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Table 2-1 Chemical Composition of the Alloys(wt%)

Alloy No. c A Ni Mn
1 0.19 1.14 - 0.45
2 0.19 1.04 1.54 0.47

3 0.20 1.01 3.01 0.48
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Fig. 2-1 Orientations and sizes of Charpy V-notch and round
tensile specimens.
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TTT diagram of Fe-0.2C-1V-0.5Mn alloy austenitized

at 1200°C.
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Figure 2-7 Optical micrographs of Alloy 3 isothermally transformed at:
a) 650°C for 20 min(partially transformed)
b) 650°C for 1 hour
c) 550°C for 1 hour
d) 700°C for 1 hour(ausaged),
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Figure 2-8

Transmission electron micrographs of Alloy 1
transformed at 750 C for 1 hour.

isothermally

Y
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Figure 2-9

Transmission electron micrographs of Alloy 2 isothermally
transformed at 750°C for 1 hour.
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Figure 2-11 Transmission electron micrograph of Alloy 3 ausaged at

700°C for 1 hour showing a typical auto-tempered martensitic
microstructure.
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Figure 2-12

Transmission electron micrographs of Alloy 3
700°C for 1 hour.

a) Bright field image

b) Dark field image of VC

c) Drak field image of FesC.

ausaged at

g



38

"93L3UBWAD yje|ud3jul Jo abewi platy ydeqg (g

syje| oijruteq Buimoys obewt praLy ybLug (e

*4noy | 403 3,085 3I° pauwdojsuedy

Allewaayjost ¢ Aol |y Jo sydeabouadoiw uou1d9|d UOLSSLWSURUA]

€1-2 dunbL4




\(.u

o

“tdo

[N

H«W:
g

Voo

2M D

S

Lo w1 id AR a2

T
T

f—o+veEi

t

(=

L%

wy
-~

8

-
ey

e

RiW

Y
el

(¥
.
S

ooy

—~

gh

A/D

l
—_—
S8
&
O«.O

da 3

) N
4 gﬂ ol
5oas

v,a/v b@i Qo

dm o

= W3

/ahhw Y x@ iﬂ
A Ry

R AN
W oex A
< 4 8
M R
o Aoat!
WM <N
Yo N
S b
— dm|
W g
G e
dooT W

St R .
R = Q,‘,AM

At

e
By

e

ad
i

T

Wl

Bigidy

L)

o
Yy
1 6N

V)

94

W

NS

we

oy
ey
)

;
)
Y

o

T 22U 50 /mm® TH )| F

T

nckv

7 A

Z

y

Vs f‘/'fléa {m

/M\Mﬂl
wrl

Ty
sy

RANY

A7
3

Joe

B
&
)

i
Lol

e

[qow]

(8]

™

.ngm

A

A
A



Table 2-2 Mechanical Properties of 0.2C-1V-0.5Mn Alloys

Austenitized at 1200°C

Isotehrmal Transformation

40

Temperature 9ys Suts € R.A. CVN
(Holding Time 1 h) Re  (kg/mm?) (kg/mm2) (%) (%)  (kg-m)
0.2C-1V-0.5Mn Alloy

750 °C(T.D.) 18 55.7 75.3 6 35 0.3

650 °C(T.D.) 37 94.8 105* 2 0 0.3

550 °C(B) 40 - 108* 2 0 0.3
0.2C-1V-1.5Ni-0.5Mn Alloy

" 780 °C(M) 0 119 136 8 12 2.7

700 °C(T.D.) 26 79.5 98.3 1225 0.8

625°C(T.D.) 35 - 115* 2 0 0.4

550°C(B) 45 - 20¢ 2 0 0.3
0.2C-1V-3Ni-0.5Mn Alloy

700 °C(M) 40 110 136 7 10 3.8

650 °C(T.D.) 35 - 105+ 2 0 0.3

550 °C(B) 44 - 116* 2 0 0.3

*

Fracture Stress

T.D.

Total decomposition product through the upper transformation

C-curve.

