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Fig. 2-1 Specimen configuration
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Fig. 2-5 Fatigue test results
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Fig. 2-6 Typical feature of fracture surface for specimen having hardened layer of

1.6mm(SeriesC) (o0 a=880MPa Nf=5.1x 10°cycles)

Fig. 2-7 Detailed observation of crack initiation site for specimen with
hardened layer of 1.6mm(Series C)
(0 a=880MPa, Nf=5.1x 10°cycles)
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Fig. 2-8 Relationship between stress amplitude at crack origin and number of stress cycles
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(b) o a=1200MPa, Nf=1.1x 10%ycles

Fig. 2-9 Typical feature of fracture surface of specimen having hardened layer of 2.2mm

(Series D)
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Fig. 2-10 Schematic illustration explaining fracture mode transition with increasing in
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Fig. 2-11 Schematic illustration of localized fatigue strength affected by hardness,

residual stress and nonmetallic inclusions
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Table2-2 Residual stress at notch root of SRIQ specimens

Series Effective hardened case Residual stress
depth(mm) (MPa)
An 0.5 -2570
Bn 11 -2402
Cn 18 - 670
Dn 31 - 540
En Through hardened - 270

Surface hardened layer (Martensite)

Surface heating layer (Austenite) Assumed space

As austenitizing After induction heating and quenching

Fig.2-20 Schematic illustrations of residual stress generating mechanism during induction

hardening
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Fig.2-21 Two-dimensional model used for heat-treatment simulation

(aquarter of the specimen with a coil for induction heating)
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Fig.3-3 Appearance of induction heating and quenching system
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Fig.3-5 Relationship between heating temperature and hardness of various microstructures

before induction heating and quenching
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Fig.3-7 TTA diagram of F32 material (S45C,Ferrite area =32%)
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$45C 850

1123K  x 1h 690 963K x 24hr 20x 20mm
100mm
SRIQ 800 1200
1073 1473K 0.15 5.0s 160 8100 s
0.5mm
SPEED Fv 102
(SEM)
SPEED

Calculated diameter

LUZEX

Table3-2  Chemica composition (wt%o)

C S Mn P S Ni Cr Cu
0.44 | 0.20 | 0.80 |0.015|0.017| 0.02 | 0.16 | 0.02

Table3-3 Heating cycles of SRIQ

T
i

Heating temperature T, K

812 898 997 1082 1220

015 (1085) (1171) (1270) (1355) | (1493)

2 Heat”/'ge::at'o 5400 5900 6600 7200 8100
= o 832 911 1010 1095
E - . (1105) (1184) (1283) (1368)
2 Heat”/'ge;at'o 830 910 1010 1100
?g o 826 93 1011 1088
it (1009) | (1196) | (1284) | (1361)
Heat”}g ratio 160 180 200 210

Sec
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= Tn— (0011 p) ) E— .
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Time Distance

The distribution of concentration changes discontinuously

when temperature rises from Tnto Tn+1.

If the temperature changes rapidly , the additivity causes

large error.
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| > <
Calculation
Dissolution rate T=T+A T
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PP AT Py k=k+1

Calculation of Equation(3-18)
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END

Fig. 3-16 Flow chart of simulation program for diffusion-limited dissolution of cementite
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Y Kaufman-Radcliffe-Cohen (3-22)

(29

(3-22)
D(m?/sec) = 0.5x 10 * exp{—30C} exp{— 2—?} (3-22)
Qo (3-23)
Q, (cal /mol) =38,300-1.9x10°C +5.5x10°C? (3-23)

10°

[
e
=
o

10—11

Diffusion coefficient,m?/s

10—12

727 827 927 1027 1127 1227
Temperature, K

Fig. 3-17 Diffusion coefficient computed by Kaufman-Radcliffe-Cohen's formula
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Fig. 3-18 Calculation of Acm transformation line by regular solution approximation

The simulation is carried out on condition that

(1) The cementite doesn't dissolve until 911  ( 1184K)
(2)The cementite is starting alone in austenite matrix
(3)No influence of carbon diffusion from other cementite
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® 2 9] — 1100 &
g 80 A9 £
5 2 =
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Fig. 3-19 Starting condition of simulation
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Fig. 3-20 SEM photographs of materials
(Untreated and as SRIQ) Fig. 3-21 SEM photographs of materials
(As SRIQ and tempered)
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cementite causes dropping of cemetite from matrix

