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Abstract: As an advanced rolling process, gradient temperature rolling plays an important role in improving the shape and
performance quality of ultra-heavy plates. However, the lack of clear theoretical guidance for the formulation and
optimization of process parameters in production has led to serious constraints on the development of gradient temperature
rolling. To solve this problem, this paper introduces the relevant modelling methods and research progress from three
aspects, namely, rolling force, defect compression and plate shape control, and analyses in depth the application and results
of theoretical analysis, finite element modelling and neural network modelling. Available research shows that the accuracy
of rolling force model prediction for gradient temperature rolling production needs to be further improved. At the same
time, the modelling study of defect compression and plate shape control in the gradient temperature rolling process lacks a
quantitative description of multiparameter coupling, and further research is needed. Finally, with the increase in accuracy
requirements in the production process, high precision modelling and optimal control of parameters based on artificial
neural network technology will become an important development direction for rolling steel in the future.
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Fig.1 Diagram of gradient temperature rolling
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Fig.4 Diagram of the rolled width deformation of ultra-heavy plates



<307

( )04/2023 ,
6
Fig.6 Transformation of double drums to single drums on the
side edge of ultra-heavy plates under a gradient temperature
rolling process
5 BP 1 Zhou [ Rout
Fig.5 Diagram of the BP neural network structure 163]
BP s ) o
Yu © ,
o ,Ruan
[54] ., Ding @
, [66]
o ’ ’
[55] o
BP ’
R ,ElmanP | °
GRNNPT RBF B9 )
- Raghunathan®™’ °
R [60] ’
2 o



Vol.44 No.04

308 - FOUNDRY TECHNOLOGY Apr. 2023
1.3
[67]
,(b) m
68] Fig.7 Residual defects in ultra-heavy plates: (a) rolled at
uniform temperature, (b) rolled at gradient temperature!””
o
20%
. , . ,Ning [
. Wang ©) . 0
Ganguly ™ o
° , Turczyn
(71-72]
Zhang P o
o b
) 8%
. Kakimoto™ ,
0 T, Von o
Mises Ee o ,Kang " ,
Q °
Faini [ Von Mises Eqq )
, Q Eeq

71, Pietrzyk ™

: 79
Jio 7



(

$04/2023

+309-

()

@)

€)

()

(1]

(2]

(3]

(4]

(5]

@) : ,

€) :

.2021 [R].
.2022: 2-15.
China Iron & Steel Association. Economic operation report of Chi-
na’siron and steel industry in 2021[R]. Beijing: China Iron & Steel
Association. 2022: 2-15.

. GB/T 1591-2008 [S].
,2008.
State General Administration of the People's Republic of China for
Quality Supervision and Inspection and Quarantine, Standardiza-
tion Administration. GB/T 1591-2008 High strength low alloy
structural steels[S]. Beijing: Standards Press of China, 2008.
s .GB/T
1591-2018 [S]. : ,
2018.
State Administration for Market Regulation, Standardization Ad-
ministration. GB/T 1591-2018 High strength low alloy structural
steels[S]. Beijing: Standards Press of China, 2018.
[D]. : )
2017.
WANG Y. Research and application on temperature gradient
rolling process for hot plate[D]. Shenyang: Northeastern Universi-
ty, 2017.
HEEDMAN P J, RUTQVIST S P, SJOSTROM T A. Controlled



<310~

FOUNDRY TECHNOLOGY

Vol.44 No.04
Apr. 2023

(6]

(7]

(8]

(9]

[10]

[11]

[12

—

[13]

—
—
~

[l

[15]

[17]

[18]

rolling of plates with forced-water cooling during rolling[J]. Met-
als Technology, 1981, 8(1): 352-360.
LIU D S, CHENG B G, LUO M. F460 heavy steel plates for off-
shore structure and shipbuilding produced by thermomechanical
control process[J]. ISIJ International, 2011, 51(4): 603-611.

