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Researches on Effects of Microstructures on Mechanical Properties for

Medium Carbon Steels with Dispersed Phases

Makoto Okonogi

Abstract

Medium carbon steels with 0.2 to 0.6 mass% carbon are used for machinery parts.
Recently, high strength and low manufacturing costs are required for these parts.
Therefore, it is necessary for medium carbon steels to have good workability such as
forgeability as well as high strength when being used as machinery parts.
Spheroidizing annealing was carried out in order to obtain good forgeability before
machinery parts obtain the required strength by heat treatment.

In this study, effects of dispersed phase such as cementite, alloy carbides and voids on
mechanical properties were systematically investigated in order to obtain both
excellent workability and high strength. Moreover, control methods of shape and
distribution of dispersed phase were investigated.

It was found that metallurgical factors such as ferrite grain size, cementite particle
size and cementite particle spacing, dominate yield strength and ductility for medium
carbon steel with dispersed cementite. It was also found that these factors depend on
microstructure and cold drawing ratio before spheroidizing annealing and annealing
temperature in spheroidizing annealing. Thus, the guideline of microstructure control
for achieving both good workability and high strength was proposed.

Precipitation hardening of medium carbon steel with fine carbides was also
investigated. The composition of complex carbides to obtain high precipitation
hardening was clarified. Moreover, the deformation behavior and shape change of
dispersed fine voids during hot forging in medium carbon steels with fine voids was
investigated. Flow stress of steel with fine void at elevated temperature became higher
as compared with that without voids. The shape of voids was affected by hot forging

condition.



Based on these results, medium carbon steels with spheroidized cementite were

developed and these steels had excellent forgeability as machinery parts.
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List of abbreviation

AC

Bt

Bs
EBSD
EDS

MC

SA
SEM
TEM
wQ

. air cooling

: bainite transformation finishing temperature
: bainite transformation starting temperature
: electron back scatter diffraction

: energy dispersive x-ray spectroscopy

. ferrite

: MC type carbide

: pearlite

: spheroidizing annealing

: scanning electron microscopy

: transmission electron microscopy

: water quenching



List of symbols

Al
As
Acm

[C]

Is
[Nb]

Tp

[Ti]
\Y

: A1 transformation point

: As transformation point

: Acm transformation point

: Burgers vector

: concentrations of C

: diameter of particle

: apparent diameter of particle on slip plane
: average diameter of ferrite grain
: critical shearable/nonshearable particle diameter
: volume fraction

: function of steady state stress

: shear modulus of matrix

: Vickers hardness

: increase of Vickers hardness

: constant

: particle spacing on slip plane

: concentrations of Nb

: atomic fraction of carbide

: activation energy for deformation
: radius of grain

: radius of particle

: gas constant

: initial lattice constant

: lattice spacing of matrix

: lattice spacing of precipitate

: temperature

: concentrations of Ti

: concentrations of V



€p

: constant composed of Taylor’s factor and the coefficient of shear stress
: lattice spacing misfit

: misfit parameter between the precipitate and matrix

: strain rate

: peak strain

: bowing angle between the dislocation and the straight line that connects two

particles

: mean particle spacing

: the ratio of the circumference of a circle to its diameter
: experimental constant

: peak stress

: steady state stress

: yield strength

: increment of tensile stress

: time for shape recovery

: shear stress of precipitate particle

: increase of shear stress

: fraction of particles on the grain boundaries
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Billet Billet
v A
Hot rolling Hot rolling
Bar and wire rods B\lélr
Dralving Hot forging
A
Spheroidizing annealing Machining
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Cold forging Heat treatment

v \2
Heat treatment Machinery parts

v

Machinery parts

(a) Cold-forged steel parts (b) Hot-forged steel parts

Fig. 1.1 Typical manufacturing processes of machinery parts.
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Heat treatment
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20%

