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Effect of Rolling Practices on Annihilation Process of Micro-Porosity
in Big Ingot

Hisatoshi TAGAWA, Junichi TANAkA,

Takeshi HIRASAWA, and Eihkachiro SuNAMI

Synopsis:

The effect of rolling conditions on the process of the annihilation of the micro—porosities in the big ingot
was investigated to clarify the possibility to get the sound ultra—heavy plate only by rolling, eliminating
pre—forging process. .

It was deduced from the results of the experiments that the most important factor for the annihilation
of the micro—porosities at the center of the thickness was the compressive stress perpendicular to the rolling
plane at the center of the thickness. It was clearly demonstrated that the micro—porosities were easily an-
nihilated in the early stage of rolling under such rolling conditions that enabled the compressive stress to
exceed the resistance to deformation significantly. These conditions were realized by the rolling process
with the large amount of reduction per rolling pass (“heavy reduction-rolling”) utilizing the work roll
with large diameter, while in the case of light reduction-rolling the micro—porosities retained as the elongated
imperfections up to the late stage of rolling. It was also confirmed that both slow rolling speed and high
rolling temperature assisted the annihilation of thin elongated micro-imperfections. This phenomenon
can be interpreted in terms of the effect of time and temperature on the annihilation of interfaces by means
of diffusion and viscous flow processes. It was concluded that it should be possible to manufacture the
sound ultra-heavy plates without pre—forging process, provided that the combination of aforementioned
considerations were taken into account for the rolling process.
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Table 1. Characteristic values of the materials used for simulation.
. Steel Lead " Plasticine
Materials 0.1~0.5%(C) 99.99 (Pb) 609, (CaCO;)
6~24 0.8~2.0 1.2~3.5x10-2
Flow stress ko (kg/mm?) (6=10sec-1) (6=0.3sec-1) (6=0.1 sec-1)
T(°K) 17070~1 470 290~-470 280~-295
n 0.25 0.3 0.2
ko=K-en-ém.exp(d4/T) m 0.15 0.07 0.08
A 4 450 650 4620
K 0.44 0.39 0.38x 10-¢
. . 0.35~0.5 0.2~0.3 0.4~0.5
Friction coefficient Iz (no-lubri.) (no-lubri.) (CaCO;-lubri)
o e e 0.069 0.239 0.0045
Thermal dlﬂ'uswlty (((sz/sec) (1 OOOOC) (100°C> (2000)
€ : strain € : strain-rate n, m, A, K: constant
WAIZ I Z OB RSBV LD L TR TN B 25, ) T
m=0Q.lli sec—
TEARHNTV I FELE 0D 2 X 2 TRGE M ATRE 1T T O REE 3R g'e 1 0022
. . . e Ao 2 st e N L4 S —
B 51T h, BT T MBS EHRI NS 2 o | - ~Tooor
w IR ¥ vl x : (
ERB. LT, ¥ & T ORECET bR i/
WIE S (3L A CBEARIC DV TDIDTHY, FIET g os ? Specimen 50100
s - R £ Temp. 20°C
EB5F0 EFOEEEMLAELOREEAL Bohy " os °T i
V. UL, MEESMROBE B LTk, gk “ o TB1 "oz 03 04 o5 o6
FEKNE A s D _ER % £S5 7o, @Jgiﬁlfﬁmﬁ(ﬁﬁﬁ’ Natural  Strain 3
XIHHOLNTVWH I ELEETE L. KT Z DS Fig. 1. Stress-strain curve of plasticine.
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(a) Upsetting : do/ho=1, 25% reduction
(b) Flat forging : Bfto=1, 30% reduction
(c) Rolling:ty/R=1/4, 409 reduction

Deformation of the horizental layers in
vertical cross—sections on various defor-
mation processes (plasticine model).

