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Hot Deformation Behavior of S355NL Steel Based on
Dynamic Material Model

S.H. Lee, D.J. Park, J.H. Song, C.H. Lee, J.M. Lee, and T. Lee
(Received September 3, 2024 / Revised September 12, 2024 / Accepted September 12, 2024)

Abstract

The S355NL steel has garnered attention as a structural material for applications in extremely challenging environments owing to its

excellent mechanical properties. This study investigated the hot deformation behavior of S355NL steel through compression tests

conducted in a temperature range of 900-1200°C and a strain rate range of 107°—1 s™' to explore the optimal processing parameters. The

flow behaviors consisted of an initial rapid increase and subsequent plateau with a marginal decrease in stress. This phenomenon was

interpreted in terms of microstructural evolution, such as dislocation density and dynamic recrystallization. The efficiency of power

dissipation and instability domains were derived using the dynamic material model based on the compression test dataset, providing a series

of processing maps. In contrast to conventional processing maps plotted for a single strain value, this study has established ten maps at a

strain interval of 0.1. This approach allowed for the consideration of continuously variable strain parameters, which is inherent to an actual

metal-forming process. The efficiency of power dissipation was strongly governed by the high temperatures (> 1100°C). The strain rates

barely affected the efficiency, but it primarily contributed to the instability domains. The application of high strain rates (> 10" s")

generated a region of negative instability due to the absence of dynamic recrystallization and the presence of cracks at grain boundaries.

Keywords : S355NL, Hot deformation, Dynamic material model, Processing map

LA A AE S, A
2. wAb sk Z1A ok, AAlabd
38 AR AT A, A

4 B AYRUATL, ATED
5. RS ) A F R, Fas

#Corresponding Author: School of Mechanical Engineering, Pusan
National University, E-mail: tacklee@pnu.edu,
ORCID: 0000-0002-1589-3900

YA oA A AA WM Fad g
< @ Aoz VY. addE Esta s
Hbd o Az, &9 2 Jhse ofHdE] S8 34
of oy A 24E werma Qv 53] s
W5, o=, vk, SRR Qldl wAstE 714l
R FEo At pxEo] Azbe &S 2fE
4 7] "ol g F-Eel AMEEE aAle =2
A NS FASer ok ¥R S
TE2E Ax Nl FAL 5 2 A9 g2
=3 34 FoAE LAY AUTE FAL 5
= T8 AV sTEH

S355NL7ZE 355 MPa ©]Ate] EA T2 A A
Fedoz AL AN E 17 D 58 F
A JQAE AYH, -4 7tEAd E=3 Hoju



349

of o

¥

NS

B o= S355NL

Hlo
E

Ny

PR

ez ]

B

<

=
=

==

tel dlolEwo] =5
F(strain)o| A 9] 7} =0k

1 Aol o

o

Bl

ColE mgow

4, 97 s o

=

¢}

I ]

E
=

E7}

4% (strain  rate) 2}

[}

il

"X

i
ol

Ho
_

A}
==

X
Aqr

< Tm

TR
W

[0
oo
o]

R

N
4
B!

—~
o

]

ol
N

st olojd

S

=4 A

=

el

R o o B Mo

4
B!

o
i
mmo
il

1

= 7] wiEel A

T

AL o]old

el
wr

s

,Ho
3
)

e
B

S

=
N

W

o

Ead
%T

i
o

]
4

—_—

X
ﬂmO
Mo

o

oo

F o] gkth4]. 22} trial and error 7]¥

Ho
.
N
~
b
ES
w
o]
TR
or

H

slab Fej= A Z= b

Gleeble A3 7]

&l

3

9

5}71

°©

34

[

s,
e

B
==

71dko 2

Fa7F A
[e)

=

1

9
p 8l

=i}
N

J}'_‘:*E](dynamic materials model, DMM)

Aoz A7]¥ i
(efficiency of power dissipation)
(instability factor)S 7|2

=

[}

o] 12mme| ¥%F

=
oA

H
T

AA =

Q)
=

1o

Bl 27 10 mm,
L& 21L& Z47F 900°C, 1000°C, 1100°C, 1200°Ce] ™,

] A]

o

yu

[e]