Forging
20%

Machining
40%

Fig. 1.2 Manufacturing costs of typical machinery parts?.
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Fig. 1.3 Example of spheroidizing annealing process!?.
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Fig. 1.4 Effect of radius of spheroidized cementite on equivalent fracture strain23.
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Fig. 1.6 Precipitation hardening mechanism10.36): (a) Schematic illustrations cutting
mechanism and Orowan mechanism. (b) Effect of particle size on critical shear stress.
G is the shear modulus of matrix, b is the Burgers vector, 1 is mean particle spacing,
f is volume fraction of precipitate particles and rt , is shear stress of precipitate

particles.
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B LR & & X v 2 A F DO BURBED BIRIZ S W CREMNIT R 21T - 72,

2.2 FEBRIGIE
2.2.1 BRMELZEORRDHHT vt 212 X285 OfFil

—fRIT, BRSNS AR ICIE, HY 0.2~0.6%DIRFEEEAH T DHHIRFBMAFH S LTV
%o AR TIE, VR RREEHRETH D 0.43% DT IRFM%E A 7=, Table 2.1 (23K
& Ll iRFBMOILFRR 2R3, Wik 122 X 122mm?2 O i % 1323K (2L, B
5.5mm DOFEMIZERIEME L, 1173K 726 2 FEEHO R 2 0H 7 v & 2% W TlRM 21
L7, Fig. 21 I2HEA 7 m v A0 K Z2RT, A 7ot AT, EEMEE T ICKE S
N IRBER SR 2 I S8, [HIEERBAE TS 7B A THDH W, A 7 at AT
% 1173K 75 823K & TO V- HIHEEE 1L 50K /s, IR AR FE 1% 823K, 121 R 1X 50s
Tholz, —FH. B 72 TiL, BG L ClEfgEnHETs7etATHSL 19, B7rEXA
BT 5 1173K 725 870K £ TOFEJmEANRE X 5K/s Th o7, LI, A mt& 2 B
T XA THER LY T2 Z 1 E 4L 43C-A, 43C-B L FRT,

Table 2.1 Chemical composition of tested steel (mass%).

C Si Mn P S Fe

43C 0.43 0.21 0.64 0.020 0.018 Bal.

2.2.2  fRRRE R, BHORAGBESIRER ., BB BESHIR EE D 570 2 BB O fE R

43C-A & 43C-B # H\W T, BEMAYRFME ORI C BT T AR . SA LBREFfH, SA
KPR BE D R A AL U 7o, BRIBIR 2R & VA B AT % oD T I A 0D 25 A (R AT O I T R CRR
LIAfETH D, HEINT & SAMEIZE T 2N TN 7 0¥ A% Fig. 2.2 [Z/k7, Fig.
2.2(a) TlE. 0~40% DRI L2 T->7-%. 958K T 5h ® SA ¥ % | Fig. 2.2(b) TIL,
30% DRI T 21T > 2% . 973K T 0.5~20h ® SA {LBL% . Fig. 2.2 (¢) TiE. 30%{H
T4, 943K, 973K, 988K T 5h @ SA MLElZ{T-7-, 723, 43C O A1 A1% 995K T
HoT,

FOHKRREA 2 A MEGLRREBZERT 5720, Fig. 2.2(I277R L7z SA LB,
725 1018K T 5h fREF L 72, 963K £ T 20K/h THEIZIT o7,
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Fig. 2.1 Schematic diagram of cooling processes of A and B after hot rolling.

A process employs isothermal transformation by quenching into salt bath and B
process employs continuous cooling. F and P designate ferrite and pearlite, respectively.
Corresponding parts of A and B processes are indicated by bold-broken line in the

entire flow chart of the present thermo-mechanical processes.
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Fig. 2.2 Schematic diagrams of thermo-mechanical processes employed for
spheroidized annealing with changing drawing ratio, time and temperature.
Corresponding part is indicated by broken line in the entire flow chart of the present

thermo-mechanical processes.
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Fig. 2.3 OIM image showing ferrite grain of 43C-A obtained by 30% drawing followed

by spheroidizing annealing at 958K for 5 h.

