg 90.0002(81%)

Jont4 210 220861deg  210(10%) JotS [25 44%%673deg  125(35%)

JontS [125  316115deg  125(:25%) Joint6 [210  -27.0702deg  210(12%)

Jont6 [.210 -34.8783deg  210(16%) Joint 7 0.000000 mm 2000 (-100%)

(a) (b)

Joint 4 210 16.2987 deg 210(7%)

Fig. 6 Simulation results of laser heat treatment on the robot (a)
with 6-axis robot and (b) with 7-axis robot
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Fig. 7 Simulation results of laser heat treatment on the robot with 2-
axis redundancy: (a) for the other side curved part of mold
and (b) inner curved part of mold
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Fig. 8 Comparison of working area for laser heat treatment by
applying 6-axis to 8-axis articulated robots
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Fig. 9 Specimen configuration and measured points for high-
frequency induction heat treatment

Table 2 Test conditions for high-frequency induction heat treatment

No. Transfer speed  Electric power Distance
[mm/sec] (w] (mm]

0 Untested specimens

1 4 2,000 2
2 4 2,500 3
3 4 3,000 4
4 5 2,000 3
5 5 2,500 4
6 5 3,000 2
7 6 2,000 4
8 6 2,500 2
9 6 3,000 3
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Fig. 10 Specimen configuration and measured points for laser heat
treatment
Table 3 Test conditions for laser heat treatment
No. Transfer speed ~ Temperature Beam size
[mm/sec] [°C] [mm]
0 Untested specimens
1 3 1,000 5 x40
2 3 1,100 5 x40
3 3 1,200 5 x40
4 4 1,000 5 x40
5 4 1,100 5 x40
6 4 1,200 5 x40
7 5 1,000 5 x40
8 5 1,100 5 x40
9 5 1,200 5 x40

80

High frequency induction heat treatment

70

60 |

50 -

Hardness(HRC)

40t

30 —1— HCI350
—— FCD550

20

Heat treatment condition

Fig. 11 Hardness results of high-frequency induction heat treatment
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Table 4 Test conditions of design parameters for high-frequency
induction heat treatment

Material Transfer speed  Electric power Distance
[mm/sec] [w] [mm]
HD700 6 2,500 2
HCI350 4 2,500 3
FCD550 4 2,500 3
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Fig. 12 Hardness results of laser heat treatment
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5 et 300°S

(b) FCD550

Fig. 13 Traces of melting at temperatures above 1,250°C for laser
heat treatment

Table 5 Test conditions for design parameters for laser heat

treatment
. Transfer speed  Temperature Beam size
Material [mmysec] [°C] [mm]
HD700 4 1,000 5 X 40
HCI350 4 1,000 5X 40
FCD550 3 1,200 5 X 40
A9t
Table 5oli= oA EAx|e] Ao M & H=E €& &+
ol A@zzo] Helo] grk. HDT009] A9 ol$HEL 4
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Fig. 14 Calibration of OLP using a laser tracker: (a) real
environment and (b) virtual environment

Table 6 Error analysis between OLP coordinates and actually
measured coordinate values of high-frequency heat
treatment robot

Command value Measured value
(OLP) (Laser tracker)

X! Y! Z! X2 Y? 72
[mm] [mm] [mm] [mm] [mm] [mm]

Error

1 49773 402.8 148.6 49779 4023 1498 14
2 5959.6 -316.8 -381.3 5960.1 -317.7 -3819 1.2
3 49359 -2154 -937.1 49363 -2164 -937.0 1.0
4 42079 -87.0 3775 42075 -87.6 3771 08
5 40189 1723 -450.6 4018.8 171.7 -450.9 0.7
6  4972.0 1469.6 -462.9 4972.0 14703 -463.0 0.7
7 54304 4973 -3982 5430.7 4969 -398.7 0.7
8 52409 9969 169 52405 997.1 17.0 0.4
9 51760 -109 79.7 51762 -11.3 799 0.6
10 54394 1451.0 -141.0 54392 14515 -141.7 1.0
11 54583 1779.2 -787.2 54583 17789 -787.1 0.3
12 3865.6 1329.0 102.6 3865.7 1329.0 1029 0.3
13 46744 23349 -206.7 4674.5 23343 -2072 0.7
14 42127 421.0 -406.8 4212.8 421.7 -4072 0.7
15 4209.2 23653 -183.2 42089 2365.8 -183.5 0.7
16 53585 2506.1 -405.8 5359.1 2506.7 -406.0 0.9
17 47125 14100 -744 47132 14103 -73.6 1.1
18 5541.7 -483.8 -227.77 55413 -4843 -2274 0.7
19 52654 1086.5 -2293 5265.1 1086.4 -229.1 04
20 52157 1584.0 -230.5 5215.5 15845 -230.5 0.6
21  5166.0 2081.5 -231.7 5165.7 20822 -231.7 0.8

22 51164 2579.0 -2329 51164 2580.0 -232.7 1.0

1,2

Error = A/(xz—x1)2+(yz—yl)2+(zz—z )
259 7188 A ox} 8 ZRa AR Aole] 93
2 nystact.