Photo. 1.
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R fTIROh B b, FEEZF X568, €8T
eaSE UBaiciddhOmo B R Cic /e s Z & 5ERH
R B,

2.2.2 i XOVEE KW BIE NG

¥ ETOEZBELTE, HEoRsdh.o8cHE
T U DY — AMNE NI ,’Cfuitbf¢b%®
S ITRRBIC oW THRE L7 ¢
Rgzm,%ﬁawdﬁ@ﬁﬂwu%mﬁﬁEmmﬁ
%, Ei Fig. 3 13, T HEBERO hLEORKEHE
JENEFT. FCRBEXRKESERET otemax. &HMIBERIK
ko EDM Gie max./koe TEDLLTHS. EIA R
TRPHBEE h L dy DHPIEE do/h=1 DIRFET
Gtcmax. V& ko DAEDIEE 7Y, FITHEHHTIIEAINE
B L MHIE X ty O HANZIE B/te=1/2 DIRAET G1e max.
P oky DfiEE LES Z b5 BE, HROEAS
BT do/he=1/2, FFTHLEETIE B'/ty=1/2~2/3
(B' RETE) BETHH LD, hLHoEH LR
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Fig. 2. Maximum compressive stress at the center
of the material on upsetting (plasticine

model).
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Fig. 3. Maximum compressive stress at the center
of the material on flat-forging (plasticine
model).
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a4 © vertical stress cross the flow line of center (1/2t,)

a4 : idem near the surface (1/8 tg)

gy : longitudinal stress along the flow line of center (1/2 tg)
g1g : idem, near the surface (1/8 tg)

Fig. 4. Diagram of the stress distribution in the
longitudinal section and the states of
stresses during rolling (plasticine model).
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Fig. 5. Maximum compressive stress at the center
and near the surface of the material on
rolling (plasticine model).
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Direction of rolling

345

t

30.0

t

t =300

Original thickness of specimens : 40 mm, Diameter of holes: 1 mm & 3mm, Positions: 1/8¢9, 1/44g, 1/2¢;
(a) light reduction (3 passes with value of [;/tq=0.28), roll dia.: 120 mm

(b) idem, & passes

(¢ ) heavy reducticn (2 passes with value of ;/¢=0.56), roll dia. : 160 mm

Photo. 2. Deformed holes in the lead specimens after rolling.
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DIREFH T ILb b ARSI H L EXIIBEDIE NS
HOELETE Lz HEFLER (1/24) LREEH (1/8

to) DIREY, FRMOTRPICHE LT 280°C 12
EDIREZE LEBEE, ot mox. DIEXHE—RIRES
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Aigo 1.5 ffo & &), ERETIX 5~10% LR TS (v
—WEREMEEIBH L WEE) CLREBDLNL.
— iR, FOERSEIROFENE SHTE A 7o v T KR
THIEBh, BEQEZSMUEEORhRHHEH
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BAED e max. DERBELND.

2:2-3 PMEETOEIOLEE

Photo. 2 X, 40mm EDSFORE OB 1/2 ¢,
/44, 1/8¢t, OBMBEIZ, THhTh Immg L 3mmg
DZEFLEDF, WET (la/th=0.56) LTEET (/b=
0.28) DEEZITHRDOIIGEDEILDERNTH 5.
(2) OFfFCix 1mmg OEIHLDEDOTWS. Tz,
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Table 2. Chemical composition of test slabs cut from big ingot.
c ' Si Mn P s ' Cu Ni Cr Mo I v ‘ B H
(ppm)
0.12 | 0.2 | 0.01 | 0.014 | 0.008 | 0.2¢ | 1.3¢ | 0.72 | 0.0 | 0.04 |0.002 | 2.3

E)ickh, RA—%HcoFs2ax7v B CoBRX
D EILOERIE 2N DT v hs, PUOERD LSS
LIt WERDBHEZRE I S.

DAE, $#$hd X ORI 31 5RO &G ikEE
DWW TEMMICHRET 2 T2k R, LT Z L2
LT Lz, $habb, BC 20T, BEIDEa—’R
NSO DB K EL 7575, FENCIZEEDCEE
EZEb S, E7z, FEITRWTIE, Wik bE Tk
BEDTHRNBOBWEIFLL LS. Lh>2T, ¥7
ETOEFCH LTEELY SISO SFHBEHRAITH D
ET 5751, TOEBEETCEHE S HEGLIRT I
HMTAHADGIDECLDHDDTHEEND T ENBTE
5.