Fig. 2.4 Schematic diagram showing the average cementite spacing. Mean particle
spacing A 1s can be derived by using particle spacing 1s and apparent diameter of

particle on slip plane ds17.
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Fig. 2.5 SEM images showing microstructures prepared by different cooling processes
after hot rolling; (a) pearlite microstructure of 43C-A prepared by isothermal
transformation treatment (A process), (b) ferrite-pearlite microstructure of 43C-B
prepared by continuous cooling (B process), (c) magnified image of (a), (d) magnified

image of (b).
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Fig. 2.6 Mechanical properties of 43C-A and 43C-B before annealing.
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Fig. 2.7 Typical true stress vs. true strain curves of 43C-A and 43C-B samples

processed by 30% drawing and spheroidizing annealing at 973K for 5 h.
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Without drawing

30% drawing

Fig. 2.12 SEM images showing microstructures after spheroidizing annealing at 958K
for 5h of (a) 43C-A without drawing, (b) 43C-A with 30% drawing, (c) 43C-B without
drawing and (d) 43C-B with 30% drawing. Arrow marks indicate (c) lamellar pearlite

and (d) segregated distribution of cementite particles, respectively.

Fig. 2.13 SEM images showing microstructures after spheroidizing annealing at 958K

for 5h of (a) 43C-A with 20% drawing, (b) 43C-A with 40% drawing.
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Fig. 2.14 SEM images showing microstructures after spheroidizing annealing (SA); (a)
43C-A obtained by 30% drawing followed by SA at 973K for 0.5 h, (b) 43C-A obtained by
30% drawing followed by SA at 973K for 1 h, (c) 43C-A obtained by 30% drawing
followed by SA at 973K for 3 h, (d) 43C-B obtained by 30% drawing followed by SA at
973K for 0.5 h, (e) 43C-B obtained by 30% drawing followed by SA at 973K for 1 h, (f)
43C-B obtained by 30% drawing followed by SA at 973K for 3 h.



943 K

988 K

Fig. 2.15 SEM images showing microstructures after 30% drawing followed by
spheroidizing annealing (SA); (a) 43C-A obtained by SA at 943K for 5 h, (b) 43C-A
obtained by SA at 988K for 5 h, (c) 43C-B obtained by SA at 943K for 5 h, (d) 43C-B
obtained by SA at 988K for 5 h.

43C-A

Fig. 2.16 SEM images showing microstructures after spheroidizing annealing (SA); (a)

43C-A and (b) 43C-B prepared by SA at 1013K for 5 h followed by cooling 20K/h.
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cementite particle after spheroidizing annealing.
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DENIVRELRY, ZO/RR, BRBEMMES oo B BN D,

2.5 i
RFEE 0.43%DHFRFEN—T A4 ML 7 =T 4 MX—F 4 MiZEFAWT, BRALBES

(spheroidizing annealing: LA T SA & #d) LB O f ik & HMAORFME A2 FHA L, LU O %0
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BB — ok L 7r o7z, N—T A4 MO SA WBE OB A Z A MY A XX, 7
T4 M= 4 ML /NS0 WrmiEER  m < o T,
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7o TRIMIZIKET L, 958K X H L7 =T 4 M AX—F 4 MEE 0 BEIRBREENKL 72
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3 E fuMl b & T it

3.1 s

A 2R 7 2 S E D 2 LT S Bl O REEZ B T LI E N TE D, —fl
& LT, VC, NbC, TiC = MozC % D A4 A Al 43 8 S & C s Bk L 72 A H sl b 8 23
B SN TV D 13, HbiAsIE 8L, BOBR SIS TN EME I, BB TldE iR
ETHHIENERSND, 207D, KEOBRICIFREL L T, K% OBLE TR
R IRAE B B S TCEEEL TE X, LRI O M E & R &R ToEEEl
HWNT DL TED, TRFANA T A MITIRE LIEPED N T o 2B, BEAES 5h I
IRKFIHEN TS 9, LovL, 1.2.3 T2 L 912, FIRFBASA T A NAORFILEE T
Ok E BB & LIRS IEH L 0iTbnTniedolz, —H T, 7=74 Ml
o~ LT YA MO TIZ, V. Nb, Ti OUINZ X 0 @Ot HRILEEEZ 22 &M
WESNTEY 19, IORDEBEMDAREENEZEINTNDEBZDILD, AETIE
R FEHIZ, Nb, Ti, VAZHMRM L8 E . Nb, Ti, V ZRFRZIRIN L 7282 v T
A A MRS T AT b EEZ A L7, S5, Nb, Ti, VOEAERIEMIZLD
FbRE A =22 L, T b EICA 2 e IRAL AR 2 st L 7o,

