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ABSTRACT

Evaluation of hot workability
on adamite work roll for hot strip mill

Jun Ko
Advisor: Prof. Jong Kook Lee
Dept. of Advanced Materials Engineering

Graduate School of Chosun University

Adamite cast steel with carbon contents ranging from 1.4% to 2.0% is used as work
roll for the edger roll and the 4Hi work roll in the roughing mill, the front roll in the
finishing mill, and the section rolling mill. Recent trends in development of rolling
technology require the improvement of the properties of the work roll itself in direct
contact with the rolled sheet as the rolling force and speed increase by lowing the
temperature of the rolled sheet to increase the production of rolling and reduce energy
consumption. Conventional adamite cast steel rolls when used for a long period have
the negative effect on the production of rolling due to the generation of spalling on the
surface and the disposal of service life because of reduced the strength and weakening
high wear resistance. Hence, previous studies are being conducted to increase the
service life of adamite cast steel rolls, one of the various methods is to improve
properties through hot forging. The aim of this study is investigating the applicability
of hot forging to improve properties and service life of adamite cast steel manufactured
by the casting process. A gleeble thermal-mechanical test was performed to evaluate hot
workability of adamite cast steel by applying hot forging. A gleeble test was performed
under the two heating temperatures. In the first condition, adamite cast steel was heated
to the temperature of 1200°C and then rapidly cooled to the test temperature of 110
0C, 1000C, 900C and 800C, and the strain was compressed to 50% under all the
test temperatures, and the strain rate of 1.0s', 0.1s, 0.01s" and 0.001s” was performed

differently. In the second condition, adamite cast steel was heated to the temperature of

- Xl -
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1100C and then rapidly cooled to the test temperature of 1100°C, 1000C, 900C and
800C, and the strain was compressed to 50% under all the test temperatures, and the
strain rate of 1.0s™, 0.1s', 0.01s" and 0.001s’ was performed differently the same as
the first condition. Instability maps were obtained using the flow stress-strain curves
derived from a gleeble test, evaluation of hot workability and the stable forming
conditions were derived through the microstructural analysis at the cross sections of the
hot compressed specimens.

From the above experimental investigation, we could be obtained conclusions as
follow;

In the heating temperature of 1200°C at the strain of 50%, the stable hot forming
conditions are derived from the forming temperature range of 1020-880°C regardless of
strain rates.

In the heating temperature of 1100C at the strain of 50%, the stable hot forming
conditions are derived from the forming temperature range of 1040-870C regardless of

strain rates.

- Xl =
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Table 1. Previous studies of adamite work roll for hot strip mill.

Previous studies

Alloy design

I. Kiss et al. “High hardness assurance”

H. Noguchi et al. “Good wear resistance”

Temperature of roll surface

A. Ohnuki et al. “The temperature range of 500-650C”

Development of manufacturing process

J. Honda et al. “Composite work roll”

Finite Element Method

7. Domazet et

al. “Improving fatigue life”

GHAHAE OtCIOIOIE RAES JIHAE E4 4 =H SO0 28 dHA
£ Table 10l LIEFLHRUACH

X HME &2 A (Alloy design)E Soll 8 EH ZEE JtXl= OtCHOHO
E HIE° & 4= NAICIR2H, 4A WUE22= UsSh 2L L Kiss 2
a8 HH ZEE JiXNle OtUOI0IE |3AES s 48 T A SH=2
1.70~1.80%, 712 = 0.58~0.64%, A= 1.15~1.30%, LIZ2 1.30~1.50% % Sc|Ed
2 0.32~040%% &EIt=2= 2I0IRUCHL[7] Sol, sts 42 = B4t A& &2
2 Qo LEtHOol OICIOIOIE KAAE2 Beld HX (Brinell hardness) 2t2! HB

270~381=2Ct HB 390~41022 &L QUL

Ol2t OI&IINE &= &
A21D1 #gt stst o

= O
[y w—

HOIE D SAl0 3
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Fig. 7. Comparison of failure rate.[18]
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Fig. 8. Optimal rolling parameters with respect to fatigue life.[19]
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Table 2. Roll materials of the hot strip mill.[6]

Stand Roll materials
Conventional materials (Hs) Current materials (Hs)
Scale Ductile cast iron (50~60) Ductile cast iron (50~60)
Breaker | Cr-Mn cast steel (30~40) Hardfacing roll (60~70)
Ductile cast steel (50~60)
Edger | Ductile cast iron (50~60) Cr-Mn cast steel (30~40)
Roll Cr-Mn cast steel (30~40) Hardfacing roll (60~65)
Rouchin Adamite (40~50)
ghing i Ductiel cast iron (55~65) Composite cast steel (50~60)
i i
mill . Cr-Mo cast steel (35~40) Ni-Cr-Mo cast steel (50~55)
wor
" Graphite cast steel (35~40) Cr-Mo cast steel (35~45)
10
Composite cast steel (50~65) | Hi-Cr cast steel (70~75)
4Hi Adamite (40~50) Adamite (45~55)
work Graphite cast steel (40~45) Hi-Cr cast steel (70~75)
roll Cr-Mo cast steel (40~50)
Adamite (50~55)
Front ) High hardness Adamite (60~)
. Adamite (48~54) )
Finishing roll Hi-Cr cast steel (70~75)
mill HSS (80~85)
End ) ) High alloy Grain (79~83)
High alloy Grain (79~83)
roll HSS (80~85)