Fig. 3-22 Schematic illustration of the falling process of cementite from matrix
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Fig. 3-23 Distribution of precipitate size in material (heating time:0.15s)
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Fig. 3-24 Distribution of precipitate size in material (heating time:1s)
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Fig. 3-28 Relationship between heating temperature and heating time
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Fig. 3-30 Relationship between activation energy and heating rate
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90



SRIQ

@)
)
900  1173K

Acs Yy

3

91



(FCD400 FCD700)

(34
(35) (37)
(38)(39)
(409) (43
(SRIQ) FCD500 FCD700
FCD500
FCD700 1.4 (44)(45) FCD500
SRIQ
(44)
SRIQ
FCD400
FCD700 SRIQ
FCD400 FCD700
975  1248K

92



SRIQ

0.13, 0.37s
2.94N
R
10’
SEM

3000rpm

Table 3-4 Chemical compositions  (wt%)

C|S [Mn|P S |Mg| Cu
FCD400 | 3.73|2.24]0.46|0.023/0.007 | 0.44| 0.02
FCD700 | 3.75|2.34|0.47|0.023/0.007 | 0.40| 0.75
Table 3-5 Mechanical properties
T.S.(MPa) | Y.S.(MPa)g (%)
FCD400 422 268 23.7
FCD700 750 490 4.0

T.S.:Tenslle strength, Y.S.:Yield strength, ¢ :Elongation

¢ 16

o,
¥

Q7

180

90

Fig. 3-33  Specimen configuration
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Fig. 3-34 Heating cycle of SRIQ
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400V (Untreated) 700V (Untreated)  £oH 1

Fig. 3-35 Microstructure of untreated specimens

A, - "'L..-.
400B(as SRIQ/0.37s) 700B(as SRIQI0.37S) 25

Fig. 3-36 Microstructure of SRIQ specimens
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Vickers hardness, HV(0.3)
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Fig. 3-37 Hardness distributions
SRIQ 700A 565M Pa
700B 220MPa
400A 400B
359M Pa 400A 0.13s
0.37s 400B
Table 3-6 Residual stress at the surface (MPa)
FCD700 FCD400
Untreated as SRIQ Untreated as SRIQ
700V 700A(0.13) | 700B(0.37) 400V 400A(0.13) | 400B(0.37)
- -565 -220 - 22 -359
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Fig. 3-38 Fatigue test results(FCD400)
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Fig. 3-39 Fatigue test results(FCD700)
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Fig. 3-40 Typical feature of crack propagation (FCD400)
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Fig. 3-41 Typical feature of crack propagation (FCD700)
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10’

3000rpm

SEM

Table 3-7 Chemical composition (wt%)

C | S | Mn

P S

Mg | Cu

FCD400 | 3.73| 2.24| 0.46

0.0230.007 | 0.44| 0.02

Table 3-8 Mechanical properties

T.S(MPa)

Y.S.(MPaE (%)

FCD400 422

268

23.7

T.S.:Tensile strength Y.S.:Yield strength

¢ :Elongation

Q7

180

Fig. 3-42 Specimen configuration
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(1248K) Series | T, s
< 150kHz Water
X . A 1013
guenching
) B | 037
g C 1.15
B D 7.3
g
5
|_
time,s t

1

Fig. 3-43 Heating cycle of SRIQ
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Series C(1.15) Series D(7.3)
Series (Heating time,s)

Fig. 3-44 Microstructure of untreated specimen and SRIQ specimens
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Fig. 3-45 Relationship between heating time and thickness of ringed martensite of SRIQ

specimens
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Fig. 3-46 Carbon distribution of SRIQ specimen (Series B) by EPMA
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Fig. 3-47 Hardness distributions of untreated specimen and SRIQ specimens
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Fig. 3-48 Relationship between heating time and residual stress of SRIQ specimen
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Macroscopic expansion due to
martensite transformation
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(a) Macroscopic residual stress generative process

Graphite

Ringed martensite

(b) Microscopic residual stress generative process

Fig. 3-49 Schematic illustration of the macroscopic and microscopic residual stress generative

process
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Fig. 3-50 Rotating bending fatigue test results
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Fig. 3-51 Typical feature of crack propagation
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Fig. 3-53  Propagation of crack
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Series A(0.13) Series B(0.37)