3.2 EBRIIE
3.2.1  RAGWHH RS B 7 2 8l D

LR Db A 2 Table 3.1 12”7, A A MHMAZG L7202, Mn & Mo 25 H
L7z 0.26 mass% C—1.6 mass% Mn—0.5 mass% Mo £l & S ¥4 (Base steel) & L7-, Nb
steel, Ti steel, V steel (X, Base steel IZZ 424U Nb, Ti, V & il L 72 L2/ O 8 © &
%. Nb-Ti-V steel I3, Base steel {Z Nb, Ti, V % [FFFIZ ¥ L 72 AL O TH 5, %
HEEHR I, B2 MR 10T 16kg SIS Z TR U TIEBL L 72, 20tk 834 1523K (2 NEL
L. BAoE UL A 55mm DO ARICAIE Lz, JubEalkt 2 VT, Fig 3.1 1R ¥ #4
W EAT 5Tz, Thbb, BRI EBEESE 5720, £k %2 1523 K T 30 4y ORI
HEITo T, Z0#K, |RETEH LIz, ZHOEE, ABOERED 1/4D ONLEOIRE %
BVEXHCHIE L7z 1523 K225 573K £ CONVEMANRE L, 0.7 Kis Tho7z, TDik,
ALBEREE AV T 673K, 773K, 873K, 973 K O IEE T 120 4y M OB 24T - 7=, 72



B. NbC, TiC, VC DK RALY DB X, FREOBEMEREN RO bivlz, Ak
i D RALY) D YRIRALIRE % Table 3.2 (127”77,

log [VI[C] = —10800/T + 7.189

log [Til[C] = —10475/T + 4.92 %

log [Nb][C] = —6770/T + 2.269
I B 0% AV T, NbC, TiC, VC @ X 5 72 B s AL O gk & & . #HARIL
I (Nb,T1i,V)C O 58k & %4 E'&MIZR D, TENONT M k&% g L7,

Table 3.1 Chemical compositions of tested samples in mass%.

C Si Mn Mo Ni Nb Ti \Y, N Fe

Base steel 0.26 0.69 159 050 0.35 — — — 0.003 Bal.
Nb steel 0.26 0.71 159 049 0.35 0.019 — — 0.003 Bal.
Ti steel 0.26 0.70 158 0.49 0.35 — 0.039 — 0.003 Bal.

V steel 025 0.71 158 0.49 0.35 — — 0.30 0.003 Bal.
Nb-Ti-V steel | 0.25 0.71 158 049 035 0.020 0.038 0.31 0.003 Bal.

1523K X 30min

673,773, 873,973 K X120min

AC AC

Fig. 3.1 Thermal cycles of aging process. AC indicates air cooling.




Table 3.2 Solution temperatures of carbides in steels.

Carbide Solution temperature / K
Base steel — —

Nb steel NbC 1483
Ti steel TiC 1515

V steel VC 1211
NbC 1484

Nb-Ti-V steel TiC 1509
VC 1213

3.2.2 Ak & S OFRA

AR O R FHMICEE LB IZI T DERED 1/4 DRI OMLEIZ T, MHkslE &
SPEZAT o 7o, MBI, B FBMEE & B iR 1 B8 (Transmission Electron
Microscopy: TEM)Z JH 7z, ABEERE O Wi 2 WP &% . 3%HIE+97% T ¥/ — VIR (T
A2 —V)TER L, HFEMEEE VT, MBS T o7, AL OMAL, VA X050
i ORPEIC L, TRV —8 X0 as(Energy Dispersive x-ray Spectroscopy: EDS)
Zfii 2. 7= TEM Z 7=, TEM #81£221%, DKo & P L 725308 2 60pm D= S |2
BRI U 7o t% ., EEMAIEE LU TR L 72 Balel 2 e, S oflEICIE, By —X
R 2 W,

3.2.3 A FA MNERIREOHAE

15623 K T 30 43 DI IRL LB, | 2205 U T2 AERE OB D 1/4 O S OfriE LV | Fig.
B2 RLTe 74 —~AFZ—lBh 28I L, 74+ —~2A &% = {BRIC T Fig. 3.3 [ZR”T
£ 9121523 K2 30 /3 fRFEL., D%, 0.3K/s, 0.7K/s DWW HEE CRIBE TWHAIL, £
REWREE 2 IE LT,
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Fig. 3.2 Dimension of formaster specimen.