3. HABREERICK S8

3.1 REAE

EFNERORER»SF Y ETRETE ST 570X
RIEHOEHDOERIC T (dic max./ke) ZREL T DLHE
DT E, BIG gw/k ldo—VEMNRKEL, M
Ea/NE Vs, £ 1 SAOETFTEAAZVIE O X
{IeBZ LALLM LD, £ T, EEDORPICH
HETD I ESTRERTID EDX S LR -TEBR
Bl XD ERET B0, KERFEREOY 7 &3
#Fig s LR LA (34 X ¢ 150 mmt X 200 mmw X
450 mml) iz X b 3% T A& EhE L 7o LAk Table
2 e XS i AR-SERE LR 80 kg/mm? FRIHT
H5D. 2T, FEDSAAT U o — VEIRET D79,
= 7FVERDOER (Fig. 5) 2256, 1| R2ADETRrz
R A =B =T LD ED ty/R & dte max./ko DR
%% Fig. 6 DX SWWEI L THIC. RAAT Y .~
BRAPE ey hCRLEXDIE, @FETHRIZES o
max./ko DA TS L ITIERSFIT & D8 E T/ELE
(r WEEE 2.5% —E) &, 1 % 5%~10% (£ETHt
4.4 WHWTC) WEDRBETREED 2EELAEHEL
5 X SICEE L.

¥, ¥OETOREFIRIET /A2y Y . — vk
IULETHOEER B 520, Table 3 R TXHIC
BT TS SBF FEEC > 2FETHE 1 (FERE
WHIRHEES) ~4.4 FCELSTTRELA. KIT,
BETRARr o . — kiYL LT, Table 4 TRT

—o— Heovy pass schedule

0.7 —— Light pass schedule o
« 06 r: reduction/pass ‘-l?nOm
S 05 -7
< 04 -9
03
0.2 « 55
0.1 - 34
0

2019181.7161514 13 12 1.1 1.00.9080.70.6
oa—

Fig. 6. Relation between rolling pass schedules
and the compressive stress at the center
of material (plasticine model).

Table 3. Experimental items of rolling (I).

| Heavy Light
Rollin Total Plate reduction | reduction
ratio € | reduction | thickness pass pass
% mm schedule | schedule
rolling rolling
i 0 150 — —
1.3 22 117 O O
1.7 39 -9l O @)
2.1 53 71 = O
2.7 . 63 55 O O
4.4 77 34 O O

L5 4 BEOREEEZEM L. (1) © (#E+5&) E
THEERZ, HH5REZTHEETHEE USRS AZE
ETEET S HET, RERTHELEY 5mm —F
ELT, BRI AL IVI S 22BETREIET S 2
MIZDOWTER L. (2) OGEEEEIE, HE 71.5
mm PUFICENTBEHEO e —VERE |.2m/sec 2 0.7
m/sec T TEL L LTHRET B HET, £ EERE 5 mm
Y 3mm @ 2@EHEE Lt (3) OBmMBTEER, £
& T, R BOCHREE TN L TEETSH
BT, A EER 71 mm, 55mm 35X O 34 mm (45
WEEH) & L. (1) ORMESREAEEEL, FHROK
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Table 4. Experimental items of rolling (II).

. i ‘r ; .
Rolling method Plate( ﬁﬁl),ness " Rolling ratio Total (Z/eguctxon Roléxtn:g ns;::}lll)edule
(1) Combined pass schedule 55 2.7 63 | 150-——>60——55
(light+heavy reduction) d
rollling 55 2.7 63 i 150--——70—-65—60—55
; 150-——71.5-—-~55
55 2.7 63 0
. {(Low speed)
(2) Low speed rolling 150—571 5554
34 4.4 77 T
(Low speed)
150-——80----71
71 2.1 53 1
(Reheating)
150-—-62---—55
(3) Reheat rolling 55 2.7 63 T
(Reheating)
150----55, 55-——34
34 4.4 77 1
(Reheating)
] 150-—-60-—-55
55 2.7 63 ( ) )
. Mist cooling
(4) Surface cooled rolling 150-—~60-—-55
55 2.7 63 1
(Air cooling)
— Heavy reducton pass, ~—- Light reduction pass.

Table 5. Experimental processes of preforged materials.