=

=N

boh ouA) Rl

R

ARE ong

T

9
pul

7} 3

3102510 s 1 s

ojt}. Hir 2% (1200°C) 2

Aqr

14 AF E5210° s

=

1
%

A
B
=)
"
oy

]

<]

328 Hol A

1

T

4

o

2 Alel
o

I3

DMM 7|4t

Modified

Q345 7x8& &

[e)

R

(6]

Johnson-Cook,

L=

[

1
T

A

Johnson-Cook, strain-compensated Arrhenius®] A 7}-%]

£9] Zhao

=

=

RSN |

Ho

40Cr/Q345B o] FAAl=E o

[7]&

L=
o

FSlt). Jia

S

T
a-

—_
fite)

xr
il
K

o 1

3.1

Aolgozn ol

A% w)

1

)
pal

3 Th. S355NL~

A A F Azl o

7z 52
Txg 2Aolng A JtE =4S

o

=
Ta



350

o
oS
fuy ey
AR b2
ﬂM%Wuﬂ J
e
aoﬂamlgﬂm Mﬁo@
o) t.umuo
= ) CLa Xy N o =
T H_H EAn oﬂ%ATl , J ,HL 1 aL
aﬁﬁ‘ﬂﬂﬂioogokiﬂpm _LMI\DF‘_ m_xﬂuu
}EOOW,EJAIIEEENO\Q‘W]‘NW-HJ{ O‘_ﬂ
,ul‘_wp,:u sc..*Llﬂd.mﬂMEoi:#HIﬂiiui _Aﬁfow
Iy eeﬂyuﬂmmu791@151@.%@%%%%% H =
0 ﬂxbyzﬂ%M%ﬂﬂE@%gﬂi =
i -y @ﬁqﬁﬂwzommﬂmw o]
%er,nmo,wx IS @Hgﬂfrﬂﬁ&%ﬂﬂ&ﬂmi Mo ==
n %gmlﬂi% 5%4@%%%%&5% %@ﬁ%%% B0 =
T s o 0 B ;
o aL%wls&1o. m:m%w%1wn% anﬂmm%&oﬂ%aw 5
g, %%@Mm%ﬂ %ﬂém%mwww%& wﬁéﬂ&ﬁ &
= it _34 2 ; ]] s ~ .
25 %ﬂgk&@% éﬂﬁﬁaﬂﬂ;WQMW1ﬂ@ﬂ?% ®
S < 5 ﬂoﬁﬂs P oRo T m.ﬂ&m %utuﬂ% ﬂmoﬂﬂu@ n
Ji= Sm ﬁaioiﬁwmwa‘l_/r%” Edﬂqufﬂmﬂ‘mEﬂ .,‘w_&onm_dmﬁ OmﬂLﬂ\_
s 8 — ]ﬁ N a.,_t ft Aﬁ]ﬂ .
o )wam nznw_/rj; \OL, Mi&wﬁ%wEﬂilu&%Poimoo i
7 s B 4}E5@m;mgo}% ¥ P 3 ) o 1 ©
wis mumn ?@oebﬂﬁwzaMﬂsQaw@qogax A
=55 [ = ° ) 0 ; T " ) *
11D0 b s 1&_0 101r,_\ = ;uﬁl& T N R o
2353 5 2E tﬂmhﬂwﬂﬁ@mw@ %Eam@ awaﬂ o