1523K X 30min

0.3 K/s

&

0.7 K/s

Fig. 3.3 Thermal cycles of heat treatment.



3.3 EEiL R
3.3.1 WpghLERIZ X A S O£k

V steel & Nb-Ti-V steel & 1523 K T 30 4y DIERLALER | il F TEA L2k O
PSR 5 E % Fig. 3.4 27, WINLb B A F 4 MRk TH - 7=, Fig. 3.5 I
Nb-Ti-V steel Z 1523 K {Z 30 Zrfifrfit%, 0.7K/s, B LV 0.3K/s TWHILT= & & DA
A NERRIREE & AR AR, RERTORNAIICH W B 55 mm DO HIED M
I IZH Y 35 0.7K/s TiE, 780 K TA F A NEREENRBIE L, 610 K TR T L7z,

Fig. 3.6 ([C&REI OB LERT O & & 873 K THEZNLER L 72 Ol & 2773, Base
steel ZFRE | 2 TORE CREZNVLEESE OFE I 35 < 72 o 7o, FENLERE O/ S 121E, 1) A7
MR kic Ko s 0 B L 1) BEITCEOBWIC LS O T &, 111) B0 LR O
FEIC L2 S OIR TR EEND, AL TIE, FEILBRIC X sk & QLT AHy &
B E TROGDRNLRD T,

AHv = (R B o &) — (R AT O S) - - - - (3.1)

Fig. 3.7 12, & kB AHv & FrZh LR iE FE O B34% % 7~ 9, Base steel, Nb steel, Ti steel
TO AHv O KEIEHI 30 TH Y . 0.019% Nb < 0.039% Ti & HEIMEMIZ & 5 AHv 13/
SmoTz, —F. Vsteel & Nb-Ti-V steel % 873K THZILEL L 7= & < D AHv OfE X 40
M Z T2, R, Nb-Ti-V steel & 873 K THiZHLEE4 5 & AHv OfEITH 90 & 7o 7=,
ZORER KD 0.02% Nb-0.04% Ti-0.3% V OE SR L 5 AHv 1%.0.019% Nb, 0.039%
Ti, 0.3% V OHEMIRIN L 0 F L < Eh o7,

3.3.2 B O ) DOBLER

BERNALER I K 0 & O BT HHSRAE 235880 B 172 V steel & Nb-Ti-V steel 2T, TEM IZ
LT OBlEL 21T > 7=, Fig. 3.8 |2 873K T 120 /5 ORFZNLEL AT > 72 V steel &
Nb-Ti-V steel O BIHLEFG & A 4 O il [RELEF 5B 7 # R g 2 ~d, Bl L7=k 91z, 873
K T 120 /0 ORFZHAEE L7=% D V steel & Nb-Ti-V steel ® AHv I, i1 Z4 40 & 90
TH 5, Fig. 3.8@ICAR LIZAHEEBGR LY . VZRIMLZ Vsteel TiX, BEASK 5nm O
AT Bl S o, —J7. Nb, Ti, V Z##E&IRM L7z Nb-Ti-V steel Ti&, V steel
LR/ hEWT A oA S - (Fig. 3. 8(b)), F£7-. Fig. 3.8 @IZxT L)
AT OFEFIZIZ I A7 4y FOTAHRICE D EHEESNDS 2 M T X MBBIEI N,