[J1. ,2017, 53(5): 549-558.
MA J N, WANG R Z, YANG C F, et al. Effect of surface layer

N .

with ultrafine grains on crack arrestability of heavy plate[J]. Ac-
ta Metallurgica Sinica, 2017, 53(5): 549-558.
XU B, FU H Y, ZHANG X, et al. Effect of gradient temperature
rolling on microstructure of initial pass of ultra-heavy plates [J].
IOP Conference Series: Earth and Environmental Science, 2019,
233(2): 022012.
CHEN X, CAI Q W, XIE B S, et al. Simulation of microstructure
evolution in ultra-heavy plates rolling process based on abaqus
secondary development[J]. Steel Research International, 2018, 89
(12): 1800409.
, s . [J1.
,2018, 35(3): 13-18.
LIGS, YU W, CAI Q W. Effect of gradient temperature rolling on
central deformation of heavy plate[J]. Steel Rolling, 2018, 35(3):
13-18.
[D].
,2014.
YE C G. Study on the uniformity of deformation in temperature
gradient rolling of thick steel plate[D]. Shenyang: Northeastern U-
niversity, 2014.
LIR H, LI HJ, NING X Y, et al. Temperature influence on section
uniformity of casting steel rolled with the hot-core heavy reduction
rolling process and traditional hot rolling process [J]. Journal of
Materials Engineering and Performance, 2022, 31: 7391-7401.
ENDO S, NAKATA N. Development of thermo-mechanical con-
trol process (TMCP) and high performance steel in JFE Steel[J].
JFE Technical Report, 2015(20): 1-7.
FUJIBAYASHI A, OMATA K. JFE Steel's advanced manufactur-
ing technologies for high performance steel plates[J]. JFE Tech-
nical report, 2005(5): 10-15.
=60 mm
2021-02-19.
XI T H, HUANG D J, DU T, et al. A production method of high

.CN110394363B[P].

quality carbon structural steel with thickness =60 mm by differen-
tial temperature rolling of wide thick plate finishing mill:
CN110394363B[P]. 2021-02-19.
CN110284058A[P]. 2019-09-27.
WU Y, HE G X, XU X H, et al. A kind of high hardness carbon
steel for mould base: CN110284058A[P]. 2019-09-27.

s s :CN108486341A[P].
2018-09-04.
DU P, ZHU Y S, QU J B. Manufacturing method of steel plate:
CN108486341A[P]. 2018-09-04.

) . : M].

[19]

[20

[t}

[21

—

[22]

[23

—

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[32

—

[33

[t}

[34]

,2014.
WANG T B, QI K M. Metal plastic processing studies: Metal
rolling principle and processing[M]. Beijing: Metallurgical Indus-
try Press, 2014.
SIMS R B. The calculation of roll force and torque in hot rolling
mills[J]. Proceedings of the Institution of Mechanical Engineers,
1954, 168(1): 191-200.
ALEXANDER J M. A slip line field for the hot rolling process[J].
Proceedings of the Institution of Mechanical Engineers, 1955, 169
(1): 1021-1030.
ABRINIA K, FAZLIRAD A. Investigation of single pass shape
rolling using an upper bound method[J]. Journal of Materials Engi-
neering and Performance, 2010, 19(4): 541-552.
LIU Y M, SUN J, ZHANG D H, et al. Three-dimensional analysis
of edge rolling based on dual-stream function velocity field theory
[J]. Journal of Manufacturing Processes, 2018, 34: 349-355.
ZHANG Y F, DI H S, LI X, et al. A novel approach for the edge
rolling force and dog-bone shape by combination of slip-line and
exponent velocity field[J]. SN Applied Sciences, 2020,2: 1-11.
ZHANG S H, DENG L, TIAN W H, et al. Deduction of a quadratic
velocity field and its application to rolling force of extra-thick
plate[J]. Computers & Mathematics with Applications, 2022, 109:
58-73.
ZHAO D W, XIE Y J, WANG X W, et al. Derivation of plastic
work rate done per unit volume for mean yield criterion and its ap-
plication[J]. Journal of Materials Science & Technology, 2005, 21
(4): 433-436.
ZHAO D W, FANG Q, LI C, et al. Derivation of plastic specific
work rate for equal area yield criterion and its application to rolling
[J]. Journal of Tron and Steel Research, International, 2010, 17(4):
34-38.
ZHANG D H, LIU Y M, SUN J, et al. A novel analytical approach
to predict rolling force in hot strip finish rolling based on cosine
velocity field and equal area criterion [J]. International Journal of
Advanced Manufacturing Technology, 2016, 84: 843-850.
YOU G, LI S, WANG Z, et al. A novel analytical model based on
arc tangent velocity field for prediction of rolling force in strip
rolling[J]. Meccanica, 2020, 55: 1453-1462.
LIS, WANG Z, GUO Y. A novel analytical model for prediction of
rolling force in hot strip rolling based on tangent velocity field and
MY criterion[J]. Journal of Manufacturing Processes, 2019, 47:
202-210.
SUN J, LIU Y M, HU Y K, et al. Application of hyperbolic sine ve-
locity field for the analysis of tandem cold rolling[J]. International
Journal of Mechanical Sciences, 2016, 108: 166-173.
ZHANG S H, SONG B N, WANG X N, et al. Deduction of geo-
metrical approximation yield criterion and its application[J]. Jour-
nal of Mechanical Science and Technology, 2014, 28: 2263-2271.
ZHANG S H, JIANG X R, XIANG C C, et al. Proposal and appli-
cation of a new yield criterion for metal plastic deformation[J].
Archive of Applied Mechanics, 2020, 90(8): 1705-1722.
SELLARS C M. Computer modelling of hot-working processes[J].
Materials Science and Technology, 1985, 1(4): 325-332.