— + o ﬂd H_Alﬂor B EL < LOT C._O et O.T Etl ~o O# ,ml t Mu_l\_ oﬁo\_lzrﬁ DT_ i‘m
++ mmmm ﬂ%%mﬂ%%mak .anw:,.mamu o,%w,_o.% _xﬂﬂ P o
‘mm mm ﬂ%‘mmﬂﬂag .uuaﬂ% %Limo%iﬂﬂl %iﬁ
S 2 ilmmﬂﬂmQMm%x sﬂ%m%%ﬁwﬁow T
cma NLJIuﬁo Iy w ﬂwroﬂ O iﬁqbgﬂqﬂ = o
J s = %7x %oﬁa oﬂﬂxﬁaqgﬁ%ﬂ TN 5 o
\ 18 ..mm ‘N\Alﬂ,ﬂﬁlo:iﬂu ‘Ho,ﬂE;oL lﬂvAﬂA#Lﬁl\mL%ozI\olzﬂ.oﬁ/ o
’ R ﬂ%ﬁ@ﬂ ﬂﬂﬁ%%ﬂ%ﬂaﬁwﬂwﬁﬂﬁﬁw e
> = oﬁﬂo dl]:;z#o%]‘m] LlEo JoLHoEﬂ‘MAﬁ mﬂLc
o s ¥ 1§a¢ﬂ ﬂmfﬂy Aﬂgo o R P
\ _ B 20 ﬂowﬂizrwo% JWL@WEM%W%%W;%% xﬁo
i o OO = ™ .L.Uﬂkx\o\.mlal I]rOI_.EﬂA|O X OOE %OMO dﬂo
2 m_wmm.._QE - s ﬂwﬁdlﬂ/iﬂl,%]_mﬂnﬂwmaﬂ ﬂ1xﬂﬂ%iﬁ@i =
: R1.v Al 1],.:-] —~ ‘|~O|‘_L|U_ —_ [} T
} ddm.n ol Nw g T ] i = o x
Tea mome g.;%%wﬂ%m&wqﬁgﬂ@qmimmﬂiy
00e.sm i;% mﬁhﬂwqmgﬁzﬂaﬂi Jntlmaﬁim
L%ma,m mﬁm%mﬂ W%‘u%m%zw%ﬂﬁo%gmvw ﬂwii
Z - ) _- J_/ll m_] CLl_]z\ﬂ. ~o 7.&%.\_6 o el
) mﬁman“ ﬂwﬁxwoﬂ«wmyqﬂAﬁ}%ﬁwgw q
° ] ol o = ° 7 Juawro N T
.ﬁsfmooow o%ﬁﬁﬁo,@ﬂn mJoﬁ%ﬂAﬂ# 3#@
g - ) : 4 70 o
. Tﬁamww wlvuf%motwamﬁmawﬂﬂoz%rmoﬁot_
N B K- 3] — o X
smm,mW RS ) oﬂmmwmﬂr%:atoﬂ%
2 wa(oﬂ. iﬂﬁ%ﬂ[mcéoovﬂﬁg%
" mw.,ﬁmm %@&HE%&HW@%%EW&
2 5 Cdt.a g __ U]} = r
o m Omm._:, cmm%bnmm HJ-OZMHWM\IJO‘WEHﬂH”l‘mIﬁ
= Fasons mtwn by jo T i iﬂ%cl 5 N
T .aelaro E._o% o = X
. LR C 2 s 55 - Jaaimw
: TEHE . 23
a £ 3 .,re1. aioﬂoaﬁéﬂr
= = nrd numg < B o X
3 MﬁeT.l o= Aﬂ_ol o#
@ = mOMWF %Tl £3
° emwﬁ oL W
c ubl 0
Bw } r0
°& i =
5 & -
° 8 5 20
8 \H) OW:H F
: ,m\wuﬁmmm:wm
. =3