FEE. Fig. 3.8 MR- T LI, MWL 7= A4 b~ M) v 7 ADBDI AT 1 v MC
L5ET VTH@EABE S, Fig. 3.8, ~ ~U v 7 20001115 b5 5=l
PRAG B 8 - HR AT 23, Z O BRALER & - HR BT 2 O BOAT 4213 MC R Rk &
FESNz, 7o, GIREHEFREIGR IS E~ bY v 7 2ADRIZIT Baker—
Nutting?(Z IS G G AL RIFR 3580 B a7z, EDSIZ K 2 BE BRI ORE R, V steel &
Nb-Ti-V steel D ALY OFRLIL, 1V RALH & Nb, Ti, V OEA R & FE S h
oo F7o. TEM B TIE, WToaE2» 5 6 MoC I35 S Lo T,

Fig. 3.4 Optical micrographs of (a) V steel and (b) Nb-Ti-V steel after solution

treatment at 1523 K for 30 min followed by air cooling.
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Fig. 3.5 Continuous cooling transformation diagram of Nb-Ti-V steel after solution
treatment at 1523 K for 30 min. Bs and Br are bainite transformation starting and

finishing temperature, respectively.
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Fig. 3.6 Hardness of steels before and after aging.
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Fig. 3.7 Relationship between measured amount of precipitation hardening and aging

temperature.



® MG carbide

Fig. 3.8 TEM micrographs of V steel and Nb-Ti-V steel; (a) bright-field image of V steel
(b) bright-field image of Nb-Ti-V steel, (c) magnified image of (b), and (d) diffraction

pattern taken from the ferrite and MC carbide in (b).



3.4 BE
3.4.1 H{ZO Sy BORLT- 3 U 8k 2 BEHE O R FT

HR(L D 73 BRI 73 0 B 2 A% & L T, Orowan ##E 8 & cutting g 9 BRI T
%o AWFETO V steel & Nb-Ti-V steel DT L Z, 246 D43 BORLF 3R D B X BEHE )
DR FRENEME L7, 1.2.8 TR X 912, oA XH/h Sy & X (3 cutting
B, RE <75 & Orowan B CELAIIC/ 5 LB 2 LAV TV D 10, BERITEEALIZ &L -
TH AW S5 53 HOhLF OB FRL B2 1L, Fig. 3.9 [T T & 95 I HhL Dt S 1252
ENBHZEEFLE W, Fig 3.9 X0, NbC, TiC, ViCs D ALY O B Foki 111 £ % 5t 4
2 &M 6~9nm Ligo7c, TbL, ZNHDRIMMDORE 23K 6~9nm LLF Tl
cutting FERE S XECAIICZ2 D . £ 6~9 nm LA ETlE, Orowan B2 KECAIC 72 5 L HESR
END, AHFFETO V steel & Nb-Ti-V steel D tH# D Kk & 1%, Figs. 3.8(a),(b) L v K
5nm THY, Ll LR FERLID b/hSREL o7, Thbb, friiimod A
X cutting I BLHIIZ 2 D&IFH & E 2 B D,

F72, Fig. 3.10 IZRT L 21T 12, BN DBRFIcL s TV Ik END & &, 55
SRIEE ORI Ao 1X TRL(B.2RTRbEN D 1219,

Aoc=B Gb/2 -sinf + - - - (3.2)

ZZTGIET NI v AORIMESR, b IZNN—H— A7 ML ORE X A TR R
BMECTH D, 01F, Fig. 3.10 IR L7z 2 KiFIC L » THiiF &zl & 2 R+ DR & D
HETHD, B 1ET7A 7 —HFLEAMIS T DRENLRDLERTHY . £ DEITH 3.2
LHE SN TV 19, Vsteel & Nb-Ti-V steel (25T, TEM OBHEEG LY, 2 132
NZ,.20nm & 10nm EHESNTZ, SHIZG EDbDfEE LT, EZNEH 80 GPa & 0.25
nm Z MWz W, FUEEREIIE Yy I — A ED 3 5 WThHDERETDH L. V steel &
Nb-Ti-V steel ® 873K T?D AHv OfE 40 & 90 & VT, BIIRIRE O Ao 1L Eh
120MPa, 270MPa Tk 5, ZibHDEAE(B.2)XUTMMA LT, Vsteel & Nb-Ti-V steel O
O fEIXZENEN 2.1° | 24° LRI, 24D DOfEIL, Orowan HHETOMHE (6=90°
12)) LLERIERINSWE S oo T, 2KV AL OB 0 B X %12 Orowan
B I TE ] T&E v Il S T,