Martensite formed through quenching after ausaging.

Bainite formed through the lower transformation regime.
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Table 3.1 Chemical composition of the alloys(wt-pct)
Alloy No. [ v Ni Mn Fe

1 0.19 1.14 - 0.45 bal.

2 0.19 1.04 1.54 0.47 bal.

3 0.20 1.01 3.01 0.48 bal.

4 0.14 0.49 - 0.48 bal.

5 0.10 0.47 3.06 0.67 bal.
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Table 3-2  The effect of austenitization temperature on the
transformation temperature range and the time
required to start and finish the transformation

at the nose temperatureL

Transformation Transformation
temperature range(°C) time range{sec)
Austenitization 1200 °C 1000 °C 1200 °C 1000 °C
Alloys{No.) Ty Ty Ty T ts tf ts tf
0.2%C-1%V(1) 820 600 810 | 590 10 90 5 30
0.2%C-1%V-1.5%Ni{2) | 750 580 780 | 580 10 | 100 10 80
0.2%C-1%V-3%Ni(3) 680 | 590 700 | 580 200 | 800 70 | 200
Austenitization
a3
o
-
=
e Isothermal Holding
[« %
=
Lt
'.._
tf
-~ l
=
O
= s
< !
—
= ! — T .
TIME
3-4 Schematic representation of dilatation curve showing the procedure

to determine the transformation star

t and finish points.
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Table 3-3 Mechanical Properties of 0.2C-1vV-0.5Mn Alloys
Austenitized at 1000°C

Isothermal Transformation
Temperature

(Holding Time 1 h) _Sﬂ (:g}émz) (ké?ggZ) (;) ?i?. (E;¥m)
0.2C-1v-0.5Mn Alloy
750°C(T.D.) 51 38.4 50.5 27 84 ~32.4
650°C(T.D. ) 55 53.0 72.5 20 76 1.1
550°C(8) » 61 73.2 90.6 10 35 0.7
0.2C-1V-1.5Ni-0.5Mn Alloy
786°C(M) 72 112.9 132.4 12 30 5.4
700°C(T.D.) 53 18.8 68.3 20 79 5.1
625°C(T.0.) 60 66.2 87.1 18 70 0.5
550°C(B) 64 87.1 105.2 16 45 0.5
0.2C-1V-3Ni-0.5Mn Alloy
700°C (M) 66  105.9 131.0 14 32 7.7
650°C(T.0.) 58 62.7 82.2 22 80 17.6
600°C(T.D. ) 60 72.5 92.0 18 65 0.5
550°C(B) 64 92.0 115.0 15 38 0.8

T.D. : Total decompos1t1on product through the upper transformation C- -curve
: Martensite formed through quenching after ausaging
8 : Bainite formed through the lower transformation regime
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|
Figure 3-8

Optical micrograph of Fe-0.2%C-1%V-3%Ni alloy isothermally
transformed at a) 650°C, b) 550°C for 1 hour after
austenitization at 1000°C.
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igure 3-9

Transmission electron micrographs of Alloy 1 isothermally
transformed at 750°C for 1 hour(austenitization at 1000°C).
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Figure 3-10

Transmission electron micrographs of Allo i
r y 3 isothermally
transformed at 650°C for 1 hour(austenitization at 1000°C).
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Table 3-4 Mechanical properties of 0.1C-0.5V-0.5Mn Alloys
Austenitized at 1000°C

Isothermal Transformation

Temperature Ry oYs TUTS R.A. e CYN
(Holding Time 1h) (kg/mm?) (kg/mm<) (%) (%) (kg-m)
0.1C-0.5V-0.5Mn Alloy
(Alloy 4)
750°C(T.D.) 52 38.4 58.2 84 21 2.4
700°C(T.D. ) 53 41.8 59.9 78 20 3.5
650°C(T.D. 55 41.8 61.3 76 20 0.8
600°C(T.D.) 60 50.9 66.2 - 78 - 20 0.5
550°C(B) ' 63 83.6 90.6% 0 9 0.3
0.1C-0.5V-3Ni-0.5Mn Alloy
(Alloy 5) | |
750°C (M) 63 20.6 110.0 45 36 6.1
700°C(M) 68 96.2 112.9 28 1G 7.0
650°C(T.D.) 57 55.8 78.1 76 21 7.8
600°C(T.D.) 56 66.2 82.2 61 22 0.8
550°C(B) 63 87.1 98.3 38 20 0.5
*Fracture stress
T.D. : Total decomposition product through the upper tranSfoEmation C-curve
M : Martensite formed through quenching after ausaging