Tables 67+ 7ojli= 150t = AA|E] W glo]A Iz 25t
o tist 7HA; BT AA| 3HE Alole] 91 W HEF 92} HA

0] 917 @3} B4 Aup} et gk ofn) 2R AL 3
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Table 7 Error analysis between OLP coordinates and actually

measured coordinate values of laser heat treatment robot

Table 8 Effect of heat treatment time to create robot work path
according to the application of OLP

Command value Measured value
(OLP) (Laser tracker)

X! Y'! 7! X2 Y? 7?
[mm] [mm] [mm] [mm] [mm] [mm]

Error

1 38622 -2537.1 -422.6 3861.6 -2536.0 -424.0 19
2 2921.8 -2121.7 -501.3 2920.8 -2122.2 -500.5 14
3 2579.6 -2095.5 -158.7 2580.5 -2096.3 -157.1 2.0
4 2623.6 -1592.7 -686.5 2622.5 -1592.3 -687.5 1.5
5 4293.3 -1459.1 -677.1 42924 -14579 -6755 22
6 42914 -1459.2 -674.7 42924 -14579 -675.5 1.7
7 43519 -5993 309 43529 -599.8 30.0 1.5
8 37147 -462.9 -629.3 3713.8 -4642 -6284 1.8
9 2913.0 -4024 -6352 2911.7 -4035 -6342 19
10 29704 3923 -5853 2971.7 3934 -5864 2.0
11 38109 1942 -391.9 3809.5 1932 -390.7 22
12 44189 2083 -681.0 4417.8 2068 -6819 2.1
13 4490.1 12052 -684.4 4490.8 1204.2 -683.0 1.8
14 3743.1 12619 -689.5 37422 1260.8 -688.5 1.7
15 3264.6 1037.6 -780.8 32659 10384 -782.0 2.0
16 3263.8 1037.5 -288.1 32623 1038.8 -290.0 2.8
17 32493 166.7 -290.8 32482 1657 -2894 2.1
18 31752 -779.4 -2882 3176.7 -778.5 -289.1 2.0
19  3805.8 -1064.6 -669.2 3805.0 -1065.8 -670.6 2.0
20 26835 -938.6 -679.6 26824 -939.8 -6782 2.1
21 3684.7 -1288.2 -380.0 3683.8 -1287.2 -3814 2.0

22 3644.8 -1853.8 -381.5 3643.3 -1855.2 -3804 2.3

Error = A/(xz—xl)2+ (y2 —yl)2 + (22_21)2

FHO AA dA e 998 zael= 227) Ao AAEY
L= s A L S R QXP—E AA w7 Ex12] FYGollA 3 mm o]
W=zA 54 Gl AEE vehdA] ot 53] 2o @4}
OF Hat A= A f= FA Y 229 Ff- 1.4 mme} 0.8
mm, oA A =3O 79 2.8 mme} 2.0 mm= LERRT
olZ wRo] Myl At thybd 29| X HUEI} +0.05
mm, 4 FF] 25AYEst 0.01 mm ool HE 1
o, 23] FRel 29 FAo| WAEE AAe) 21 9
2 oAb fARE ATE el Ao R o] wie]
shE Aol B7He BE AR A8 JT Ao ek
.

Table 8o]= OLP Z=Z13o] X|YE]A] k& IX e J
ek AR delA S8 25 WA T e 7
OLP Z=2io] A85 dA 2| F7gol gt AA| 3ol
AR 22 wAAREe] BlaE o] itk OLP Z=Io] %
H 2R AR FlolA EfAE S35t 71 ST A

Heat Robot  Robotteaching
Heat treatment treatment L. . .

teaching time time with OLP

(Mold) length [hr] [hr]

[m]
High frequen<_:y heat 6.5 5 3.0
treatment (Tail gate)
Laser heat treatment (Side 145 3 35

outer)

g Atol9] 912 @A} HAAE
2Ao] 9nE OLP Ze IS
(0]

o E—sroq 5 S et
T dxe] 2l e AgstArt. OLP z;:am A w21 5

>~

JARES a1t FA 2] 21 9] 7 40%, o)A EA 2] Al

85 56% SEA 5= 52 % P% S 3l selatgiet.

5. 42

w Aol A4 399X 30l Aes] A on
A BE ALY HYERAS BAS gt 39 24
g AHe) AF B Fof ke 2 AEL At

L 7% EL 8% T 252 6% thbd 23l ula) A
QAL 2025% §Y & Qo0 75 B 2R wFa 9N
2 34, 8% o 23S dold AHel o) AR A
¢}

aat f= G Aol 58 Ao whet o Aol
‘211]‘:'& o]$&TE 4-6 mm/sec, AL 2,500 W, A|HT} 72
7re] 1AL 2-3 mm7E vFEEA g 3 Bl o 4= oLtk
3. glojAl A Aol 25t f= FA 29 v 2
=3 Al wheh o 2ol AINE o] &= 3-4 mm/sec,
L5 1,000-1,200°C7} vFAlEE 34 H49lS E} 2= 919l

4. 7WF BATE AA| 3 Aol 9% 93} ®Ao| 24w
OLP 7jube] elaje] 23 WAXZLE 7|Ze] 23 WAAZHE
th 40-56% A1 4= QlolTt

5. 74 B3 AR 87 Aololl A WAIEE o) 7]sh
X 917 W e oA AR b eeln B 2ol o
A 22 WS AHof ZY3l= OLP (Off-line Programming)
B ol W4 2ol WA YIS Has 4 9o
A 2 wAle EAe) AMsols 248 4 9t
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