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2. EBAHE
Table 2-1 Chemical compsitions of high carbon
2.1 it & L UEBRA chromium bearing steel rods tested (wt%).
HEMTERE 2 v L8 HWEIE

Wi U2, EEO::) . 2o Sam) C S M G P S

B %2 38mm. 55mm. 50mm. 60mm. * 38 | 0.97 0.25 0.31 1.42 .013 .01l
LCT0mTH %, Table 2-1 . 2 55 | 0.98 0.25 0.38 1.37 .011 .0l4

————— 50 0.86 0.22 0.47 1.40 .008 .009
| 60 1.01 0.25 0.41 1.41 .009 .010
. Fig.2-1 3. EEZ3BmltAM 70 0.97 0.23 0.31 1.37 .009 .008

DEF v WE Lo XmE{HE T L
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oM OB L Ch & iERRT
Hd,

Fig.2-2 it. BBRAOERELZD
TEERLEDDOTH S, BlIIRE
hTwakyic. BEA i, /s
Ol 75 T 80mmiEI R 1< BHAR V WIR & A%
EHISnkbOTH B,

Fig. 2-1 Microstructure of material
tested (38mm dia. rod, longitudinal

section, near surface,as rolled).
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Fig. 2-3 Final breaking method of test

specimens.
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C HRBEE LIRS G L Fig 24 Relations between heating time
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SEHENSETNTI L, BH. th =2 sec OMBE. BEHIALRBRE OEHE I
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AREL LT,

times of treatment
® Once L

X Twice

+ Three times

Breaking force F, (tont)

Tl MAKE t. =2 ~3 sec DIBEW. BMWEEF: METFTT 20, YIR3E
DEATICME D KREBFROBREIBANRET 2D LEDbNR2, Uil B R AV
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3.2 EHE38mm LU 5ommif o4 AR AT 0K
AIHIC ROk X . HBEOME - AHBEAEORT &, SHURENBEEINS
EVSFRCETS, RIGEOPENS D EBRMITRIT S N, TRIT 1 HEO M

fit, Z2HEOMAKRt . LOERBICRETIEVIEET (t ot ) THbA
s

Table 2-2 Experimental conditions of double heating process.

Test | Diameter | Power Combination of
of of heating time
No. | specimen | heating
(mm) (kva) ty(sec) | tz(sec)
1 38 61 4.5-8.0 | 2.0-4.0
2 38 11 3.0-6.0 |2.0-5.0
3 38 91 3.0-5.0 [0.5-3.0
4 59 70 5.5-9.0 |[4.0-7.0
5 55 86 4.0-8.0 |2.0-5.0
without 38
heating 55

Table 2-2 &\ EZ38mn L USSmBRBRE IC>VOTOEBEHRLE LT, LT ey s S
%Eb&\ tl ?’J‘JU t z @Eﬂ.é’éb%iﬁﬁ%%?b@?&%o
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Hho, EHENRET IMEMNT. RBAOEBEMAFNCEET LA, IHESLU L
mMEOmAEEt, &t OREOHAXLZEZANKE, Table 2-3 . FRMNRAE
LiktEnt, &t  RBAOHMYICLIWMIEHEF: LUSHRSERLEDDTS
3,

Table 2-3 Breaking test results of double heating process.

Test |[Diameter | Heating time for |Breaking | Crack
of crack development | force depth
No. | specimen Fg
(mm) ti(sec) | tz(sec) (tonf) (mm)
1 38 5.5-7.0 |2.5-3.5 |0.8-1.2 |2.4-4.0
2 38 4.0-6.0 |3.0-4.0 [0.8-1.1 |2.5-4.0
3 38 3.0-4.0 [1.5-2.5 |0.7-1.1 |3.0-4.0
4 e 6.0-9.0 [4.0-6.0 |3.0-3.2 |4.0-6.0
5 55 5.0-7.0 |3.0-5.0 |2.8-3.3 |4.0-6.5
Without 38 =0.5 ———
heating 55 531 m—
t, BLUt, AFHToHAED
- t,= 3.0sec
VHEHEBENCH 2HSICE. 2HE 54t R
= E
ONEHBRICENTEETTT fa "8
[¥] ° 1 4
SENREL, Z0=RIYRS S I N =
ZENG Y 1%s
E2ECELTO30NHRE A 2 1 |,
Ko TR DTROMATN O BTy g -] . 8
m 1 (&)
Hltbt, WHExTt, RTLE o_J~ —% 1