Table 20Kl SA&GHEINAN &EEEE=E ADE MES Z2HECH[6] 1980EUHE
=z /32 ME UAECs JIE AdE ME dl 28 40 % 20l =
2 28 "l =2 0210 ULh Ol &9 ditd SUE Ploil FA=2 ot
Ol JIE UHl Z=+== SJtE0 2t ZHMe HE E=cts AIS0l L=
=240l SItot)l 20 |82 HEEH EE M0l 7LD JUSS & =
ULH S2ALAZ OCOI0IE FATE2 A SEHUA SLAHI|L 4C 2],
Aatol SHOM M AME FIAEZ AAESEH
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Table 4. Chemical compositions of high alloy adamite work roll.[29]
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Fig. 10. The manufacturing process of adamite work roll.[7]
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Fig. 11. Adamite work rolls.[7]
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Fig. 13. Hardness gradient in the working layer of adamite work roll.[7]

Table 5. Mechanical properties of adamite work roll.[31]

Vickers hardness test results

Pearlite matrix (Hv) 307

Cementite (Hv) 576

Overall Hardness (Hv) 335

Tensile test results

Tensile Strength (Mpa) 400~700

Fracture Strength (Mpa) 950

Toughness (Mpa) 15~21
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Fig. 14. Schematic diagrams of dynamic constitutive equation at constant
temperature and strain; (a) A viscoplastic solid following power

law behavior and (b) An ideal linear dissipator.
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H 3 2. SEXT

S8 XS (Processing map)= SHMZ 2L Z JIEteZ2 AL =0 UK 24t
S &1} Ziegler parameterE Soff 22 EHXI= UK 24 X% (Power dissipation
map) 2t Instability map=S SEAIH UEHWHE AO0ICH UK 24 N=e= 0IMEA
H3 S22 Sl SJ& THUHALY A48 HEY WEY HIIIGE B82e2 e
goAsrd JIHE HIE2Z 44 BHE HEH HRE Iot=0 &8 0[35]

Instability map2 FHEA 2&2 HEE SZ0 [HE Ziegler parameter {0l 2|0l
AT =0 22 RFSE Jkle S9N 82 FSE Ille 9922 A=2HH 8
0l HA diYole 2 HEE & X2H0HA A4 I3 Al 20tdst 44
HE0l 20E = UASS 20letC

Fig. 150A= 25055 0tallOlI&@ &2 Z2EXNEE 20
et =& A9l Instability map= SEAIFA UEH SEXNEZ =& A4 S0
d FAs Mot 24 220 £E2 48 242 2= 2Z0A HEE &%
0.1s'015t2 =EEICH Ol-dE oryst g2 A8 =24 =&0! 20|52, OCHotOl
S ==

E =20 et B2E X2 Instability map0l HAE Atell= SACH
5

oS o T

HAMeE 2= HEE S 220 UE Of

=& C|
A48 XAHZ T=6)| ol Instability map=2 AFZSHACEH

0.0
— D'?T
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® 0.4
= 0.5 E
o
B s
E‘ -1.0 0.1 a

2.0 F : 0.01
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Temperature (°C)

Fig. 15. A processing map of grade 250 maraging steel.[36]
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Fig. 16. The as-received adamite cast steel.

Table 6. Chemical compositions of adamite cast steel (wt%).

C Si Mn Cr Mo P S
Spec.[7] 1.40~2.00 0.30~0.70 0.50~1.00 0.80~1.60 0.20~0.50 =0.035 <0.030
Results 1.58 0.36 0.79 1.08 0.25 0.035 0.04

Fig. 17. SEM images of adamite cast steel;
(a) Low-magnification (x100) and (b) High-magnification (x3000).

Fig. 170l AlS OICIOFOIE =249 FE-SEMOZ ZH&st D2 =AE & OIMZE
S LIEFHQICE OICHOIOIE =210 DIMZEZ BHEAD, Fig. 17 UAE JIE =
ZFOo2 MEGE DA MAE IIZ0| HECIUCK Fig. 17 b)UAE M
ol HPIOIE JIX EXO0| HEEW H2I0IE JIX WA AMEIIES 28 &
o AIMIEIOIE QI A SENQ AIMEIOIER 2EE AL
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Fig. ISHAS OICIOIOIE =29 OIMZEZOA A= AIMEIOIES EDS A
2 =4 2DE LEHHQACH Fig 18 ()2 24 AIMIEIOIESH Fig. 18 (5)2 Z4F Al
SHAD, B BAI =@ AA0IH, M(=Fe, V, Mo, Mn,