8 : Bainite formed through the lower transformation regime
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Figure 3-15

Optical micrographs of &) Alloy 4 and b) Alloy 5 both
isothermally transformed at 650°C for 1 hour.
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Figure 3-16

Transmission electron micrographs of Alloy 4 isothermally
transformed at 750°C for 1 hour.
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Figure 3-17

Transmission electron microgra
transformed at 650°C for 1 hou

phs of Alloy 5 isotherma]]y
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Fig. 3-21

Fractographs of isothermally transformed Alloy 4
and Alloy 5.

a) Alloy 4 transformed at 750°C for 1 hour

b) Alloy 4 transformed at 600°C for 1 hour

c) Alloy 5 transformed at 650°C for 1 hour

d) Alloy 5 transformed at 600°C for ] hour
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ig. 4-1

Optical micrographs of Fe-0.2%C-1%V-1.5%Ni alloy austenitized
at 1200 °C for a) 15 min, b) 30 min andc) 1 hour.
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Fig. 4-4

Optical micrographs of partially transformed Fe-0.2%C-1%V-1.5Ni
alloy.

a), b); isothermally transformed at 600°C for 85 sec.

c), d); isothermally transformed at 710°C for 85 sec.



Optical micrographs of fully transformed Fe-0.2%C-1%V-1.5Ni

alloy.
a), b);
c), d);
e), f);

i

i
i

e
e L
.

c
e

sothermally transformed at 710°C for 420 sec.
sothermally transformed at 650°C for 420 sec.
sothermally transformed at 600°C for 420 sec.
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ig. 4-6. Transmission electron micrograh of the ally partially transformed
at 710°C for 85 sec.
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Fig. 4-7 Transmission electron micrographs of the alloyApartia11y transformed
at 710°C for 85 sec.
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Fig. 4-8 Transmission electron micrographs of the alloy partially transformed
at 710°C for 85 sec.
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ig. 4-9

//

Transmission electron micrographs of the alloy partially transformed
at 710°C for 85 sec.
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9. 4-10 Bright and dark field micrographs of the alloy completely transformed
at 710°C for 420 sec.
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Fig. 4-11

[T SRR R NI S O A SR NE 3 35 7%

Transmission electron micrographs
at 710°C for 420 sec.

of the alloy completely

177

transformed
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Fig. 4-12 Transmission electron micrographs of the alloy completely transformed
at 710°C for 420 sec. Dark field micrograph shows VC dispersion in
ferrite.
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ig. 4-13 Bright and dark field micrographs of the alloy completely transformed
at 710°C for 420 sec showing the presence of micro-twins in ferrite.
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ig. 4-14 Transmission electron micrographs of the alloy partially transformed
at 600°C for 85 sec.



ig. 4-15 Composite transmission electron micrograph of the alloy partially
transformed at 600°C for 85 sec.
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4-16 Transmission
at 600°C for

electron microgra
420 sec.

phs of the alloy completely

transformed

) 2b



ig. 4-17 Bright and dark field micrographs of the alloy completely
) at 600°C for 420 sec showing VC on dislocations.

/2!

transformed

-
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g.-4-18 Bright and dark field micrographs of the alloy completely transformed
at 600°C for 420 sec, showing VC on dislocations and at ferritic
boundaries as well as in the matrix.
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Fig. 4-19 Transmission electron micrographs of the alloy isothermally transformed
at 650°C for 420 sec.
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A typical interphase precipitation in partially transformed
Fe~0.2%C-1%V-1.5%Ni alloy.