0 1 2 3
Second heating time tz(sec)

MOFECE, YREEIHD &
HeLb, KRREAmMOE 2.
Whyd [kThhl bR
2 0 I} K R (D AP A N

Fig. 2-5 Relations between second
heating time and breaking force as
well as crack length (38mm dia.

specimen, double heating process).
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O BRI EE 513 2 B EE

Notch

Mt, Ko &xwc, 1 EOmE b 38mm
BHBYEOARIC L ) ERNRET
Fig. 2-6 E 1 f brok face,
BT END e, COMBERIR ig. 2-6 Examples of broken surface
cracks under notches were produced
o 2 MEOMARMEL, Ok by double heating process.
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Fig. 2-7 Relations between power

R mARMEOS T, SUNREL density and heating time to be
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3, development in double heating

process.
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4.1 EHES0mm. 60mmb X FTOmmiRétIc X4 2 1 Eikoiest

Table 2-4 &, EiES0mm. 60mm#&s L UT0mmRET FH O TiThh i 2 IRAEBO &Y
ERLEDDTH D, . Table 2-5 3. COERERL LTSN EA2TTT.
SEMRBE L NAREOHE. BRTES LIUSWEI0HAERLEIbOTH D,

Table 2-4 Experimental conditions of single heating process.

Test | Diameter | Power Range of heating
of of time applied to
No. | specimen | heating experiment
(mm) (kW) (sec)
6 50 68 3.0 4.0
7 50 100 1.3 2.3
8 50 115 1.1 - 1.9
9 60 88 2.1 - 3.9
10 60 122 1.2 - 2.8
11 60 142 0.9 - 2.2
12 70 70 3.6 5.6
13 70 105 1.7 3.3
14 70 144 1.2 2.4




Table 2-5 Breaking test results of single heating process.

Test | Diameter | Heating time Breaking Crack
of for crack force depth
No. | specimen | development Fa

(mm) (sec) (tonf) (mm)
6 50 3.8 3.8 2.7-2.3 2.5-3.3
7 50 1.6 2.1 2.8-2.3 2.5-4.4
8 50 1.3 1.8 2.9 2.3 2.3-4.2
98 60 2.2 3.2 2.8-2.0 3.0-5.8
10 60 1.4 2.0 2.8-2.2 2.5-5.2
11 60 1.0 1.7 2.9-2,0 2.0-5.3
12 70 4.4 5.2 3.9-3.3 4.5-6.6
13 70 2.2 2.9 4.0-3.2 3.0-5.6
14 10 1.4 1.9 4.2-3.4 3.0-5.3

Fig.2-8 (a),(b) H&LT(c) . SRBRCODOTIMARHt, tSRFESOBMES L
Uty SRHMEEOBMBEARLLEDOTHE, CORCEBE. t, NHIMCFT I L
SHNRETIN. WTROERORBH KV TH, WRESECSENRRET 2IBEWC
. MR EEWTE T OATM TG 7 & RO 0IEE O8150kef /nm? (Table 2-3 £
BB Aoy 19kef/mm?EITFICET L. BERBENCHS RH BT LIRE T,

F o, BTHEREZ OGS LRIRCHREE K. BBUhERTHS, 0L
Wy 1EOmE - AHIREEC X O WERICES B ERHERE S 2 HE . KR 0T
L Bk M1 HEE] SFEhTH 2,
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Fig. 2-8 Relations between heating time and breaking force as well as

crack length in single heating process.
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Fig. 2-9 Relation between power density
and heating time to be required for
sufficient crack development in

single heating process.
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Table 2-6 Comparison of the gravity of forging billets cut off by
different methods.

Method Double heating process Cold shearing
Number of billets n 100 100
mean weight X (grf) 1277 1275
standerd dev. ¢ (grf) 4.59 6.55
(30/ % x100 () 1.08 1.54
Max. of weight (grf) 1295 1285
min. of weight (grf) 1260 1210
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Table 3-1 Chemical compsitions of high chromium bearing
steel rods tested ( wt-% )

Diameter (mm) C Si M Cr P S
38 0.97 0.25 0.31 1.42 0.013 0.011
59 0.98 0.25 0.38 1.37 0.011 0.014
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Table 3-2 Mechanical properties of high carbon chromium

bearing steel rods (as rolled).