2 3:1 (FesC)2 2HOISACH

Fig. 190lA= OICIOIOIE &2 U2 SASEHUA 2EE= A

Etat =2l
EDS &2 =4 ZUE UEILHRULE Fig. 19 (a)= ESAE=% 1100C, HEE =
T 0.001sT X2l AEBOZ EDS A2 2421, LHE Wet 4= EgiEe
2t A0 =2 JAL0/0, M(=Fe, V, Mo, Cr) ¥ C2 3X ®HE&2 Hle s
3:12 EOIZQUCE Fig. 19 (b= LFAIE@2E 800T, HEE =T 0.001s’ X2
AMNEEHO=Z EDS &2 =AZ 1 Fig. 33 ()% Ot&IHKZ AHE et 4= &St
22 Et A0 =2 JA0/04, M(=Fe, V, Mo, Cr) & C2 JXt BEE2 Hle
CHer 3:12 SeIE AL
OtCIOIOIE =& EAMUAM 2EE= 24 L IS4 Sefel AMEOIESR D&
YESASHUNA 2EE= SH ES=2 EDS & =4 Z2ilte M2 S AGHH, &l
242 =0I5t)| ?ol EBSD2l Phase map =42 AAGIR2M Fig. 200lA=

EBSD2| Phase map =4 ZUE LHEHLH UL

Fig. 202 ZSAIE2% 1000C, HEE =T 0.001s’ =242 AIEHO|C} Phase
=} —i— [e)

A

de Bal=2 Fe3C & 22 =0EM, OtUO0IE =42 U28=Alg = g€4&
Etst=22 OICOI0IE =2 DIMZIZEUME 2FE AUEOIER =LotH 2F
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Atomic (%)
V:0.76 Mo: 0.42
Cr: 3.63 Fe: 69.59

300 400 S0 60 0 810 050
QEI0kAY  Dat Oetare Elct S

Atomic (%)
V:0.48 Mo: 0.27
Cr: 2.90 Fe: 68.65

Atomic (%)
V: 0.98 Mo: 0.81
Fe: 67.13

Lec 771 135Cnt 2010Ke¥ Dot Octane Dect Supw

Atomic (%)
C: 27.88 V:1.05 Mo: 0.61
Cr: 3.66 Fe: 66.81

Fig. 19. EDS results of intergranular carbide; (a) 1100°C, 0.001s" and (b) 800°C, 0.001s".
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Color Codad Map Type: Phase
Total
Fraction

Partition
Fraction

013
I Body Centered Cubic  0.868

0.131
0.868

Fig. 20. A phase map result of the hot compressed specimen at the test

temperature of 1000C with the strain rate of 0.001s™.

OtCIOIOIE =&9 U2 JIES4E doitotl U2BE Al 28 2 HEE0
et Sd= Z0t2J| ?Iol Gleeble 3800 &H| (Fig. 21)S ALE06tH M B E2J100 A
N2 AES 2AIoIRULE OIUOI0IE =HE0AN 8228 ANge LU2YFAE
= fofl A& 10mm, =0l 12mm2 FSE AIZE (Fig. 22)22 Jt=otdll, JtE
2 Y=ots WHUANE =<2 L HE=S =00J| ?ol AIEE dot=20l &

Fig. 21. Gleeble 3800 system.
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Fig. 22. Preparation of specimens for the hot compression test.

1200°C, Holding 5min.

4°C/sec
Temperature: 1100, 1000, 900, 8060°C
Strain rate: 1.0, 0.1, 0.01, 0.001s

Temperature, °C

v

Time

Fig. 23. A schematic diagram of the hot compression test by Gleeble 3800.

Fig. 230IME LD2&8=A82 ZXcl AOIZ20 g ZAEE LIETWRJATH
4C/sec &2 HZZ 1200CHHA IJtE€ =, 5252 =Aotd EFAEg=2
C o

8O0TC Al =2 =% 307

FEAERE ZANAN HEE 5= 1057, 0.1s7, 0.01s”, 0.001s'2 Ul DX

2422 22 Eilotd Aot el o= 2z = bl WA =4 Xiclot
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Fig. 24. A cutting method of the hot compressed specimen through the low speed

cutting machine.

Fig. 25. Observed cross-sectional positions of the hot compressed specimen.
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Surface fractures and cracks

1100

1000

111001 0

Temperature, °C
900

800

g0 %0 100 u

STAINLESS

il

STEEL

ot o

| IiIi|||Ii|!|;H

0.001 0.01 0.1 1.0
Strainrate, s

Fig. 26. Appearances of the hot compressed specimens with the heating
temperature of 1200TC.

Fig. 270lM= OLCIOIOIE =22 HEE 50% (AH/H), HE2% 1200C, &=

ANE2%E 1100~800C2 2t HEE =T 1.0~0.001s'2 BHRANA LOHE D2
F=248-HEE HEE UEURALE LFAE2E 1100C A (a)llAd HIEE =
S 105", 015, 0.01sT L 0.001s'2 EHU RSSH A4S 56.90Mpa, 49.38Mpa,

37.17Mpa & 23.65MpaOICt. LEAIER2T 1000C Z=AH LA BHEE =T 1.0s7,

0.1s", 0.01s" & 0.001s'2 X SSS2 22 132.92Mpa, 97.47Mpa, 65.20Mpa &

47.67MpalICt. LSAE2E 900C Z=AH (o)lA HEE =% 1.0s7, 0.1s', 0.01s™

2 0.001s'2 EH RS2 22 207.90Mpa, 160.83Mpa, 109.76Mpa & 76.19MpaOl

Cl. 2SAIE2%E 800C XA (M HEE == 1.0s7, 0.1s’, 0.01s" ¥ 0.001s'2
2

I SES2 22 318.24Mpa, 284.40Mpa, 213.11Mpa 2 168.46MpaO| Ct.