[D].



$04/2023 ,

*311-

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[43]

[44]

[45]

,2012.
HE Y W. Effect of temperature gradient on rolling deformation of
aluminum alloy thick plate[D]. Changsha: Central South Universi-
ty, 2012.
. ,2017, 52(9): 60-65.
WANG B X, XIONG L, ZHANG T, et al. Influence on deforma-
tion permeability of plate by controlledrolling process with in-
ter-pass water cooling technology [J]. Iron & Steel, 2017, 52(9):
60-65.
BIAN S Y, ZHANG X, LI S L, et al. Numerical simulation, mi-
crostructure, properties of EH40 ultra-heavy plate under gradient
temperature rolling [J]. Materials Science and Engineering: A, 2020,
791: 139778.
LIGS, YU W, CAI Q W. Investigation of the evolution of central
defects in ultra-heavy plate rolled using gradient temperature
process[J]. Metallurgical and Materials Transactions B, 2015, 46:
831-840.
DING J G, ZHAO Z, JIAO Z J, et al. Temperature control technol-
ogy by finite difference scheme with thickness unequally parti-
tioned method in gradient temperature rolling process[J]. ISIJ In-
ternational, 2017, 57(7): 1141-1148.
[D].
,2017.
LI G S. Effect of gradient temperature rolling on deformation and
microstructure of heavy plate[D]. Beijing: University of Science
and Technology Beijing, 2017.
WANG HY, DING J G, LU X, et al. Analysis of ultra-heavy plate
rolling force based on thickness temperature gradient elements and
experiment simulations[J]. Proceedings of the Institution of Me-
chanical Engineers, Part C: Journal of Mechanical Engineering
Science, 2017, 231(4): 599-615.
JIANG LY, ZHEN T, HUANG J B, et al. Calculation and analysis
of rolling force during aluminum alloy thick plate snake/gradient
temperature rolling with different roll diameters[J]. International
Journal of Advanced Manufacturing Technology, 2021, 115(11-12):
3453-3465.
[J1.
,2022, 14(1): 27-28.
MA Y. Development and application of automatic rolling technol-
ogy in steel rolling production[J]. Metallurgy and Materials, 2022,
14(1): 27-28.
. [D].

,2008.
ZHANG Z L. The spread model research of the ultra-low-carbon
hot-rolled steel [D]. Wuhan: Wuhan University of Science and
Technology, 2008.

> s . N [J].
,1989, 12(3): 22-29.
DU G L, ZHAO G, HUANG K Q. Slab deformation in vertical and
horizontal passes[J]. Journal of Wuhan University of Science and
Technology, 1989, 12(3): 22-29.

5 > 5

0. .1999, 34(8): 43-46.