Series C(1.15) Series D(7.3)
Series(Hesating time, S)

Fig. 3-54 SEM fractographs of the fracture surface
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Table 3-9 Graphite percentage in fracture surface

Series(Heating time, ) | Untreated | A(0.13) | B (0.37) | C(1.15) | D (7.3)

Graphite percent in

fracture surface (% 16.8 8.7 6.7 7.1 6.8
Casting defect  Crack Residu‘\al stress

¢\

v v 3

Martensite

Untreated

SRIQ

Fig. 3-55 Schematic illustration of fracture process
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FCD400 SRIQ

Martensite

Fig. 3-56 Figure of a calculation model

119



Rl R2
AUR, (3-31)

AUR, = {(7—) —1}9
71

(o o,
(3-32)
¢ _1( o.+0,
1 E t m
E m
P
0n 0Oy (333 (334 (50)
__R [} Rl
"R R
3 3
O

-P( 2R} +R}
Ov=—| ——"
2 RZ-Ry

(3-32) (3-35) (3-36)
(3-37)

120

(3-31)

et

(3-32)

(3-33)

(3-34)

(3-35)

(3-36)



3 3
P [2R23+R13——4R2_R1]

"
t2E(RE-RP)

€ (339

p 3 o3 AR-RS
& = oRE+R} -T2 8
. 2E‘R§—R§‘i( 2
(331) (3-36) (3-37) P (339

o_ (y_rj”s _ | 2mE(RS - RO)(R - RY)
1 Im-DR3(R; - RY)

(3-33) (3-34) (339 O
(3-40) (3-41)

. \1/3
o - 2mE |[n] |R3-RI(; RS
r
3Im-1)|{ s, R} R} re

\1/3
o __2mE {ﬁ] R§—R2[1+R_fj
3m-1)|{ 5, R} RI|T 23

E 2x10MPa m 3 R; R2

150MPa

121

(3-37)

(3-38)

(3-39)

(3-40)

(3-41)

Rs



Residual stress, MPa

a1
o

-100

-150

-200

Fig. 3-57 Residual stress distribution at martensite
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(4-1)

K
12
C C 200
Table4-1 Chemical composition (wt%o)
C S Mn P S Ni Cr | Cu
045 | 0.29 | 0.78 |0.016 | 0.018| 0.04 | 0.098| 0.05
_ 1025  (1298K)
WC:Water cooling
1000 (1273K)
600  (873K) o 150kHz
3 wcC %
v WG S wceC
& 5
o) [
Q.
5
|_
« L83, <S5%l@3 ] Times 4 Time,s

(8) Thermal Refining

(b) Quenching

Fig. 4-1 Conditions for thermal refining and quenching by the induction heating
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Fig. 4-2 Specimen configuration
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0.5 >
- Time, h

Fig. 4-3 Heating cycles of furnace tempering
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(656) 2 270
* (598) 3kHz (543)
. (421,91)(7)) 243 X N7 150kHz
— - 1
= we ¢ (516) wec w449 wCe
o & &
o
3 2 L
: ; ;
<05= <1= Time, s - 1 >l Ll Time s - 10 =<1= Time, s
(@ITA (b)ITB (QITC
300 |150kHz WC:Water cooling
v (582)
168
% (441) we
o
o
5
|_
‘0.7“ 3 Sy 3 . ‘3 . Time,s
0.2 0.2
(ITD
Fig. 4-4 Heating cycles of induction tempering
Table4-2 List of heat treatment conditions (see Fig.4-1,4-3 and 4-4)
Notation Treatment Condition or Comment
R Thermal Refined Induction heating process
Q Quenched
FT413 140 (413K),1h
FT443 Furnace tempered 170 (443K),1h
FT473 200 (473K),1h
FT503 230 (503K),1h
ITA Usual condition
ITB Induction tempered Low frequency
ITC Low heating rate
ITD Cyclic heating
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Fig. 4-5 Two-dimensional model used for the heat-treatment simulation

(aquarter of the specimen with a coil for induction heating)
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Fig. 4-6 Case hardened macro-pattern and microstructure at notch root

as induction hardened material
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Fig. 4-7 Hardness distributions.
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Fig. 4-8 Distribution of volume fraction of martensite obtained from the heat-treatment

simulation and hardness distributions

136



-500

Q(Simulation)
Q(Experiment)

o
-1000 @)
A |ITA(Simulation)
A
|
O

Residual stress, MPa

I TA(Experiment)
ITC(Simulation)
I TC(Experiment)