I
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OICIOIOIE =2 JIY2% 1200CHA LEAIE@2ZIF 1100C, 1000C, 900TC
2 800 CZE ZAdtD BHEE =TIl 0.001s’, 0.01s', 0.1s? L 1.0s'2 SIHHEL=
Rs3880| SItetCh. £l dutNoz XI|| 2=xote HAHWMH= JtsES
(Work hardening)0fl 2[off S0 SJtotCtot =0 M0 Ok = S50 <
ot 2 S8 WEECZ 2l Fss354€0| 240U JIB8ES &40 s&8 HE
Ao A3t (Dynamic softening) &0 =S 0|5 Z&HOH FANE= HAAEHE
LIEFHCE[37-39] OICIOIOIE AXHel B, ESAIE25% 1000CT 2 900C LAHUA
= X S80 EYst 5, HEE T2 2HS0| HAAE LIEtW= BHH, &
SANER2E 1100C, HEE =& 0.1s! 0|42 XA AU=ZAIE© RS 800TOHA 2
E HIEE =& XAHUAN= 2 s20 &Yt =, R3=0] 2480

(a) ﬁGG — S (b) 408 — s

1190°C oo 10060°C e
350 - 350 —He
- 300- —_—
0.
= 250-
b
2 200
o
» 150,
-3
= 100 |
50
0.00.102030405060708 0.00102020405060708
True Strain True Strain
¢) 400 . (d) 400 i
(©) 900°C e (d) 800°C S
350 —as 3501 —o1s
300 300
= 250 = 550
7] €3]
2 2004 200
5 ) &
@ 150 © 150
= =
= 100- 1001
50 T 50

000102030405060708
True Strain

000102030405060708
True Strain

Fig. 27. Flow stress-strain curves obtained by the hot compression test with the
heating temperature of 1200°C; The test temperature of (a) 1100C, (b)
1000C, (c) 900C, and (d) 800C.
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3. Instability map

€25 1200C, HEE 50% Z2A0A 2= gFAEs2 2 HEE S0
tE OICIOIOIE =& 2| Instability mapsS A-dot)| ol &2A H3E H2&0A &
Ngs Sl g2 12 RsSH-8ds dE 0|80 sEMs2Es D2

Table 70l Md= JIE2% 1200C, HE

SJF 1100°C, 10007C, 900C 2 800CZ 2ZAdtD HEE =TI 0.001s?, 0.01s7,
0.1s' & 1.0s'2 S22 K524 2 =)lole FEE 20t

Table 7. Flow stress values obtained at the strain of 50% for adamite with the

heating temperature of 1200C.

Temp. (C) Strain rate (s™) Flow stress (0)
1.0 38
0.1 32
100 0.01 29
0.001 19
1.0 118
0.1 86
1000 0.01 57
0.001 41
1.0 193
0.1 144
200 0.01 98
0.001 69
1.0 288
0.1 283
800 0.01 195
0.001 151
- 28 —
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Fig. 280lM= JIE 2SI 1200C, BHEE0| 50%2 T2HUHAM 2 dSAIE2C
0°C, 1000, 900°C % 800CS2t HEE =% 0.001s', 0.01s', 0.1s' & 1.0s"0fl T
S8 0 ANAZOE Fot IS8 AHAGH| |l =242 1 UEHUA
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Fig. 28. In(o) vs. In(e) plots of the hot compressed adamite obtained at the

strain of 50% with the heating temperature of 1200°C.

Table 8. Strain rate sensitivity values obtained at the strain of 50% for adamite

with the heating temperature of 1200 C.

Temp. (C) Strain rate (s”) Strain rate sensitivity (m)
1.0 0.006
0.1 0.067
1100 0.01 0.128
0.001 0.129
1.0 0.153
0.1 0.154
1000 0.01 0.156
0.001 0.158
1.0 0.130
0.1 0.144
200 0.01 0.158
0.001 0.176
1.0 0.022
0.1 0.074
800 0.01 0.126
0.001 0.127
- 29 —
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3-3. Ziegler parameter

Table 90N = JIE 2% 1200C, HEE 50% ZH0UA 2= LSAE2T2
HEE SZ 0 E Ziegler parameter gtS LIEFURACE Ziegler parameter= X2
M2&E2l 4l (6)= Sofl HAEZRULE LFAE2T 1100C X2HUHMH BHEE =
1.0s', 0.1s', 0.01s’ ¥ 0.001s'2 Ziegler parameter 22 -0.532, -0.362, -0.192
-0.0210ICk. LEAER2E 1000C ZAHUA HEE =% 1.0s', 0.1s', 0.01s"
0.001s'2| Ziegler parameter 2t 0.148, 0.150, 0.152 & 0.1540|Ct. YEAIE 2% 90
0C XHUA HEE =T 1.0s7, 0.1s, 0.01s" £ 0.001s'2| Ziegler parameter gt
0.088, 0.106, 0.124 & 0.1420ICt. LEASER2E 800C ZTHUA HEE =T 1.0s,
0.1s', 0.01s" & 0.001s'2| Ziegler parameter 22 -0.525, -0.290, -0.101 & -0.0100]

oo Y

o

hl

0

1

Ne}

Ct.