[46]

[47

—

(48]

[49

=

[50]

[51]

XIONG S W, JIANG Z Y, LIU X H, et al. Experiment and applica-
tion of slab widthreduction prediction model on roughingstands of
hot strip mill[J]. Iron & Steel, 1999, 34(8): 43-46.
HILL R. A general method of analysis for metal-working processes
[J]. Journal of the Mechanics and Physics of Solids, 1963, 11(5):
305-326.
OH S I, KOBAYASHI S. An approximate method for a three-di-
mensional analysis of rolling[J]. International Journal of Mechani-
cal Sciences, 1975, 17(4): 293-305.

[J]. ,2022, 57(9): 95-102.
WANG Z H, LIU Y M, WANG T, et al. Prediction and analysis of
rolling force and width spread in rough rolling[J]. Iron & Steel,
2022, 57(9): 95-102.
SHEPPARD T, DUAN X. A new spread formula for hot flat rolling
of aluminium alloys [J]. Modelling and Simulation in Materials
Science and Engineering, 2002, 10(6): 597-610.

[J1. ,2016, 23(6): 106-111, 125.

LIU C R, ZHANG L W, ZHANG C, et al. Numerical simulation
for the effect of friction coefficient on width spread of wide and
heavy plate rolling[J]. Journal of Plasticity Engineering, 2016, 23
(6): 106-111, 125.

[J]. ,2005, 40(6): 44-47.
LIXT,DUF S, SUN DY, et al. Study on spread model of hot
strip on roughing trains[J]. Iron & Steel, 2005, 40(6): 44-47.

[52] CHUNM S, YIJJ, MOON Y H. Application of neural networks to

[53]

predict the width variation in a plate mill[J]. Journal of Materials
Processing Technology, 2001, 111(1-3): 146-149.

[D]. ,2011.
LI W T. The research of neural network predictive model for hot
rolling strip width based on improved partical swarm optimization

[D]. Taiyuan: Taiyuan University of Technology, 2011.

[54] RUANJ H, ZHANG L W, WANG Z G, et al. Finite element simu-

[55]

[56]

[57]

lation based plate edging model for plan view pattern control dur-
ing wide and heavy plate rolling[J]. Ironmaking & Steelmaking,
2015, 42(8): 585-593.

, s , . FES

[J1. ,2010, 32(4): 515-519.

WANG A L, YANG Q, HE A R, et al. FES width spread model
and its optimization for a rough rolling mill[J]. Journal of Univer-
sity of Science and Technology Beijing, 2010, 32(4): 515-519.

s . Elman
[J1. ( ),2008, 135(1): 193-196.
MENG L Q, MENG M. Application of Elman neural network to
width spreadprediction in medium plate mill[J]. Journal of Jilin U-
niversity (Engineering and Technology Edition), 2008, 135 (1):
193-196.

.. GRNN
[J1. ,2007(3): 20-23.
LUMH, LID L, QIN S T, et al.Prediction model of width spread

5 5

in medium plate rolling based on GRNN neural network[J]. Ma-



«312-

FOUNDRY TECHNOLOGY

Vol.44 No.04
Apr. 2023

[58]

[59

=

[60]

[61]

[62]

[63

[t}

[64]

[65]

[66]

[67]

—_
(=)
]

[t

[69]