E 52, TEM OBHEHIZIE, Fig.3.8IinT Lo, it oEfic= s F 7 A K
BB SN, ZEHEmE~ MY v 7 ZO0MOREIC, S AT 4 v FOTHESOT
R)BIFET S Z & &R LT 5D, Miura et al.ld, #5077 Orowan ###§ 126 > TIEFEA KL



FZ @i L. cutting A ICTE > TEER F2@iad 5 2 & 2 FE RIS L2 19, Fig.3.7
(ZEBW T R AL BRI 23 878 K705 973 KT 15975 &V steel & Nb-Ti-V steel ® AHv
WA Lie, ZOEBZ, BLEIREES ER L LIk, RIEMOH A IR KEL
0. EORER, 'Y B cutting S D Orowan HIEIZZ(L L7270 & E XD
no,

LU EOSRBREE R K0 | ABFZE TITEEAL O 53 HORL -3 0 B2 BEHEIZ Cutting BAE 236 ] C
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Fig. 3.9 Relationship between d* and hardness of particles!?.

Fig .3.10 Schematic illustration showing a dislocation bowing out between precipitate

particles1?,



3.4.2 HAERMWIC X D HEIbEOHEE

IR o FEEREE RIE, AL TO V steel & Nb-Ti-V steel 23511 5, #A7 D 4Bk 15 0
B Z A & LT, cutting BEZH WD Z L 2R T LD Th oo, 20k, k(W
O RLE(AHv) % cutting HEREIZIES W THEBHNAREN & 9 2 MiHT L7z, Gerold &
Haberkorn |&, #EAL23T P % cutting A2 K > TllIE T 2 EEOE ARG D 2RO, £
DY WIS T DN Ao 1Z, LT D@B3)ARTRbEND Z & AT L2 9,

A t0=kG|£|1-5(%>0.5----(3.3)

ZIZTkIFEE, I OERER v I ORETH S, ¢ It eE~ Y v
JADIAT 4y hRTA—=ZT T IATZ7 4y b DK 23 ThHhd 161D, & [FLLF
NEHXTEDLIND,

o) =u....(3.4)

I'm

IITrpEmidEnEnttmE~ bl v 7 ZAOKTBTH5,B.3)L v AHv X
WHME~ Y v 7 ZOBDI AT 4w 23T A —%(e ), WO LEE), EERON
REL B EEEMTH L EZRLTND,

VC-NbC R RAEMIZI W T VC & NbC (IE:E DAL TR — ik i iE O 2 BT 2,
Thbb, BREET LI ENMENTND 18, VC-TIC KK b FERICEREET 5
18, NbC-TiC % RALMIC SV TIEME 222023, NbC, TiC, VCI1x, W$i b NaCl
DfmiiEZ & 57-%, NbC, TiC., VC ZENETNEREETHEME LT, LD,
Nb, Ti, V OBEARIH(ND, V, TDC O 7 EHIT, RALH ORI 2L E 2, T
FLB.5) A WV TH FES A B L7 19,

rp—an -+ - (3.5)
ZZTilENb, VXTI R EDEEILHELRL, mi & nlTENENRIDIRF 533 &4
FTEBMERDT, LEOFEIZEIY, EEREHND, V, TDC O DX, RIEW
EV R Y I ADMDIAT 4y T A—H( )&2@B.OKXLB.5) XEHWTHEINT 2
EMTED, AMFRIZEWT, kbW E~ F U v 7 A% Baker — Nutting (Z U1V S EL
BRI H D Z LD, rp TR OO0 B FRIRE LT, tmiE7 =74 F~ U v



7 20011 ¥ 1l & L7z, Fig. 311 IZEERIEH(ND, VIC & (T, VICDI AT 1 v
R A =2 (e YOFIHEMEZ =T, Zhkv, HERIHND, V)IC & (T, VIC DI R7
4y T A= NEVCOENL Y KREWZ ENDbD, HBE B (ND, Ti, V)C O
FEHIT GHRLV KD, HEKILHD 8713 K TOMMITEANFIHEY 7 b