Diameter Hardness Yield Tensile Breaking Elongation
of Hv(10kgf) | strength | strength strength
steel rod oy 0w of final area (%)
(mm) (kgf/mm?) | (kgf/mm?) | o+ (kgf/mm*)
38 347 71.3 123 132 6.6
55 343 66.2 118 127 6.8

BE. BHEH38mmESSmOBRHAR CBRARES ( 0.20R 1D ) CIBETFOENRONIH. &
NEEEEOBARENERICL - TREZ D TR BN EEDbN 3,

N o OHEHZEBmmE LTSImO MM N O E X100mm OPREZLRBHAWH S h. &
ENRETIEBAS LIV EENRELBOERGETHR - BHES WO BBREICH L UE
SAE S hk,

3. HBH O - HRIEH

3.1 Riflik
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bOTHD,
FHORHESIHIV L BYRELE T 2HEBmmS L USSmEEM OYR & Eic, %
MREL. BRZYWATEESIMR - B8 (1HE. 2HE @A 2EHYE) &H8TH
B(HB2EBR ). BH. FHES 1LV 2R HES IO 1 HES LU 2B 4
Yok BHEHETH 2.




Table 3-3 Heating and cooling conditions of unnotched specimens prepared

for residual stress as well as hardness measurement in the case of

double heating process.

Condi- | Diameter | Power Heating time | Flow rate | Cooling
tion of of of cooling | time
No. specimen | heating t t 2 |water (sec)
(mm) (kVA) | (sec) | (sec) | ( 2/s)

1 38 91 3.0 mam—— 0.7 20

Z 38 91 2.0 e 0.7 20

3 38 a1 3.0 2.0 0.7 20

4 55 87 6.0 3.0 1.0 20

3.2 1M

C OGSO - AEIESE N6 REBE L2307, XD THZEREBE - L
STITOHRIEERBERCEIOTCREI N ( AEXROHESR ),

Table 3-4 &\ ChoOME - BHEHEAERTHOTH S ( XHEFESS~T ), ZHOD
FHES 6. MM OUMNCBE L Ebh 284, bbb, YRENRBNAIE. 2OREK
FSI~6mDERARETSEHFCHIL. T RUFESOIHELTTH. 2hzho
OFHL D DMARRE t . PYEOBESELIVENESCHYT 3,

Table 3-4 Heating and cooling conditions of unnotched specimens prepared

for residual stress as well as hardness measurement in the case of

single heating process.

Condi- | Diameter | Power Heating time | Flow rate | Cooling
tion of of of cooling | time
No. specimen | heating t» (sec) |water (sec)
(mm) (kVA) (2/s)
2 95 94 3.0 1.0 20
6 b0 94 4.5 1.0 20
T % 94 5.0 1.0 20
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Table 3-5 Conditions of X-ray stress measurment.

*+ X-ray incident Fixed ¢. - Irradiation area 2 X 4

+ X-ray beam Parallel ( mm?)

* Target Cr * Scanning speed of 2

+ Deffraction plane 211 detecter (deg./min)

+ Tube voltage (kV) 25 - Time constant 16

- Tube current (mA) 8 (sec)

+ Divergence angle of - Count of range 400 ~1000
slit (deg.) 0.35 (cps)
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Table 3-6 Measured and corrected residual stress on the transverse
section of 38mm dia. unnotched specimen heat treated by double

heating process (Condition No.3).

Residual stress (kgf/mm?)
Depth Axial direction Tangential direction | Rad. dir.
from
surface Measured Corrected | Measured Corrected | Corrected
(mm) value value value value value
0.0 39.7 29,1 820 32.0 0.0
0.02 49.5 49.4 48.0 48.0 0.0
0.04 61.4 61.2 50.1 50.0 -0.1
0.07 69.6 61.2 60.8 60.6 -0.2
0.10 100.1 99.4 76.1 75.8 -0.3
0.52 66.0 61.7 57.9 956.1 -1.8
0.68 44.9 40.0 39.0 81.0 -2.0
0.79 39.4 33.7 34.6 322 -2.4
0.92 45.7 39.4 44.2 41.6 -2.6
1.07 41.5 34.5 41 1 38.1 -3.0
1.33 42.8 34.5 42.3 38.7 -3.6
1.69 44.9 34.8 41.6 ] -4.5
2.19 41.0 28.5 41.6 35.9 =
2.69 31.0 32.1 41.2 34.3 -6.9
3.48 24.8 6.4 26.0 17.5 -8.6
4.17 18.9 -1.0 24.1 14.4 -8.7
4.89 15.0 -6.9 18.3 1.6 -10.1
5.67 6.9 -15.8 3.9 -2.6 -11.5
6.44 4.0 -19.4 1.0 -10.8 -11.8
7.60 -1l -24.8 0.0 -11.8 -11.8
9.16 -3.2 -26.2 -0.9 -12.6 -11.7
11.18 -2.8 -24.5 -4.8 -15.9 -11.1
12.01 -2.9 -24.0 -3.5 -14.2 -10.7
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Figs. 3-3 Residual stress distributions on the transverse section of unnotched