ASAIE2E 1100C2A 800C ETAH2| Ziegler parameter gfS HEE 5T 2t
S0l M2 22 22 AN, HIEE 50t SIHERSE g0l Ot =0l dSAE
25 1000C2 900C £ Ul 2= HEE =& ZAUA AdUHE2SZ Ll HA
=l
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Table 9. Ziegler parameter values obtained at the strain of 50% for adamite

with the heating temperature of 1200C.

Temp. (C) Strain rate (s’l) Ziegler parameter (&)

1.0 -0.532

0.1 -0.362

1100 0.01 -0.192
0.001 -0.021

1.0 0.148

0.1 0.150

1000 0.01 0.152
0.001 0.154

1.0 0.088

0.1 0.106

200 0.01 0.124
0.001 0.142

1.0 -0.525

0.1 -0.290

800 0.01 -0.101
0.001 -0.010

3-4. OICIOIOIE A M2l Instability map
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£ = 50%

0.25
0.14
0.037
-0.069
-0.17
-0.28
-0.38
-0.49
-0.60

30 A _ .
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S & K P @Q @‘fo M,\Q
Temperature, °C

Fig. 29. An instability map obtained at the strain of 50% for adamite with the
heating temperature of 1200°C.
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The : 1100°C

~ Partial
Ny melting

P

/ “Partial
melting

Fig. 30. SEM images on the bulged side of the cross section on the hot
compressed specimens at the test temperature of 1100TC with the
heating temperature of 1200C; (a-1) 1.0s’ and (a-2) 1.0s’ : Around
the bulged side, (b-1) 0.1s" and (b-2) 0.1s’ : Around the bulged side,
(c-1) 0.01s and (c-2) 0.01s” : Around the bulged side, (d-1) 0.001s™
and (d-2) 0.001s” : Around the bulged side.
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Fig. 31. SEM images on the center of the cross section on the hot compressed
specimens
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The test temperature : 1000°C

Fig. 32. SEM images on the bulged side of the cross section on the hot
compressed specimens at the test temperature of 1000TC with the
heating temperature of 1200C; (a-1) 1.0s’ and (a-2) 1.0s’ : Around
the bulged side, (b-1) 0.1s" and (b-2) 0.1s" : Around the bulged side,
(c-1) 0.01s" and (c-2) 0.01s : Around the bulged side, (d-1) 0.001s™
and (d-2) 0.001s" : Around the bulged side.
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Fig. 33. SEM images on the center of the cross section on the hot compressed
specimens
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Fig. 34. SEM images on the bulged side of the cross section on the hot
compressed specimens at the test temperature of 900TC with the
heating temperature of 1200C; (a-1) 1.0s" and (a-2) 1.0s : Around
the bulged side, (b-1) 0.1s" and (b-2) 0.1s’ : Around the bulged side,
(c-1) 0.01s and (c-2) 0.01s” : Around the bulged side, (d-1) 0.001s™
and (d-2) 0.001s” : Around the bulged side.
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Fig. 35. SEM images on the center of the cross section on the hot compressed
specimens
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The test temeramre - 800°C

Fig. 36. SEM images on the bulged side of the cross section on the hot
compressed specimens at the test temperature of 800TC with the
heating temperature of 1200C; (a-1) 1.0s" and (a-2) 1.0s : Around
the bulged side, (b-1) 0.1s" and (b-2) 0.1s’ : Around the bulged side,
(c-1) 0.01s and (c-2) 0.01s” : Around the bulged side, (d-1) 0.001s™
and (d-2) 0.001s” : Around the bulged side.
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The test temperature : 800°C

Fig. 37. SEM images on the center of the cross section on the hot compressed
specimens at the test temperature of 800C with the heating
temperature of 1200C; The strain rate of (a) 1.0s’, (b) 0.1s', (c)
0.01s™, and (d) 0.001s™.

_45_

(*)Collection @ chosun



S|
=

OtCIOIOIE ATHQ| Instability mapdt X3

—

x4 8t

ol A

b

o

S

MI3&E M3

| —

—

5. Instability map2t O] Al
Fig. 3801 A

KA

1100°C

slec

K

4

180

o

T2 2ABL0I

4

=H=
==

il

Pl X=)
HA T°

Ziegler parameter

0Ol A

t

Ol Al

_i

ol

o]
Jij 3
KD

ol

@

W
KN
=l

10

20

MHr
ioll

J
KIO

SNE2% 800C £HS Ziegler parameter at

I

=

04, Ziegler parameter Al
()

ol
~
Kl

iy
dr

[l
180
il

Ol

K

ol
n3

ol
O[]

t

Ol Al Z=
ABIEIOIERL AIHEOIE =9

=5 HotAH 2

o

ioll
m_Jl
Klo

H
4dr

=
=

180

| &

d

N —
HEC| =

LHOILA = 40|

ol
=

=25 1100
SO0A OlAl

A
—/

OtCtOIOIE ATHE| Instability map=S oM

%I04, Ziegler parameter H|

F

SAESS 1000C 2 900C K242 Ziegler parameter

1000C 2t 900C X219

s

=
Ziegler parameter

o
=25

—_

oJ

JUJ
)
Kl
Bl

o
I0
Al

oK

0
I
-

. Ol et Instability mapit &

E_

oJ
o

70

1

<J

s}
oD

_46_

Collection @ chosun



" >Partial
meliing

D B O D ey
& F S @QQ & P\,\c%:"

Temperature, °C

<+ Crack

Partial melﬁng |

Fig. 38. Reliability between microstructures and instability map obtained at the strain of 50% for adamite with the heating
temperature of 1200C.
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Fig. 40. SEM images of adamite cast steel according to the temperatures; (a)
1200C, (b) 1150C, (c) 1130C, (d) 1110C, (e) 1103C and (f) 1100C.
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1200°C, Holding Smin.

