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Abstract: [Objectives] In order to understand the factors of springback in the local hot rolling of medium—thick steel

plates, [Methods] a 3D thermal—elastic—plastic analysis is conducted to investigate the factors affecting the amount of

springback. Through a series of numerical analyses, the influence of deformation temperature, temperature field distri-

bution, plate size and local loading are examined. [Results] The results show that when the deformation temperature ex-

ceeds a certain level at which material yield stress begins to decrease significantly, the springback will reduce marked-

ly with the increase in temperature. Due to the distribution characteristics of the deformation area, the influence of tem-

perature distribution on springback where the local deformation scale is larger is dominated by the three dimensions of

temperature field distribution. Changes in the length and width of the plate have a certain influence on the springback,

in which changes to the length of a plate where the local deformation scale is larger have a more obvious influence on

springback. The springback of the plate decreases with the increase of local loading. [Conclusions] The results of this

study can assist in the optimization of parameters in the automatic hot rolling of thick plates, while also haveing a basic

guiding effect on the further study of springback in the local hot rolling of thick plates.
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0 Introduction

As modern ship construction is tending to be of
large scale, digitalized, and automated, and steel
plates for hulls are prepared with larger sizes and
processed with more complicated techniques, it is of
important significance to summarize processing and
forming laws of steel plates". Generally in engineer-
ing applications, steel plates with thicknesses of
4.5-25 mm are named medium—thick plates™. In
terms of traditional techniques, cold bending is most-
ly adopted for larger deformation of medium-—thick
plates’™, but a large amount of springback after the
cold bending of steel plates severely influences the

precision of formed components. High—temperature
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forming techniques for steel plates can greatly im-
prove performance and effectively reduce spring-
back, and therefore, the research on springback laws
of steel-plate forming under high temperatures has
become the focus of attention.

Hot rolling of plates is a new forming method.
Neugebauer et al."¥! generalized key problems to be
solved in hot rolling of plates, and pointed out that
the major challenge of the hot rolling faced was to de-
termine suitable forming temperatures. Yanagimoto

B conducted experimental research on basic

et al.
characteristics of hot rolling of high—strength thin
plates, and found out that springback was greatly re-
duced when temperatures of plates in forming areas

were above 750 °C. Liu et al.*' numerically simulated
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the hot rolling of steel plates with super-high
strength and concluded that thermal effect was a ma-
jor factor to cause springback of steel plates. At pres-
ent, most of the studies on hot-rolling technologies,
both at home and abroad, focused on thin plates used
in automobile and aerospace fields”, and very few of
them aimed at medium-thick plates for ship con-
struction. For most studies on hot rolling of plates,
analysis was conducted based on the condition of
overall heating on the plates, while springback analy-
sis of steel plates under the condition of local heat-
ing was still a blank. In practical engineering appli-
cations, as to forming technologies of medium—thick
plates for ships, the technique of local heating has
lower energy consumption but better operability,
compared with that of overall heating, and in addi-
tion, it is able to reduce springback and loading
force to a certain extent, compared with the pure
cold-rolling technique. Springback control in local
hot rolling of medium—thick plates for ships will di-
rectly influence shipbuilding efficiency. As local hot
rolling is a three—dimensional complicated forming
technique with big deformation and also a complicat-
ed thermal-mechanical coupled deformation process
with integrated nonlinear factors such as geometrical
parameters, materials, and boundary conditions"”, it
is extremely complicated to conduct pure theoretical
analysis on the local hot rolling and difficult to accu-
rately and efficiently apply the technique to practical
production. The traditional experimental research
takes a lot of time, but numerical simulation can be
used to better solve such problems.

This paper aimed to study the local hot rolling of
medium—thick plates for hulls to analyze factors in-
fluencing springback of hot rolling. Firstly, a steel
plate used in the experimental research was heated
locally to obtain the target temperature field on the
plate. After that, the temperature was kept un-
changed and local loading was conducted in the heat-
ing zone of the plate, with a specific loading system,
to produce local plastic deformation. As the loading
increases, deformation of the plate gradually increas-
es as well, and when the target shape was formed,
the plate was placed in the air for natural cooling. Fi-
nally, unloading was done to finish the loading pro-
cess. Then, ABAQUS software was used to numeri-
cally simulate the local hot rolling of the plate and
the simulation method was verified through compari-
son of the simulation results with experimental re-
sults; in addition, various factors influencing spring-

back dusring the hot rolling of plate,were analyzedre

spectively based on the simulation method. At last,
relations between various influence factors and
springback were obtained according to calculation re-

sults.

1 Numerical model

This paper planned to use the ABAQUS software
to numerically simulate hot rolling of medium—thick
plates for hulls. As the bend forming of medi-
um—thick plates involves complicated nonlinear
problems such as big elastoplastic deformation, con-
tact between moulds and steel plates, and spring-
back after unloading, implicit algorithms with higher
stability were adopted, which could produce more
precise results in simulating springback, compared
with explicit algorithms.