Preforging Rolling . Total reduction
io*
Schedule (Pass times) Forging ratio Schedule Rolling ratio Ratio
Upsetting : 340h — 275h (1) 1.24
) 150 t ———55t
Edge forging : 220w — 200w (1) 1.10 (Light red) 2.7 3.85
Flat forging : 180t — 155t (2) 1.15
Upsetting : 390 h — 200h (1) 1.95 150 t —91 ¢t
(Light red) 1.7 5.37
Edge forging : 260w — 200w (1) 1.30
150 t —91 ¢ 2.7 8.53
Flat forging t 250t —»155t (5) 1.62 (Light red) : .

* Assumption : Total reduction ratio=Upsetting ratio X Flatforging ratioX Rolling ratio

BEAFMOBEAREZAEL UTERET 55T, HRE60
mm {TR\WTREGHEEM L 55 mm ¥ THELE L.
K Dicsd, WERLEIC BT 5 EHIRE S EESEH
LELL 0D ETHE Ltz oW b EHE Lds,
WESLHREERRBE (KEH» S 1/6RIE) DIREX,
Bt 90°C I LT, EMEHMTIE 240°C ¢
7.

Eic, HEOLDTFhok FlEES-FEREORE
% Table 5 WiR¥. HEEI, 800t HE LR X
BREALEERHO2ERALER L. 22T, B8BEHL
v%, A (150 mmt X 200 mmw X 340 mmh) %, {EiAlL:

1.24, (E¥TH = 110, SFE¥THc : 1.15 D&HCHE Lk
BEE 3L, WmBH L, A (150 mmex 200 mmw X
390h) %, @Atk :1.95, UEITH :1.30, FiTH : 1.62
DEHTHRI LB ELRST. 7, TOBRSOEHET
(RS X DETL) vk, BRAL»FFHILEBFE L.
FDEOEEILTEETERES L, FEKE (B X
HETH) 278X 01.70 2k#Ex & o).

FEMBICERMOBEEFELE LT, BEHEESR
B, HBERERR, LEREHBRE ICHEEE S KT
Lic. EBIRGRR, REERERARICX I KBoZkix
HLBREHMETEDLY, NIVEIBKELF I ETOR
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Table 6. Conditions of ultra-sonic testing. Rolling Before rolling After rolling
Machine KRAUT KRAMER USIT 10W B O T e B b
1.3 s of - °

Probe QZMC 4 Ol §° :; no u,: evﬂA uuo:)

Sensitivity V15-2'3=80%

Medium Machine oil ‘:% G _g}n u .

{.7 o o g‘% "-; :An 4

Pitch 40 X 40 mm e 5wt o pare e

Surface Iﬂil

conditiom TTAAA 9 olof o o 4
27 G "Un.u
Table 7. Rating system of imperfections in of Tolol B[ 19 of laffof In
ultra-sonic testing.
Mark F/B DENTKE EREN
a4 | - F
A 100~80% P NLEROEN ST
O 30~25% Polished surface
25~109
o 5~10% Mak F/B
4 |00 ~80%
B a 80 ~ 50%
FIREZ BEAMCEEd 2 - LiHEETH O/, BEH 2 522 ~ 259%
. ~10%
FWLELDE, TR TEY 2 s TEOLLIIYE T . . .

. N . w38 . Fig. 7. Results of ultra-sonic testing before and
B0% ERETRIOYV S ETRERGEI NS e, & after the rolling of alloy steel (heavy
OFEZFHMT 2 2 EBERECTH o —F, BIHEE reduction pass schedule).
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= (RIE &) (8 +58) ETREL Fig. 8. Results of ultra-sonic testing before and
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after the rolling of alloy steel (light reduc-
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. 9. Relation between total reduction ratio
and relative flaw ratio in various rolling
practices (alloy steel),
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Photo. 3. Optical micrographs of micro-porosities in steel.
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Photo. 4. Fractographic observation of micro-porosities in steel by means of SEM.
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Relation between the projected length
of elongated porosities and the rolling
ratio (alloy steel).
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Schematic presentation of the profile
change of micro-porosities during rolling
(longitudinal cross section),
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Fig. 12. Characterization of the effects of com-
pressive stress, time, temperature and
temperature gradient on annihilation of
micro-porosity.
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