Strain rate: 1.0, 0.1, 0.01, 0.001st

Temperature, °C

&
[+
Temperature: 1100, 1000, 900, 800°C O/
-,
‘

Time

Temperature, °C

4°C/sec

30°C/sec  [omeer

Temperatuare: 1106, 1000, 900, 300°C
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Fig. 41. A schematic diagram of the hot compression test with the heating temperature of 1100TC.
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Fig. 42. Appearances of the hot compressed specimens with the heating
temperature of 11007C.
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Fig. 43. Flow stress-strain curves obtained by the hot compression test with the
heating temperature of 1100°C; The test temperature of (a) 1100C, (b)
1000C, (c) 900C, and (d) 800C.

_55_

Collection @ chosun



3. Instability map
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Table 10. Flow stress values obtained at the strain of 50% for adamite with the

heating temperature of 1100C.
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Fig. 44. In(o) vs. In(e) plots of the hot compressed adamite obtained at the
strain of 50% with the heating temperature of 1100°C.

Table 11. Strain rate sensitivity values obtained at the strain of 50% for

adamite with the heating temperature of 1100C.

Collection @ chosun

Temp. (C) Strain rate (s) Strain rate sensitivity (m)
1.0 0.011
0.1 0.059
1100 0.01 0.107
0.001 0.108
1.0 0.142
0.1 0.143
1000 0.01 0.144
0.001 0.145
1.0 0.084
0.1 0.095
200 0.01 0.126
0.001 0.137
1.0 0.025
0.1 0.059
800 0.01 0.103
0.001 0.104
— 57 —
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3-3. Ziegler parameter
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Table 12. Ziegler parameter values obtained at the strain of 50% for adamite
with the heating temperature of 1100C.

Temp. (C) Strain rate (s”) Ziegler parameter (&)

1.0 -0.377

0.1 -0.231

1100 0.01 -0.085
0.001 -0.001

1.0 0.185

0.1 0.186

1000 0.01 0.188
0.001 0.189

1.0 0.140

0.1 0.141

200 0.01 0.142
0.001 0.143

1.0 -0.410

0.1 -0.235

800 0.01 -0.088
0.001 -0.005
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Fig. 45. An instability map obtained at the strain of 50% for adamite with the
heating temperature of 1100°C.
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The test temperature : 1100°C
(a-1) " & ¥

= "
]

4 .
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4 melting
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Partial melting

Partial melting

" J

Partial melting

Fig. 46. SEM images on the bulged side of the cross section on the hot
compressed specimens at the test temperature of 1100TC with the
heating temperature of 1100C; (a-1) 1.0s’ and (a-2) 1.0s’ : Around
the bulged side, (b-1) 0.1s" and (b-2) 0.1s" : Around the bulged side,
(c-1) 0.01s™ and (c-2) 0.01s” : Around the bulged side, (d-1) 0.001s™
and (d-2) 0.001s" : Around the bulged side.
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Fig. 47. SEM images on the center of the cross section on the hot compressed
specimens at the test temperature of 1100C with the heating
temperature of 1100°C; The strain rate of (a) 1.0s’, (b) 0.1s”, (c)
0.01s™, and (d) 0.001s™.
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The test temperature : 1000°C

Fig. 48. SEM images on the bulged side of the cross section on the hot
compressed specimens at the test temperature of 1000C with the
heating temperature of 1100C; (a-1) 1.0s" and (a-2) 1.0s’ : Around
the bulged side, (b-1) 0.1s" and (b-2) 0.1s” : Around the bulged side,
(c-1) 0.01s™" and (c-2) 0.01s" : Around the bulged side, (d-1) 0.001s”
and (d-2) 0.001s" : Around the bulged side.
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The test temperature : 900°C

Fig. 50. SEM images on the bulged side of the cross section on the hot
compressed specimens at the test temperature of 900C with the
heating temperature of 1100C; (a-1) 1.0s’ and (a-2) 1.0s' : Around
the bulged side, (b-1) 0.1s" and (b-2) 0.1s" : Around the bulged side,
(c-1) 0.01s™ and (c-2) 0.01s” : Around the bulged side, (d-1) 0.001s™
and (d-2) 0.001s" : Around the bulged side.
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The test temperature : 800°C