351

E Ta e PReE oM BRT T
o wezal LeEE & oo = ﬂL Hwo T o R % e T
| ~eas|” -cdoo = = = o = T A
tttle s REIE s T T MR T WW
23 27 o o m T K P g T R A
| & (8% TamIERAygERrF
N mh o pEE E3RraeLTEE LB, oo
c = Il F a8 ; W Ao H = 7o o T o
@ | ] ]L N ~ 9
s \ s |z . 28 s 2 e Tor Mﬁ otﬂﬂm# 750 K 7o oF %o
bty k it el 2 s S .‘Ul‘dlﬂ:._o\m_ﬂﬂA \uAlﬂM.terﬁﬁoot mmﬂ.ﬁ
= - 73 BEFEIFoo = NN )
T 3. 9 8 §¥ § 37 3 2 = ° W N o= Pma
u I B & * .ﬁﬁq lbtiﬂl ;%EW ]i
- 1.5m e o | - s ﬂ_vl e ﬂAlO ‘u| O — OM ~;Imy| \wW.A ‘ﬁ [=l 0 O#
: w2 w2 la > EA ) — T d.ﬂ r
1 wez3R L wecE® BT o T wrm CETRNRCE K- o mﬁ
\ =] ~doe [ Kl =< 0 Y A_u
- ro R _
\ s oo 28 B TP R R For wgped Wy
™ 1 Y 23 B Xy e S T oA wW R
E 28 ROV ToxToHTEOEy
| @ @ ~ —
o lg & |o IS -1 N oo m O W g o <
: PR el TN s hre =X
3 | T 1 = S 0 \_Iqoﬂ 0| 7o T = .‘NIJ;
% NI W g 838 W38z lg Wyao _Tag T
) | L) I T BE —~ To o BB X i og e MO
2 % ® &4 5§ = 92 B &b o I T R S S S ol
4 4 = WTE®T LN RN T RIA
B Uk = T ol Wy oK S EXNTEP D du gl W] R R
B _ N E O, oF oM P oo e R o
Ho o, @ Mo o, B Moo T ® L _ D !
0 N o7 ol LS S
= WoRIR == ) — = W q M
) L " Mo N © — %z o
B op X = R = N 0 oo K
mw o S BT X qr fr R S W o 7 A oy 5w
NE -5 B wmy R =7 o TaTHYT
Z = ° + B L = o 2 - ° ey
- T = s K oo E o~ o T ) B .
oo S % o N o St FPuwTE s
—_~ <« =y . = TR o R
2o Xw %iﬂafw S o pdmg® __ EL g T
TO —_ oyl - T A —
T s=5 > Yo B o I N R I S|l o wm T TS
I S S ° mHF o SN L W X
BB o T T R o R __ s X m
o= o ,F e o Tl T o~ s N S~
AN b V]ui mNrLﬂﬂﬁ; H RN 2y
T m R i IR G - 3 Ao L I
Waiyrg ~ T hmgITlho NPT o © = |, T
Tl LS TR © X w o
s RN § i BT W D W R %OL%%%@
S M= oA X =T o4 A TEBE IR
! . . \l_}
S N Ty oy TN LT
M Ne T O ' R o 4w B E T OB W o B M E o

bl g
17

©

1

o

A |

o|

A2 A o]