chinery, 2007(3): 20-23.
s , , RBF
[J1. ,2010, 27(4): 21-24.
WU H L, MENG L Q, WANG J X, et al. Model of width spread in
medium plate rolling based on RBF neural network [J]. Journal
of Machine Design, 2010, 27(4): 21-24.
RAGHUNATHAN N, SHEPPARD T. Lateral spread during slab
rolling[J]. Materials science and technology, 1989, 5(10): 1021-1026.
[D]. ,2015.
ZHAO S. Numerical simulation and experimental study on the per-
meability of deformation and the temperature gradient rolling in
rolling plate[D]. Shenyang: Northeastern University, 2015.
[J1. ,2008, 16(3): 1-4, 27.
DI H S, WANG X N, NING Z L. Formation mechanism and re-
search status of hot rolling strip edge defect[J]. Henan Metallurgy,
2008, 16(3): 1-4, 27.
ZHOU X, LIU Z, SONG 8, et al. Upgrade rolling based on ultra
fast cooling technology for C-Mn steel[J]. Journal of Iron and Steel
Research, International, 2014, 21(1): 86-90.
ROUT M, PAL S K, SINGH S B. Prediction of edge profile of
plate during hot cross rolling[J]. Journal of Manufacturing Process-
es, 2018, 31: 301-309.
YU W, LI G S, CAI Q W. Effect of a novel gradient temperature
rolling process on deformation, microstructure and mechanical
properties of ultra-heavy plate[J]. Journal of Materials Processing
Technology, 2015, 217: 317-326.
DING J G, ZHAO Z, JIAO Z ], et al. Central infiltrated perfor-
mance of deformation in ultra-heavy plate rolling with large defor-
mation resistance gradient[J]. Applied Thermal Engineering, 2016,
98: 29-38.
[D]. ,2017.
ZHANG T. Research and industrial application of rolling with in-
ter-pass cooling process and cooling control model for plate based
on ultra fast cooling[D]. Shenyang: Northeastern University, 2017.
GAO X, WANG T, KIM J. On ductile fracture initiation toughness:
Effects of void volume fraction, void shape and void distribution
[J]. International Journal of Solids and Structures, 2005, 42
(18-19): 5097-5117.
LI X, LIEBSCH C, HIRT G, et al. Modelling of void healing in hot
rolling due to recrystallization [J]. Production Engineering, 2020,
14(1): 43-52.
WANG B, ZHANG J, XIAO C, et al. Analysis of the evolution be-

[70]

[71

—

[72

—

[73]

[74

=

[75]

[76

=

havior of voids during the hot rolling process of medium plates[J].
Journal of Materials Processing Technology, 2015, 221: 121-127.
GANGULY S, WANG X, CHANDRASHEKHARA K, et al. Mod-
eling and simulation of void closure during steckel mill rolling for
steel plate[J]. Steel Research International, 2021, 92(2): 2000293.
TURCZYN S, PIETRZYK M. The effect of deformation zone ge-
ometry on internal defects arising in plane strain rolling[J]. Journal
of Materials Processing Technology, 1992, 32(1-2): 509-518.
TURCZYN S. The effect of the roll-gap shape factor on internal
defects in rolling [J]. Journal of Materials Processing Technolo-
gy, 1996, 60(1-4): 275-282.

ZHANG S H, JIANG X R, XIA Z X, et al. Mathematical modeling
of closure behavior for a centrally elliptical void in thick slab[J].
Mechanics of Materials, 2020, 145: 103373.

KAKIMOTO H, ARIKAWA T, TAKAHASHI Y, et al. Develop-
ment of forging process design to close internal voids[J]. Journal of
Materials Processing Technology, 2010, 210(3): 415-422.

KANG S, WU S Y, FU C C, et al. A hardware design for portable
continuous wave diffuse optical tomography [J]. Database Theory
and Application, Bio-Science and Bio-Technology, 2010, 118:
9-18.

FAINI F, ATTANASIO A, CERETTI E. Experimental and FE
analysis of void closure in hot rolling of stainless steel[J]. Jour-

nal of Materials Processing Technology, 2018, 259: 235-242.

[771 NALAWADE R S, PATIL P P, BALACHANDRAN G, et al. Void

(78]

[79]

[80]

closure in a large cross section bars hot rolled from a low alloy
steel ingot casting[J]. Transactions of the Indian Institute of Met-
als, 2016, 69(9): 1711-1721.

PIETRZYK M, KAWALLA R, PIRCHER H. Simulation of the be-
haviour of voids in steel plates during hot rolling [J]. Steel Re-
search, 1995, 66(12): 526-529.

ZHAO X, ZHANG J, LEI S, et al. The position study of heavy re-
duction process for improving centerline segregation or porosity
with extra-thickness slabs[J]. Steel Research International, 2014,
85(4): 645-658.

LIG S, YU W, CAI Q W. Investigation of reduction pretreatment
process for continuous casting[J]. Journal of Materials Processing
Technology, 2016, 227: 41-48.

[81] NING Z, LI X, LIU H, et al. Experimental and simulation study on

the effect of reduction pretreatment on the void healing of heavy
plate[J]. Metals, 2022, 12(3): 400.

CHEN J, CHANDRASHEKHARA K, MAHIMKAR C, et al. Void
closure prediction in cold rolling using finite element analysis and
neural network [J]. Journal of Materials Processing Technology,
2011, 211(2): 245-255.