Austenitized at 1200°C for 30 min and isothermally transformed
at 710°C for 85 sec.
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Fig. 5-2

A schematic representation
of interphase precipitation.

l(O‘O) oy KOOI D

<lo0oD

B . f
%aff%f
@%@%%t74

T3 R HE AR




T RIS o RE ;u%%)%%veéﬁﬁﬁﬁﬁa{
ce v HSBloBE L 134K A0 A 3SA o BE
33%%%M/@@@ﬂVCm@ﬁﬁ%%@ﬁgﬁtmﬁﬂkﬁ%
LiaEeF U s,

5.2.2. 8% A EL0]

SVENV T Y L R-C-VAASY MU TR 2y RE A
emads I b e 30BN H% b LB TR AR
3, UIhoMEIHNACDHE TBH-T DY
4 5 ¢ z%éﬂ%ﬁﬂ%féi wEHE 23 L F LT A RlEezp & fvd
HAEB - FemniAad 3 cogd L., LT AHO
BEolLhBaTraR LY Tr2%, ik okiLBlussd
R, EBETELME Lt LB SIS b LT L, £k Lo KB
FoBAMELd 57 w73,

R LUl

Fig

Ee

e 5% o

(W31

(@]

. 5-7

ey

Classification of observed

A3y U v B5Ta G, N E

tk??}ﬁo"?}%t/’éi%mv\'“’

......

-------

VC morphologies-a schematic—

€ @mﬂSMz}vi%T§@
5053, ~0%4, 3



/¢ 5
%ivgm%ﬁfﬂmaﬂ%wv%@WwZ%LiﬁgﬁJﬂc%ﬂth
- éﬁ)k;ﬁ(\vi?\/347:2%39(\%“6‘;_2"73"1’\4%‘?3%@%
\%%ﬁu:t1;3t@%@%u@/%%%a%ﬁ&ﬁ%m@ﬁ
?QQVQ%Cﬁ%ZLI@VZ%hM%O 54 %50 wES
?bﬁ%ﬁ?ﬁﬂ%ﬂ%?%%@%?%Qhﬁﬁﬁ%%1%%, z 9
A mAE e n ) RElL AT e b, TP S G h4aE
A N b v Y BB v b T X/d%@z%ﬁxpk L% d
h%%ﬁ@r_zm%%%&iftw?ﬁ%3,1,03&?52%0\34%%t‘?’fh
h 3, ”?{Ao(ﬂ‘vo'”i?iu,,%?\\,zébg ‘m}f)ﬁ;%m?ugu
FarAestel LT uta xBEE Lk, thy RAFEAE AL TS
;Qfég}qmﬁ-&ib\‘,{@a’)qvq v B2 3 - kLB%’(;‘\cQ’;/\‘"\/_o o S ) B M
S AEN T~ v s, B FILE AR 5 Alvr @A KRG
SUMﬁH@%%ﬂv\ﬁ@?iﬁéiﬁiﬂiﬁéﬁ%ﬂkQ%
Y Exm) AEaBRTHT ALY

Q55(M57c>7élﬂ_@366@57d>/QﬁdA%ﬁ%
Yoo oy prw ERBEATHY T {3 A B A EE
mﬂuﬁLTQQEQZh%:taigz%%D - FH G AK
%ﬂﬁpa&fo»@f% v»rQCwy{zm%%e%<%%%om%ﬁi
G E e nd 3 BE ALY TR fo-Cc-V 32/ E

(40> i (o)
Py SV A7 Rorbacky 3 Y F U Edmoends vl (B0 hT w3t
NTH D anﬂW£iﬁ& gz 33 HALE IS
£ NS - Y

A By (100) BrEELRLA LA
EBE AL 1 2 v T ABHv 2% %
2 9, v ¢ LGS 6(E5.Td DLk Lo 3k g s T BT
) YR EBA T B AL AT R L1 HpAle L TH




) b

Fig. 5-3

VC morphology in ferrite in Fe-0.2%C-1%V-1.5%Ni alloy
isothermally transformed at 650°C for 1 hour.
Austenitization at 1200°C for 1 hour.
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Fig.5-4  VC morphology in ferrite in Fe-0.2%C-1%V alloy isothermally
transformed at 650°C for 1 hour.
Austenitization at 1200°C for 1 hour.