9] ol A
ol A=
E

_cﬂ

R

A

1

L

sk

S

SR} Ziegler

S

17}
I} Zo] At

>3

o
i
Ko N
=g

o}



i

ol

o
o

N

352

X
4

(b) Strain 0.2

(a) Strain 0.1

00

%_Em_xmmdl.ﬂoﬂuﬂoaoﬂoﬂiEﬁozlﬁdlﬂr. %%ﬂowi Nroﬁoﬂ_.%
MM %O R NG ﬂﬁ.m H__l, w < 4 ﬂv_A_W o = o B! T oy ™ Z mqw W_ X B B b
THhEMe o Mmame g m P Ll
o S=2 w X g = o 0 =~ 7 B — )
3 X To N T BB or B T o N n N B B B OW
PR IFT o i X Wy B oor M ® o oo
wT S W R R ET W g M Mag 02 M=
ST o= o8 g 9 - R~ - s
T t*ﬂ%w_.%%%c_ozAm%A._%wx LA BB o o A
0 ol T o b5 © k3
X M Mt ,Ul = N o 1__/M ] m HM Nwﬂ m HM oy w W ‘_WH _E ‘Mﬂ o _w < M‘QM %o ﬂ ~ &
T — U T 1 i B E T KO
Vﬂo_obﬂk%éiﬁi . 2 ufguhﬂn W o _Z?zﬂﬂnnowmﬂo
T X N o o T oo Ar 2 o By X B Ap oy R
NN B N — o 5 o= Rl = BRI e 7o
N TN mE s 2y~ XN N0 oy oK o= N
i S PUX DS w (2R WRow o oo — B X
BT g PEE T g Ex O m e ¥ g TR LT ®E
o 1!
WAT o mpTT e L dr S B wg T R g 2
mTe PRI LR NE SRET LiHsPEers
m‘._ 3_ N 1_|L = = -~ 7T ;OL A —_— o B - T EO
Moo ® T w.ﬂfr% S % B B o ﬂmﬁ_dw%%@%
W= ST WL TANT 5 R J R o N T
EWWE%ﬂ[%%& By g ™ o gy o ?ﬂ%&mmw__ﬂo%ﬂ
: Ao o % fat = ) o
) # umsM?mr@ﬁom%a«o_@ T o wp D ~ R
PEPBRT BT RFIART EW T T A WML T oM
TR OWE W B R W TN T BT [ R NE B X T W oo ) ®
8 2 g 2
] 8 s 3 s 7 § T g
b IE: u IE] 2 ° 8 g ° = ]
- 2 - = B ] H
§ g & T g s & . g & g g
s 9 3 NG 4 3 ] g <
g A B g8 of & [ 2 82 © t s
2 1.8 2 g S |3 g 2 T
8 B € £ g e |3 gE £ g
& mu § - E|e S e 8 g e N
s P 18 o & o8 Bz ° o 1% @ & -
& , shs i el v, = JEN
s T ¢ & & 3 e ¢ T % 8 8 3 e ¢ 2 ¢ 8 & 3 e 3 2 7 8 8 3
(.5 'oley wieng)bo (,.s 'ajey uiens)bo (,.5 ‘aley uieng)bo (,.5 ‘aley uieng)bo
7§ v © & g 5 g
M o .‘m M o o M.W m W o m W
5 5 lg & - °lg & ') gl
. & P p 2 t e 3 L =
PORA° ) /|83 « 2 83 o g ¢ | FES]; & /lg
| ____. _. T L o =8 g 4 = e g m m 2
| AIE ls§ € : 5§ 5| ° 8
I T i1 e £ e 8 58
§ _ \ s ig O g2 g ®13—§ g Dl 3 g
s . S8 g s TleE-c 3 Sla & ° 3
M.ﬂwm R (wwww i3 85538 sseTe3sS
(.8 _w.mw__c_m‘_.muao.._ [ ,wﬁm.c._w:_mwmo._ _ .n_.m .rﬁmr_mh_m_mo.__ . (s _,m_mm__.__.m:.w-mo.__ :

)
~
No
i
<

Temperature ('C)

Temperature (C)

o ® H @ o ® B B
- —_—
_,_wvmm:fﬂr.uﬁug
A B 4r
%ﬁm_z_mﬂmq .
N
1$4m@ﬂW%
0‘|‘I1
%im%gxﬁm%%
oo =
B oo ol N
ﬂsﬂmﬁ@%imﬂ
: |
ﬂr%mru_ﬂ_urmﬂoﬁ »
B o= o
o E S
ﬂ_Ol‘o|Ju _ ,
I Hwﬁ_zﬂw
X =
o o
= e
%DEO_L T T X
-~ KOO T ooF
ﬂ%lﬁOju Fi ‘@l\l_l
oo P R T 4r mo N M
eg%ﬂ el
@.ﬁjl‘o,malmmoot,wuﬂo
oa,w,mﬂdomﬂﬂl Ho
0 NI
TE T O E Y
= e
o 2 S8
0” lm
5 I
2 - e
= 2 28
- o wu
£ 8 E
s J 8
% g 18
mo - e .._..00 v Om
° ] - - ] Noom
(,.s 'ajey ueng)bo
T g
&
° g {8
. 7 olg &
8 gl o
o *lg 3
o g | 1°§
£ g § mw
@ ° g\
S

-
]
G

k] ..smz c_w:wumo.._

Fig. 4 Processing maps of S355NL steel at the different

strains: (a) 0.1; (b) 0.2; (c) 0.3; (d) 0.4; (e) 0.5; ()

0.6; (2) 0.7; (h) 0.8; (i) 0.9; (j) 1.0

ruge]

Mo

Mo

J e



W

A=k

pu

= = pud

[e)
FHARELE

HAAs 7} M5 Aoz JuE)
Ab A}

ATE 202405 AJEAALT] Ao

Sk U 2] 7143 7H (KETEP) o] A1 1S Wrol 5=3)
3 - A 9 Y th(No. RS-2023-00301857).