-1500

-2000
0 0.2 04 0.6 0.8

Distance from surface, mm

Fig. 4-9 Residual stress distribution obtained from the heat-treatment simulation
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Fig. 4-10 Fatigue test results
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Fig. 4-11 Feature of fracture surface
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Fig. 4-12 Effect of furnace tempering temperature on : (a) Hardness and residual stress measured
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SCM420

SRIQ $A45C
$45C 900 1127K 600 873K
3 40 ¢ 126mm
SRIQ b )
3kHz max.600kW 150kHz max.600kW
0.18s
25kHz  max.600kW
2.8s 910  1183K 840  1113K
580 853K NH3
2.94N
X RAD- PSPC
Cr-Ka X @ 0.5mm
X

Table5-1 Chemical compositions of gears

wit%

C S Mn| Cr | Mo P S

SA5C* 046/ 019|064 | — | — | 0.020| 0.019
0.031( 0.020

SCM420**| 0.20 | 0.20 | 0.69 | 1.05 | 0.15
* for Induction heating and quenching and soft nitriding

** for Carburizing
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Table 5-2 Dimension of test gear

Module 3
Number of teeth 40
Pressure angle 20
Teeth width 20
Helix angle 0
Outer diameter 126
o1 _ew
¥ (1191) ¢ (1183)
) 150kH ) 840 Pré-heating  Diffusion Soaking
% g (1113) Oil quenching
740 =)
3 1013 Polymer B CPLOY choig%
%L (1013)|  3kH quenching §. 170 il "2 _»!| Tempering
o B @m) l 7
18 09 0.18 t,s 30 70 50 40 120
SRIQ t,min
(Super Rapid Induction heating and Quenching) Carburizing
970
(1243)
< 25KHz —
=~ X NH_+Endothermic
) Polymer conversion gas
5 guenching ) 580 9
& S (853)
o ®
o (]
g o
e 5
|_
2.8 ts 90 t,min
Conventional induction heating and quenching Soft nitriding

Fig. 5-1 Heat treating methods and cycles
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Hofer 30

1.6mm 1.2mm
MARC MARC—K®6.2
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7.25mm
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Fig. 5-2 Bending fatigue test equipment

Fig. 5-3 Meshing of gear tooth area
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Fig. 55 Stressdistribution at the gear root
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Fig. 5-6 Hardened pattern and residual stress
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Fig. 5-7 Micro structure and prior austenite grain of SRIQ gear
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Fig. 5-8 Hardness distribution at root of hardened gears
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Fig. 5-11 Bending fatigue test results of gears
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Fig. 5-12 Stress-deflection curves under static bending load
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Fig. 5-13 Fracture surface (SRIQ)
(0 a=1035MPa Nf=4.0x 10%cycles)

-
i "-"-'7‘" P I".

Fig. 5-14 Rachet mark on fatigue fracture Fig5-15 Fatigue crack propagation
surface SRIQ from Stage SRIQ
(0 a=1035MPa Nf=4.0x 10%cycles) (0 a=1035MPa Nf=4.0x 10%cycles)
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Fig. 5-16 Fracture surface (Carburizing)

(0 a=850MPa Nf=2.4x 10°cycles)

Fig. 5-17 Fracture surface (Soft nitriding)

(0 a=700MPa Nf=1.2x 10°cycles)
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Fig. 5-19 Lower limit line of TTA diagram (S45C,SRIQ)
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Fig. 5-22 The optimum heating cycle of SRIQ for various prior microstructures
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Fig. 5-23 Case hardened pattern and residual stress at root of gear for various prior

microstructures
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Fig. 5-26 Bending fatigue test results of gears with various prior microstructure
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Fig. 5-28 Schematic figure of relation among prior microstructure, machinability ,

ability to austenitizing and strength of matrix
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Fig. 5-29 Heating cycles of SRIQ
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Fig. 5-31 Case hardened pattern and residual stress
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Fig. 5-33 Bending fatigue test results
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Fig. 5-34 Relation between case depth and fatigue limit, residual stress
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Fig. 5-35 Typical fracture surface of SRIQ gear