Fig. 5-5 VC morphology in ferrite in Fe-0.2%C-1%V-3%Ni alloy isothermally
transformed at 625°C, below the nose of the C-curve, for 1 hour.
Austenitization at 1200°C for 1 hour.



Fig.5-6

VC morphology in ferrite in Fe-0.2%C-1%V-1.5%Ni alloy iaothermally
transformed at 625°C, below the nose of the C-curve, for 1 hour.
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Table 6-1  Chemical composition of alloys(wt-pct)
. "iﬂomfnal (wt-pct)
Alloy C v Ni Mn Nb Fe
Al 0.1 0.5 1.5 0.5 0.025 bal
B1 0.1 0.5 3.0 0.5 0.025 bal
A2 0.15 0.75 1.5 0.5 - bal
B2 '0.15 0.75 3.0 0.5 - bal
A3 0.2 1.0 1.5 0.5 - bal
Actual (wt-pct)
Alloy C v Ni Mn Nb Fe
Al 0.12 0.53 1.49 0.46 0.02 bal
81 0.12 0.53 3.05 G.44 0.03 bal
A2 0.15 0.75 1.51 0.47 - bal
B2 0.17 0.74 3.00 0.51 - bal
A3 0.20 0.95 1.49 0.48 - bal
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Table 6-2 Tensile properties of continuously cooled Fe-C-V-Ni
alloys.
Aust. Cooling Yield Tensile

Alloy Temperature Rate Strength  Strength  Elongation  R.A.
°C Kg/mm Kg/mme % %
Al 900 25.4 mm* 42.C 51.8 33 73
A2 300 25.4 wmm 42.7 52.5 37 78
A3 500 25.4 mm 43.4 5.0 35 7¢
B1 c00 25.4 mm 53.2 63.0 31 70
B2 300 25.4 mm 54.6 65.8 32 74
Al 1000 25.4 mm 51.8 66.5 22 64
A2 1000 25.4 mm 65.1 81.2 24 64
A3 10G0 25.4 mm 62.3 74.2 28 75
Bl 1000 25.4 mm 7¢.1 81.7 22 60
B2 1000 25.4 mm 95.2 107.1 18 46
AT 1006 slow 42.0 53.9 31 71
A3 1600 slow 51.1 60.2 34 75
B1 1600 slow 57.4 72.1 2¢ 58
B1 300 fast 45 .0 62.3 30 69
B2 cco fast 52.5 67.9 31 72
A3 €00 fast 44.8 52.5 34 75

* A cooling rate corresponding to the center of a slab of 25.4 mm thick
subjected to air cooling.
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6-10 Yield and tensile strength, and upper-shelf energy of
continuously cooled alloys as a function of carbon contents.
Austenitized at 900°C followed by cooling at the rate T.
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6.13 Yield and tensile strength of continuously cooled
alloys as a function of carbon content.
Austenitized at 1000°C followed by cooling at a
rate T.
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Fig. 6-22 Optical micrographs of

. a) Alloy Al austenitized at 1000°C, cooled at the rate T.
b) Alloy Al austenitized at 1000°C, cooled at the rate S.
c) Alloy A3 austenitized at 1000°C, cooled at the rate T.
d) Alloy A3 austenitized at 1000°C, cooled at the rate S.
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Fig. 6-27

Transmission electron micrographs of Alloy Al austenitized
1000°C and cooled at the rate T.

a) Bright field image

b) Dark field showing vanadium carbide precipitates

at
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Fig. 6-28

Transmission electron micrographs of Alloy Al austenitized at
1000°C and cooled at the rate T, showing pearlite region.

a) Bright field image

b) Dark field showing pearlitic cementite.
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