Fig. 52. SEM images on the bulged side of the cross section on the hot
compressed specimens at the test temperature of 800C with the
heating temperature of 1100C; (a-1) 1.0s’ and (a-2) 1.0s' : Around
the bulged side, (b-1) 0.1s" and (b-2) 0.1s" : Around the bulged side,
(c-1) 0.01s™ and (c-2) 0.01s” : Around the bulged side, (d-1) 0.001s™
and (d-2) 0.001s" : Around the bulged side.
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The test temperature : 800°C

/Crack

Fig. 53. SEM images on the center of the cross section on the hot compressed
specimens at the test temperature of 800C with the heating
temperature of 1100°C; The strain rate of (a) 1.0s', (b) 0.1s", (c)
0.01s™, and (d) 0.001s™.
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Partial melting

Fig. 54. Reliability between microstructures and instability map obtained at the strain of 50% for adamite with the heating
temperature of 1100C.
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Fig. 55. A schematic diagram of the heat treatment cycles according to the

Time

heating temperatures in Gleeble 3800.

00
30

Ol
H
o
folll

i
==

T | —
HE L=

SAME2% 1100TH A

I

)
=

L= 04
T

1200COIlA 1100C=2

IE2TE

-

A
fulJ

()
==

2mNo2

FEIO, OO 2F JIE 2% 1200C <2 1100C =201 MHetA

oic
—

o2

0l

=i

03

e]

s2 0
JFE 2% 1200C2 1100CHHX| 4C

L

o
=

Fig. 550l A= Gleeble 3800 &H| LHOIA 2 JtE =201 et

JF
=

9]

Ok

—_

oJ

(H0
I

IoF

1o
K
ol
o

JIZ0

ot ALt

tALE =X
2% 1100COolA

[[e)
Al

o

1
Mo

A
—/

30 C/sec=

iy
1

Al

pum

A
—/

L

(=

1100 C JHA

JNLES

= LWHD
- o™/

=
— L

= Al

S
=

A

P~

o
&

ot Al

P

J

ol
K

-

ol

JIJ
T

—_

~J

U

gel =4 XclotRUCH

1|
=)

o

J

[0
KiJ

_76_

Collection @ chosun



Melting

Fig. 56. Appearances of the specimens at the test temperature of 1100T
according to the heating temperature of (a) 1200 and (b) 1100TC.

1200°C — 1100°C

N Partial
melting

1100°C — 1100°C

Fig. 57. SEM images of the specimens at the test temperature of 1100T
according to the heating temperatures of (a) The heating temperature
of 1200C and (b) The heating temperature of 1100TC.
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1200°C — 1100°C

Fig. 58. SEM images of the specimens at the test temperature of 1100C with

the heating temperature of 1200°C; (a) Partial melting and (b) Mark of

partial melting (High-magnification, x3000).
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N - F 3
1200°C, Holding 5min. 1100°C. Holdine 5min
________ Hot compression ’ g " .. Hot compression
B} | e
‘\‘
_________ ) e
/
¥ 30°C/sec 5 /
é‘ Temperature: 1100°C = Temperatre: 1100°C
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Fig. 59. A schematic diagram of the hot compression test according to the heating temperatures with the strain of 30% and 20%.
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Fig. 60. Appearances of the hot compressed specimens at the test temperature of

1100C with the heating temperature of 1200C according to the strains.
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Fig. 61. Appearances of the hot compressed specimens at the test temperature of

1100C with the heating temperature of 1100C according to the strains.
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Thestrain - 30%

Partial
melting

_ _Pan_lal
. meltmg

=

Fig. 62. SEM images on the bulged side of the cross section on the hot
compressed specimens at the test temperature of 1100°C with the strain
of 30% and the heating temperature of 1200C; (a-1) 1.0s" and (a-2)
1.0s" : Around the bulged side, (b-1) 0.1s" and (b-2) 0.1s" : Around
the bulged side, (c-1) 0.01s’ and (c-2) 0.01s’ : Around the bulged
side, (d-1) 0.001s" and (d-2) 0.001s" : Around the bulged side.
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Fig. 630IM= JIE 2% 1200C, dSAIE 2% 1100C, HEE 30% ZHUHAM HE
E =5 1.0s7, 0.1s7, 0.01s" & 0.001s'0l 2 ©H SALO OIMER HEANES
LIEFLHQICEH St SASO DIMZA2 ©H 22 QFEs= 2 =28 280l
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EtLHCH

HEE0| 50%0 A 30%=2 240 et SHH SHRUHA HIE ST 2HS
O] 2EE 22 S22 ZE HEE 55 T2HUAM 2ELX Lt

The strain ; 30%

Fig. 63. SEM images on the center of the cross section on the hot compressed
specimens at the test temperature of 1100C with the strain of 30% and the
heating temperature of 1200C; The strain rate of (a) 1.0s’, (b) 0.1s", (c)
0.01s™, and (d) 0.001s™.

