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Abstréct

This study investigated the local austenite grain size (AGS) distribution in rolling of SCM435 steel which is
commonly used for high strength bolt. To investigate AGS distribution, round-oval (R-O) and square-diamond
(S-D) rolling experiments were carried out with pilot mill. In round-oval rolling, local AGS has a tendency to
increase when it goes to outward. In square-diamond rolling, local AGS has a tendency to increase when it goes
to free surface. To investigate relation between AGS and process parameter, three dimensional FE analysis was
carried out along with rolling experiment. To validate accuracy of FE analysis, we compared deformed geometry
with FE result. The AGS prediction combined AGS model with numerical analysis was also carried out for
center node of S-D rolling. Although this study brought experimental observation and its qualitative analysis
into focus and quantitative AGS prediction will be done as a further work.
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Fig. 1 High strength bolts made of SCM435.
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Fig. 2 Configuration of specimen and position of thermocouple (unit: mm).

318



Table 1 Chemical compositions of SCM435 steel

C Cr Mn Mo P(max) S(max) Si

Wt.% 0.33-0.38 0.8-1.1 0.7-0.9 | 0.15-0.25 0.035 0.04 0.15-0.35
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Fig. 3 Schematic of Experimental set-up.
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Table 2 Compositions of SCM435 etching solution

Water Picric acid Hydrochloric acid Wetting agent
Amount 100 ml 2 g 2 drops 16 drops

319



2oA AW A

[ez]
k=

Ao 7t

A%

43

2.2

KA T
ﬁl owaﬂ
= Y
T —
© [ ﬂm\/ -
) ,mu \.LIO E.m 7UUH
R o g o 2z ol RO
o ik ‘."EIO a ‘.ﬁ L | ..é_l M
ol ) = m G ,D|71_,Na_
To 4 o LT = % ® ol g
~ ~ © 5 v w00 ﬂ By
5. o] i - | T bk &) ol ~ o 13 jo°
B i o 2 Sy i M TF
Lo Do L = %jgaohzo i
-5 T . i 71_ LC — ].l_Zwl ‘_vw.b ‘mﬂ_ 0 - N
~ T o) = A Mo ~ £ o - ™ o1
CNR S ——— & R w2 =3 X A o 1)
oo S HM1LH < iﬂaxmufr W T T
=< 5 —~ WAD < LO_EFLHTH» ,U_l;olr
— L — o] ~ ~ B B - o TSR o B ) ﬂ =
o °s {18 o al%oc}% s ™ E 5 W
o a S0 = = 2 2 o o 2 o & Ko 3% o = % "
g | O, S o ]:ﬂo%gowu_. o of — = D = maﬂ
@U 2 B - o o) et 10' X ‘.rn “ .ﬂmu Y .._t \OI ¥ o, _@
W sl TE R TRV W TR X 2 A
w3 4 1 A I S o 2 TEager S%
- L s 2T 5 g 4 o T 2 oy ) | - 9
o g ol 2aL8 —_ ! RO R 7 v g i o T
= o= 3 ) BLcéze = ) R ' WS w
I =g o el 72 b o= e A ) W
o,}oﬂ, sX 08 12 » s Hl].oz}m Mo_a oy Nl ﬁo,uroﬂ.a uﬁl‘,%
o o W Soll® 2 o X P %5 n o —~ N ] T = ~ =
W oo - g3sc= 3 = ko D - R = W
X gsEs O NCC ) — % o T o O =
G Ex< 2 lo E 2 PN QU 2T ST 5= 5
) 5835 | - e B T ﬂ_é@%}w F O
Ekﬂﬂ F o~ 330 &) ,ml]ﬂdawbl\ﬂo ,L|7,M ]Z = uro — { w
B o P 2% £E68 g = L2 "o Cm LT RT W
B oy o e 2 5Ty o 9 { Ho PP & N =
o B & 18 cECEMEC T 2 o o ° oo P
o 2 _ ‘< . LT W B s dae 2 T
g K ] 5 éllx_.c 7 Mo <] T i
oﬁanml__o . q ® %@a“Auwj = Hd.,‘\rw.._m( mm.wu
55 g e e i f m.rls DT TELlE 5 g
~ P g 8 § 8 ¢ — & 3 o R e T W ~ vl o A o B
W R &8 8 8 8 % g o § = S E T s o ! o W oF o
a._iwr g & &= .E@Ji ﬁoﬁﬂ .E‘lwa_w_HL: :.1&
e A (2,) - ﬂﬂ%%&k% uj o 3 "o 1R
N ») @injesad = oL N . oo OV
= oW o= < R o m SR = o
T (e Wy B - 0N o+ o & (- o8 I
JJ e o o W O s oo L%
s W ey o S o oo X o <
o nﬂuxwio 0oL = N o~ R 75 (- o
HWE ) —_— 3 < Fxﬂo & OA\Ll;O 1r.._

\ml ) = - O\f = O_E 1 EE ™~ .& o~
o BB R DT e %) o o) o ® M r & 2F
o__er. W Ho O — —~ e ]ﬂﬂu * 7]
e o = ‘m..._ ) ﬂoo T B 0 .A—l ~~ a\wu
T TR W Sl o w o P 7O = = ri =