specimen at the center of heated zone.
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Table 3-7 Measured and corrected residual stress on the transverse
section of 55mm dia. unnotched specimen heat treated by single

heating process (Condition No.B).

Residual stress (kgf/mm?)
Depth Axial direction Tangential direction | Rad. dir.
from
surface Measured Corrected | Measured Corrected | Corrected
(mm) value value value value value
0.0 -13.4 -13.4 -9.5 =55 0.0
0.15 5.8 4.0 7.6 1.6 0.0
0.31 14.6 14.5 17.3 17.2 -0.1
0.59 21.2 26.7 32.5 32.2 -0.3
1.87 41.9 37.9 45.9 43.9 -2.0
3.31 37.9 29.8 40.1 35.6 -4.5
4.81 20.4 8.6 21.7 15.3 -6.4
0.49 21.6 8.0 22.4 15.3 -1.1
6.19 17.2 2.9 15.1 2.4 -1.7
6.87 14.4 -0.9 10.4 2.3 -8.1
7.64 9.3 -1.9 8.0 -0.5 -8.5
8.38 0.9 -9.0 3.3 -3.4 -8.7
9.0 8.4 -9.1 | -6.8 -8.9
9.71 7.4 -10.6 2.4 -6.0 -8.9
10.76 8.7 -10.3 3.1 -6.0 -9.1
11.69 6.7 -13.2 1.5 -1.8 -9.3
12.52 6.5 -14.1 1.3 -8.0 -9.3
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Fig. 3-5 Residual stress distributions on the transverse section on the unnotched

specimens at the center of heated zone in the case of single heating process.
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Table 1 Experimental conditions and breaking test results of notched

specimen by the single heating process.

Test Experimental conditions Breaking test results by bending
No. | Diamter | Power Range of heating | Heating time | Breaking | Crack
of of time applied to for crack force depth
Specimen | heater experiment development Fg (mm)
(mm) (kVA) (sec) (sec) (tonf)
1 b5 94 2.5 B.5 4.0 4.5 3.6-3.4 |3.0-6.0
2 b5 70 5.0 8.0 9.9 - 7.0 5.0-4.2 | 3.0-4.5
8t & & é
~— p E’
© A\ =
PR I &
0 - 70 f‘*-. ]
g S i
L a 3 ‘@‘ ,' I
o i
® [
=87 BT
g5 R
[aa] i " ‘G
! 1
' ]
0 3 4 S 6
Heating time 1, {(sec)
Fig. 1. Relations between heating time and breaking force as well as crack

depth in the case of single heating process, Test No.l.
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Table 4-1 Heating and cooling conditions of unnotched specimens investigated.

Condi- | Diameter | Power Heating time Flow rate | Cooling
tion of of of cooling | time
No, specimen | heating t te tn |water
(mm) (kVA) | (sec) | (sec) | (sec) | ( £/sec) | (sec)
Double 1 38 91 3.0 — I —— 0.7 20
heating 2 38 91 2.0 — || — 0.7 20
process 3 38 91 3.0 2.0 — 0.7 20
4 55 87 6.0 3.0 e 1.0 20
Single 0 95 94 = | == | gl 1.0 20
heating 6 95 94 s | s | R 1.0 20
process 1 55 94 — | 50 1.8 20
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Fig. 4-1 Unnotched models for FEM.
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Fig.5-1 Model used for the calculation of temperature distribution in the

specimen during induction heating and cooling.

i HEEEEAtEL.BIt=pAt, (p=1, 2, + ) UBYIEEE.
Tdr, 2, t) =T (nAr, mAz, pAL) =Tup == (5-2)

EF3L. (5-1) ROEFFHERRZ

_66_



Tr.fu!. —Trum Trfm»l -2T:.ln +T|Em—l Tfﬂ.m _Tr—l.m
= *
aldt (Az)? 2n (Ar)?