(SeriesD  Root case depth 0.8mm,c a=1500MPa, Nf=2.1x 105)
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Fig. 5-36 Relaxation behavior of surface compressive residual stress during cyclic loading

during fatigue test
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Table5-3 Comparison between calculated and experimental fatigue strength

Calculated(MPa) | Experimental (M Pa)
Series SB 1115 980
Series SD 1518 1450
(33)
SB SD SF
(7
FEM
— FEM
SB
0.6mm 550M Pa 450M Pa
SB 0.6mm
SD Sk
FEM

a=1400MPa, Nf=1.1x 10’
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Fig. 5-38 Bending stress and yield strength distribution
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SRIQ 45C S53C
SCM420 SA5C S53C
900 1127K 600 873K
¢ 26mm (SCM420
¢ 130)
— SRIQ SRIQ
200kHz  1000kW
08 13 18 24mm 4 45C S53C
SRIQ
SRIQ 160 200  433,473K
x 1hr 910 1183K
840 1113K (160
433K x 1hr)
@ 26 L
2.94N
X CrKa (211) @ 1mm
38kN 3460M Pa
40% ATF D 80 357K
1500rpm
(SEM)
Table5-4 Chemica compositions
wt%
cC|S Mn | Cr | Mo P S
SA5C* 0.44] 0.17 | 0.68 | 0.12 | 0.02 | 0.029 | 0.017
S53C* 0.56| 0.23 | 0.70 | 0.13 | 0.02 | 0.021 | 0.025
SCM420**| 0.22 | 0.25 | 0.79 | 1.16 | 0.16 | 0.020 | 0.016
* for SRIQ ** for Carburizing
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Fig. 5-42 Hardness and residual stress distributions of SRIQ materials
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Fig. 5-43 Hardness and residual stress distributions of carburized material (SCM420)
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Fig. 5-44 Relation between tempering temperature and hardness, residual stress of SRIQ
materials (S45C, Case depth=1.3mm)
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Fig. 5-45 Fracture surface and section profile of two types of pitting failure
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Fig. 5-47 Roller pitting test results of SRIQ materials(S45C as tempered)
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193



— (@

P(2)

Fig. 5-50

P(z)=o0o

0.8mm
P o
z
— (5-3)
e/
|
\\\ ‘ala; ( ) ///
Surf é
r ace—/— io- O‘\—\‘—‘
CANL ()
R

Schematic illustration of shear stress under roller pitting test

z z?
ol 5 2 2
a adfa‘ + z

194

(44)

(5-3)



RiR, 1- sz

a=r :
R, + R, E (5-4)
Rl
R2
2a
of) (MPa)
E (206x 10°(MPa))
Vo (0.30)
— (5-3) oo 3460MPa
T “9 HV

O Hv (5—5) (5-6)

368HV oy =(HV —87.2)/0.4242 (55)
368HV ony = (HV +10)/0.3262 (5-6)
0 sr OT

or (57

GT :GHV _GSQ (5-7)

T T=0r T (5-8)
T:(UHV —USR)/Z (5-8)
P 3460M Pa
HASC as Q 08 13 24mm —

195



0.8mm 0.8mm

0.8mm
2500 [ = =
g - Case depth,mm
. C o 0.8
£ 2000 1.3 -
o %;% 024
iz - N SISC  aQ
§ 1500 [ \ \
_& -
4 : \
# 1000 | \A
g - E\:k
% _ ¢ \\A\A jumm
2 500 —
< Spalling Shear stress
O O 1111 | 11 11 | 1111 1111 I I I T I Y T |

0 05 1 15 2 2.5 3 35

Distance from surface, mm

Fig. 5-51 Relationship between calculated shear stress and shear strength
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Fig. 5-54 Hardness distribution and residual stress of before and after roller pitting test
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Fig. 5-55 Influence of tempering temperature on hardness of SRIQ materia (S45C)
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Chemical Compositions (Wt%)

Stedl C S Mn Vv B
A 0.54 0.06 1.19 0.15 0.0016
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Fig. 5-58 Influence of Si % of steel on tempering hardness of induction hardened materials“®
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Fig. 5-59 Influence of Si % of steel on Ly life of induction hardened materials*®
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Fig. 5-60 Microstructure of SRIQ (S45C) specimen after roller pitting test
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