_86_

(*)Collection @ chosun



2-3. JIE25% 1200C, ESAIE=25 1100C, HEE 20% A

NP [ESES

Dk
KD
ol

.|

et

I+
Ar
o)

-
(m]

_

uJ

ANE2% 1100C, HEE 20% HUHA HE

=

o
=

2% 1200C,
1.0s', 0.1s', 0.01s" & o.001s'0l 2

—

—

Fig. 6401l A

il
KD

oJ
Ar
oq
aJ

—_

0J

-
Ar

puy

aJ

= A
= 55

J

180

Ol Al

AT (a-HUAM HEE 30% A e

H

12 (@2)0lld= A AIBEIOIENA

0.1s'2 0.01s! ZHUAM= 1.0s! ZAHY SA

RS

ol

Bl

0l
KO

_

[l
H

x

I+
Ar
o2}

._._.
]

_

0J

1o

X @E20,

F

Wy
01
ol

A It

1200C,

0l
Al

=

KO

I

ol

Ol
Dk
KD

ol

<

Ar
o1

fall
uJ

A =

s
2t &

Xl
A

Ol Al

A
0l
RO

_

g

(m]

I

i0J

@

HAS0| 50%0 M 20%=

ESPN

3I[2t

F

I

s
_87_

0.01s? 0]

Lt,

=)

=

(el 3

F

=

Collection @ chosun



The strain : 0

Partial )
melting

melting

*
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Fig. 64. SEM images on the bulged side of the cross section on the hot
compressed specimens at the test temperature of 1100C with the strain
of 20% and the heating temperature of 1200C; (a-1) 1.0s’ and (a-2)
1.0s" : Around the bulged side, (b-1) 0.1s" and (b-2) 0.1s” : Around
the bulged side, (c-1) 0.01s’ and (c-2) 0.0l1s' : Around the bulged
side, (d-1) 0.001s" and (d-2) 0.001s" : Around the bulged side.
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244, HELE 1200C, LEAIESE 1100C, HEE 20% £ A
oA SAR 0N

Fig. 650lAM = JIE=2& 1200TC, dSAIE2% 1100TC, HEE 20% L2H0A HSE
£ =T 1.0s', 0.1s, 0.01s" & 0.001s'0l 2 S ZSALO DIM=EZR 2AEZUE
LIEFHHRACH ©=HEH SARO OIMX&= HH 22 8= U2 =8 50|
ZHEC X YO0, HEE £5D1 0.001~1.0s'2 SItotHetE AEE DIMEES L
EtLHCh

G2 1200CHAE BEE 50% XHS HQAS HES 30%2 20% XAH°
42, HH SARHANs & 2Rt 2 FERet= UEH 22 2EEHX
=Lt

The strain : 20%

Fig. 65. SEM images on the center of the cross section on the hot compressed

specimens at the test temperature of 1100TC

with the strain of 20% and the

heating temperature of 1200C; The strain rate of (a) 1.0s’, (b) 0.1s", (c)

0.01s”, and (d) 0.001s™.
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The strain : 30%

gl A
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melting
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Partial melting

Fig. 66. SEM images on the bulged side of the cross section on the hot
compressed specimens at the test temperature of 1100C with the strain
of 30% and the heating temperature of 1100C; (a-1) 1.0s’ and (a-2)
1.0s" : Around the bulged side, (b-1) 0.1s" and (b-2) 0.1s” : Around
the bulged side, (c-1) 0.01s’ and (c-2) 0.0l1s' : Around the bulged
side, (d-1) 0.001s" and (d-2) 0.001s" : Around the bulged side.
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2-6. JIE25% 1100TC, dSAE 2% 1100C, HAE 30% A
O SAR DIMES

C
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al
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The strain : 30%

Fig. 67. SEM images on the center of the cross section on the hot compressed
specimens at the test temperature of 1100C with the strain of 30% and the
heating temperature of 1100C; The strain rate of (a) 1.0s”, (b) 0.1s", (c)
0.01s™, and (d) 0.001s™.
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The stramn : 20%

Fig. 68. SEM images on the bulged side of the cross section on the hot
compressed specimens at the test temperature of 1100C with the strain
of 20% and the heating temperature of 1100C; (a-1) 1.0s’ and (a-2)
1.0s" : Around the bulged side, (b-1) 0.1s" and (b-2) 0.1s” : Around
the bulged side, (c-1) 0.01s’ and (c-2) 0.0l1s' : Around the bulged
side, (d-1) 0.001s" and (d-2) 0.001s" : Around the bulged side.
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Fig. 690 M= JIE 2% 1100TC, dSAIE 2% 1100C, HIE 20% ZHUHAM HE
E =5 1.0s7, 0.1s7, 0.01s" & 0.001s'0l 2 ©H SALO OIMER HEANES
LIEFLHQICEH St SASO DIMZAS ©H 2z Q=2 IR =28 28
0] 2ELX LM, HEE STI} 0.001~1.0s'2 SIIGIHSAE AAXE OINEZEE
LHEHHCH

IIE2E 1100CUHAME BHEE 20% X212 FR, ©E 22 AFEY SME 2
T 22 25 S A0 2EIX 2=l

20%

Fig. 69. SEM images on the center of the cross section on the hot compressed
specimens at the test temperature of 1100C with the strain of 20% and the
heating temperature of 1100C; The strain rate of (a) 1.0s”, (b) 0.1s", (c)
0.01s™, and (d) 0.001s™.
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20%

Fig. 70. SEM images on the bulged side of the cross section on the hot
compressed specimens at the test temperature of 1100C with the strain
rate of 1.0s’ according to the heating temperatures; The strain of
(a-1), (b-1) 50%, (a-2), (b-2) 30%, and (a-3), (b-3) 20%.
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