TE#-l-m - 2 Tr.m +Tnp—l.m

i e e e e =
(Ar)? el
LEIT 3,
WE. EHEE.
8, =aldt,/ (Az)? 6., =alAt,/ (Ar)z-—menee (5-4)
L¥BE. (5-3)R
T =00 (Tha +TRmy) 460 ((1 + ) Thie
2(n-1)

+(1 -

)TE a) + (1-26,-268,) TP. (55)
2(n-1)

EFFD, COXCL T BRTEATOEBENRT M. 2hRldnz | 3LUm2 1D
HECEONh 3B,
n=0DFEAE. Txbb, r=00ES L. HROEHEIEHINS,

£ - Ts
T
= ] messesemssssas s e e S R S S S SR (56)
or

r=0
OREFEVFEATE. Ton E(5-7T) RODLEHZH B,

THL =84 { Thew +THei ) +28, Tha
+ (1-28, —28.) Tda woomemeemeomeee (5-7)
R, IR AEHEONRBEZ =0 (m= 0% CTORECHL TLHROENE
ARIZL (5-8) KOLSE3,
1
2(n-1)

Tf,b;=2l93 Tzl'l'ar ((1+

) TI'IP+IIO

+L] - ppl o s) + C1—88a —28:3 Thy —( 58 )

2(n-1)
TT. (55 )RCE - T FEATWAEBOBELATH I 5. BEEEE a NERH



TREIAE Sy, ST, R ABORENERTOHNMA. EAME L —&T
BLINMAEVOATVD, THCBILTRERIhTV 3,

wic. WAEHELTEAZXEHERAORBE B ORENEBEXERN SN, T/
Hhi. AvohnfcilBREES 80w B XUHERE 55mm OME MEESUJI 2 )Ths,
Fig.5-2 RBERFEHFEOEMBEERL TS, IS RENh TV I L. RBFZEEE
OEFHEES EMARRNUE (Z=0) « Z=8m. Z=15mm Z=3 0mmbLUZ=
4 OmmOMETT VAN 20X VBB LD, A -5 v 2ERE I EEEANL
TEYA vy a3 7 LERHVTRRS N, COBEN (5-5) RNEHHT 3BT
RR&MHELLTHVLONRTN 3,

g, BRICRESNTWAL DI, MERENOES bmB LT 10mm OMEICEHE L.
bmm. PR E40mmDANFLNTNE, COZ 2ORDEBERERELT. SXHENT
FREBBUAFCLDBEESHAEN SN, CORRIBEREIBaLRET DD
bODTH D,

55 —]

Thermo

- couple
Inducter iy Ol_ L
s

]

-V,

vikEyl
e

2

«— 30
M-15-+
"5""

E Specimen

Fig.5-2 Method of temperature measurment during induction heating and water
cooling (7 measuring points were arranged on the specimen) .
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Table 5-1 Heating and cooling conditions applied to the

specimens for temperature measurment.

Heating condition | Cooling condition
Condition | Specimen
diameter | Power of | Heating | Flow rate | Cooling
No. (mm) heating | time of water time
(kVA) (sec) (2 /sec) | (sec)
0 55 94 3.0 1.0 20
6 b5 94 4.5 1.0 20
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Fig.5-3 Temperature distributions measured by experiment on the surface of

specimen in the longitudinal direction.
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Fig.5-4 Measured and calculated temperature change at Gmm and 10mm depth
from surface in the central section of specimen,
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Fig.5-5 Calculated temperature distributions in the central section of

specimen during induction heating and water cooling(condition No.6).
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Fig.5-6 Calculated temperature distributions on the longitudinal section of
the specimen at the end of induction heating and at 0.5sec. after the

water cooling began(condition No.6).
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Fig.5-7 Shape and dimentions of specimen used for high temperature tensile
test .
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Fig.5-8 Load-elongation relations of SUJ2 under tensile test at various
temperature.
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at various temperature.
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Fig.5-10 Variations of yield stress and strain hardening coefficient due to
the test temperature (SUJ2 specimen).
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5-14 Stress distributions calculated on the transverse section at the
center of heated zone during induction heating and water cooling on
condition No.6.
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Fig.5-15 Yield area analized by FEM on condition No.6.
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Fig.5-16 Axial stress distributions calculated on the transverse section

at the center of heated zone during induction heating and water cooling
on condition No.5.
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