(1]

(2]

(3]

(4]

(3]

(6]

REFERENCES

V. Igwemezie, A. Mehmanparast, A. Kolios, 2018,
Materials Selection for XL Wind Turbine Support
Structures: A Corrosion-Fatigue Perspective. Mar.
Struct. Vol. 61, pp. 381-397.
https://doi.org/10.1016/j.marstruc.2018.06.008

A. Jacob, A. Mehmanparast, R. D'Urzo, J. Kelleher,
2019, Experimental and Numerical Investigation of
Residual Stress Effects on Fatigue Crack Growth
Behaviour of S355 Steel Weldments. Int. J. Fatigue.
vol. 128, p. 105196.
https://doi.org/10.1016/j.ijfatigue.2019.105196

G. Krauss, 2015, Steels: Processing, Structure, and
Performance. ASM International.

H. Y. Ban, G Shi, Y. J. Shi, Y. Q. Wang, 2011,
Research Progress on the Mechanical Property of
High Strength Structural Steels. Adv. Mater. Res. Vol.
250~253, pp. 640-648.
https://doi.org/10.4028/www.scientific.net/ AMR.250-
253.640

Y. V. R. K. Prasad, 2003, Processing Maps: A Status
Report. J. Mater. Eng. Perform. Vol. 12, No. 6, pp.
638-645.
https://doi.org/10.1361/105994903322692420

G. Zhao, Y. Tian, Y. Song, J. Li, H. Li, J. Zhang, 2022,
A Comparative Study of Three Constitutive Models
Concerning Thermo-Mechanical Behavior of Q345

289 S

355NL7e] 43 HdAF

[10]

[12]

[13]

A

A 3563

Steel during Hot Deformation. Crystals. Vol. 12, No.
9, p. 1262. https://doi.org/10.3390/cryst12091262

Y. Jia, H. Qi, M. Pei, Z. Li, F. Qin, L. Jia, 2022, Hot
Deformation Behavior Coordination and Processing
Maps of 40Cr/Q345B Bimetallic Blank by
Centrifugal Casting. Metals. Vol. 12, No. 8, p. 1281.
https://doi.org/10.3390/met12081281

J.H. Park, D.H. Park, S.Y. Shin, N. Kim, 2022,
Temperature and Strain Rate Controls of AISI 4340
Based on a 3D Processing Map in a Hot Forging
Process. J. Korean Soc. Precis. Eng. Vol. 39, No. 9,
pp. 691-700. http://doi.org/10.7736/JKSPE.022.071
X. Zhang, G. Zhou, H. Zhang, S. Zhang, X. Ma, B.
Gan, L. Chen, 2024, Study of Processing Map of
GH4079 Alloy Based on Different Instability Criteria.
JOM. Vol. 76, No. 7, pp. 3872-3887.
https://doi.org/10.1007/s11837-024-06588-1

M. Shaban, B. Eghbali, 2010, Determination of
Critical Conditions for Dynamic Recrystallization of
a Microalloyed Steel. Mater. Sci. Eng. A. Vol. 527,
No. 16~17, pp. 4320-4325.
https://doi.org/10.1016/j.msea.2010.03.086

M. H. Bae, M. Kim, J. Yu, M. S. Lee, S. W. Lee, T.
Lee, 2022, Enhanced processing map of Ti—6Al-2Sn—
27Zr-2Mo-2Cr-0.15Si aided by extreme gradient
boosting. Heliyon. Vol. 8, No. 10, p. ¢10991.
https://doi.org/10.1016/j.heliyon.2022.e10991

G. Zhou, H. Ding, F. Cao, B. Zhang, 2014, A
Comparative Study of Various Flow Instability
Criteria in Processing Map of Superalloy GH4742. J.
Mater. Sci. Technol. Vol. 30, No. 3, pp. 217-222.
https://doi.org/10.1016/j.jmst.2013.07.008

L. Chen, X. Ma, X. Liu, L. Wang, 2011, Processing
Map for Hot Working Characteristics of a Wrought
2205 Duplex Stainless Steel. Mater. Des. Vol. 32, No.
3, pp. 1292-1297.
https://doi.org/10.1016/j.matdes.2010.09.030