[Thermo-Cale) # AW TEHHE L. ZO#EH, Nb-Ti-V steel OFIL, JF147 % T(Nbo.os,
Tio.12, Vo.ss)C &3k H L7z, Fig. 312 ICKAB ORI DI AT 4 v b/XT A =2 (g )D
HEMEATRT, ZhEY., Nb-Ti-V steel TORIM(ND,TL,VIC DI X7 4 v h/3F A —
Z(NE. VCOZNED b RELS,NDCRTIC DI X7 4 v h8F A—5(e )iE, EHIT
RKEWZ EDBDND,

Miyamoto et al.i%, RILMIZ XL D AHv IE, bec &EDT A 7 —RH+ 2.08 Z H\ T, &
AT DI Ao 0 H UL F D (3.6) I TEMTE 5 2 L A5 LT 20,

Ato=3 -AHv/2.08 - - - - (3.6)
(B.6)i%. Ato DfE & AHv B FIBIfRICH 5 Z & &7 LTz, £72. Ronay I3KRFEHDE
bR T TIN ORI OV TR L. & AWIS ORI At & TIN iz X %
AHv BEIEEARICH 5 Z & &R LTz 2V, £7-, TIN OATHIC X 28 & O EIT, cutting
BN ORD T E —8T 2 2 & 2 Lz 2,

BHERI D AHv 2, I A7 4 v 3T A—=2(e )L @B3)XAH T, LLTICHmE L7,
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Fig. 4.1 Thermal cycles of heat treatment processes employed for (a); 60C-V with voids
and (b); 60C without voids. WQ and AC indicate water quenching and air cooling,

respectively.



(b) 60C

Fig. 4.2 Optical micrographs of the samples of ‘60C-V’ with voids; (a) and ‘60C’

without voids; (b). (a) and (d) are observations with nital etching.
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Fig. 4.3 Dimension of the specimen for hot forging test.
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Fig. 4.4 Optical micrographs of the samples of ‘60C-V’ with voids; (a), (b), (c) and ‘60C’
without voids; (d), (e), respectively. (a) and (d) are observations with etching. (b), (c)
and (d) are observations without etching. (c) is higher magnification of (b). Fine voids

are distributed in the sample ‘60C-V’.
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Fig. 4.5 Typical true stress v.s. true strain curves at 1063 K for (a) sample ‘60C-V’

with dispersed voids and (b) sample ‘60C” without voids, respectively.
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Fig. 4.6 Typical true stress v.s. true strain curves at 1098 K for (a) sample ‘60C-V’

with dispersed voids and (b) sample ‘60C” without voids, respectively.
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Fig.4.7 Temperature and strain rate dependence of (a) yield stress, (b) peak stress of

the samples with voids (solid marks) and without voids (open marks), respectively.
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Fig.4.8 Temperature and strain rate dependence of (c) steady-state stress and (d)
peak strain of the samples with voids (solid marks) and without voids (open marks),

respectively.
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Fig. 4.9 Shape change of voids in the sample 60C-V depending on strain rate when
deformed at T = 1063 K to e= 0.8; strain rates of (a) 4.2 x 103 g1, (b) 4.2 X 104 s and
(c) 4.2 x 105 s'1, respectively. Arrow marks indicate some voids embedded in the

matrices.
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Fig. 4.10 Aspect ratio change of voids with increasing strain when deformed at T =

1063 K and at a strain rate of 4.2 x 103 s'1.
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Fig. 4.11 Aspect ratio change of the voids depending on strain rate when deformed at

T =1063 Kto e =0.4. The result at a strain rate of 4.2 X 103 s'! is shown in Fig. 4.9
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Fig. 4.12 Schematic illustrations of the shape change of voids by shear deformation

and coalesce by grain boundary sliding and grain-boundary migration accompanied by

surface relaxation.
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Fig. 4.13 Schematic illustrations of shape change of voids, having different sizes of
voids and same aspect ratio, caused by surface relaxation. In spit of same
deformation at a fixed condition, and therefore, the same aspect ratio of the voids, the

shape and aspect ratio change depending on the radius after relaxation.
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