) o__ﬂ»%cﬂzﬂ% ﬁiﬂriﬂ.ﬂ ) w 5T
ﬂuﬂvjl_‘mhﬂ m o~ ] A
— T X = LC = ,Alvwl EE N O_E ~ An— X = ™
I ~ o D w @ = 30 20 : V. <A

2o 2 A - %lu, od T T2
A;_oylx..]m_%mamﬂu.w.bA@ﬁo T X e ﬂﬂ.wf%
< T o e:nFlyEﬂoT o T g
T RW® w_%,glﬁoz Ok BT L
%O o T ) =) iMB
No o7 = . o
] L.ow
N fi%s)

320



s J-*_'Aj e
o =
Wi NM

Austenlte Grain Size: 31 Austenite Graln Size: 32 Austenite Grain Size: 35

_"w

~ L
plama
l.l@

Austenite Grain Size: 48

7 o

o)

Austenite Grain Size:26 Austenite Graln Size: 30 Austenite Grain Size: 38

Austenite Grain Size: 60

Fig. 5 Local micrographs of the specimen in round-oval rolling.
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Fig. 6 Local micrographs of the specimen in square-diamond rolling.
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Fig. 8 FE results: (a) strain, (b) strain rate (1/s), and (c) temperature (°C) at the roll exit.
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Table

3 SCM435 AGS model developed by: (a) Zahiri and (b) Lee(1)

Zahiri's model

Lee's model

Critical Strain

=4.1x10 ~d *3Z 05

=T.12x10744,*5Z01

X=1—exp[—0.693(—t)n]

X=1—exp[—0.693(—’f)"]

fs b5
Static n=1 n=1
R tallizati - —y 314000 - 300000
ecrys zatnon t0_5=t0 pdqu EXD( RT ) t0_5=t0 Ddo aexp( RT )
tg=3.4x10 "4, p=2, ¢=2 t9=2.9x10 %8, p=4, ¢=2
Zener-Hollomon zZ=" exp(%) Z=" a@(%)
P t
aramerer Qg = 240K]] mol Q et = 269K]/ mol
7 n
X=1—exp[—0.693(t—t) ] X=1—exp[—0.693(—tt_> }
0.5 0.5
Metadynamic 7=1.15 n=1
Recrystallization .
s ™ = knit"eo ZRL0)
k=043, # i =—1 kmg=3.97x107%, p=—0.77
Recrystallized _ 3 —0.93
Grain Size dyprx = 1.5x10°Z dyprx = 5.6x103Z —0.2t
~Static dpye=350d,"* “0‘5exp(L}435%QO-) d sex=1.15xd , 06 ~0
~Metadynamic
Grain Growth d7=d7Mpr+7-5"1024texP( —42(7)(}00.)
~Stati
1 =l d"=d"yprxt3.2x10 ® —2300
t <1 t tJ& 4.32t05 MDRX T O. texp RT
Grain Growth 7 g1 Y 400000
Static d'=dypext7.5x10 texp( RT ) t=t ;,—2.65¢5
t>1 t=tm"432t05
Grain Growth T 2104 _—113000
~Metadynamic 4" =dipect 14310 teXD( RT ) d7=d7mx+1.32X1018teXD(;mm)
t<1 t=t4'£'_2.65t05 ; 5 RT
Grain Growth 1_a % _—400000 =1 ,—2.00¢05
d'=d +7.5x10 “¢ .
-Metadynamic HoRx exp( RT )
t>1 t=tm—'265t05
60 — 60
e Initial AGS = 97um
= 7
o Or 150
N .
(g 401t © Average @ {40
= g 7 value
@ 30} PY 130
2 4
§ 20+ 420
7 |
3
< 10 110
0

Experiment Zahiri's model

Lee's model

Fig. 9 AGS predictions vs. AGS measurements.
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Fig. 10 AGS and strain distribution in (a) square-diamond rolling and (b) round-oval rolling.

2 dAToME SCM43573 e ghge-28 g 2do-thelolEE kA FAAA L AG
g AHBET gE-0dd A TR ZANY QiHUE AR Y E AF
AL, 2Fol-tolol= Ao F§ FTHFANA AFEHOR /AL FE A HO

2 7 A} £ 71E9 AGS AF REg sdol-tgojolEgs FAol H sl Lo BF
S AFH Bud 28y U 34 d8elM AGS 22 B3dE FES a7 Ik

325



B dTE Ar1RdA FusE FA TE AT ALl kel FHHENLH ol BAA o

1. D. L. Lee et al.. Journal of the Korean Institute of Metals and Materials. vol. 39, no.
6, pp. 655-659(2001).

2. Y. Lee et al., Material Science and Engineering, A336, pp. 177-189(2002).

3. H. C. Kwon et al., ISIJ International, vol. 43, no. 12, pp. 1967-1975(2003).

4. Annual Book of ASTM Standards, vol. 03. 03 ASTM, pp. 115(1986).

5 S. Y. Kim et al. Journal of Material Processing Technology, vol. 127, no. 1, pp.
57-64(2002).

6. P. D. Hodgson et al., ISIJ International, vol. 32, no. 12, pp. 1329-1338(1992).

7. C. M. Sellars, Material Science and Technology, vol. 6. pp. 1072-1081(1990).

326