Loading of hot rolling involved in this research is
a thermal-mechanical coupled process. As stress
and deformation exert little influence on thermal con-
duction, sequential coupling was adopted to improve
calculation efficiency in the thermal-elastoplastic
analysis through the simulation model, ignoring influ-
ences of stress—strain fields on the temperature

fields during deformation.
1.1 Finite element model

As steel plates with a thickness of 20 mm are com-
monly used in shipbuilding, this paper adopted rect-
angular plates of 20 mm in thickness as the forming
plates, with plate lengths L and widths W as vari-
ables.

During the processing and manufacturing of
curved plates for ships, plates are commonly bent
and plastically deformed through loading systems.
Table 1 shows dimensions of the loading system used
in this paper, and Fig. 1 shows a local schematic dia-
gram of the loading system, mainly including sketch-
es of a punch and a support. In the figure, ¢ refers to
the plate thickness.

Both the press point of the punch and the heating

center shown in Fig. 1 were at the central point of

Table 1 Geometric dimensions of loading system

Parameter Value

Radius of punch r /mm 117
Half width of punch I, /mm 60
Turning radius of punch R /mm 200
Radius of support ry, /mm 162
Great—circle radius Ry /mm 95.6
Small-circle radius R, /mm 20
Effective half width 1, /mm 100
Half width of support |, /mm 118
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Fig.l1 Schematic diagram of section shape of loading system

the plate. In view of the symmetry of both the model
and the load, the finite element model of 1/4 of a
plate was adopted for all calculations and analyses to
improve calculation efficiency. Fig. 2 shows the se-
lected solid elements for model calculation of the
plate. Because the plate had a bigger deformation ar-
ea, uniform meshes of the plate model were generat-
ed. The punch and the support were considered as
rigid bodies, without considering about their deforma-

tion.

Fig.2  Finite element model

1.2 Material properties of plates

During the numerical simulating calculation,
SS400 low—carbon steel plate, commonly used for
hulls, was selected, with its thermal physical proper-

ties as listed in Table 2"".

Table 2 Thermal physical property of plate

Temperature/  Density/ ~ Thermal conductivity/  Specific heat/

< (kgem™) (Wem™-C) (Jo-kg'-C™)
25 7.8 60 461
200 7.76 51 491
400 772 43 543
600 7.68 36 677
700 7.66 32 818
767 7.65 30 102
800 7.64 29 759

A bilinear hardening model based on the von Mis-
es yield criterion was adopted for the simulation of
the plate, which simulated the true stress—strain
curve by bilinear fitting, as shown in Fig. 3. As dur-
ing machining, the plate forming through bending is
actually a process of elastoplastic nondestructive de-
formation. Only parameters related to yield stress
and work hardening of the plate were considered in
the simplified model, and thus Young's modulus E,

tangent modulus E, , and yield strength o, became

the most important parameters influencing mechani-
cal properties of the material. Table 3 lists parame-
ters of mechanical properties of the plate under dif-

ferent temperatures.

True stress—strain curve

E Bilinear stress—strain curve

Stress o
<

Strain ¢

Fig.3  Constitutive relationship of material

Table 3 Thermal mechanical property of plate

) Coefficient . .
Young's ) i Yield Tangent
Temperature/ Poisson's  of thermal
X modulus E ) ) stress  modulus
at ans

/GPa  TOH exP/‘;{'f“’“ s, /MPa  E,/GPa
25 209 0.3 1.2x107 300 10
100 202 0.31 1.24x107 300 10
200 195 0.32 1.28x107 290 10
300 187 0.33 1.32x107 270 9
400 175 0.34 1.36x107 220 9
500 162 0.35 1.40x107 170 8
600 150 0.36 1.42x107 100 8
700 125 0.37 1.44x107 40 6
800 95 0.38 1.46x107 30 2

1.3 Verification of accuracy of the
numerical simulation method

In order to verify the accuracy of the applied nu-
merical simulation method, this paper numerically
simulated the experiment, by Yanagimoto™, on
hot-rolling V-bending of high—strength thin plates,
with material parameters and model sizes same as
those in Yanagimoto's experiment. Fig. 4 shows the
comparison between numerical results and experi-

mental-ones:
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Fig.4 Comparison of results between numerical simulation and

experiment

From Fig. 4, it can be seen that springback angles
from both numerical and experimental results basi-
cally match, with generally consistent trends, despite
of some local differences. Therefore, it is believed
that the proposed method in this paper is accurate
and effective for simulating the hot rolling of steel

plates.

1.4 Loading process and springback def-
inition

A complete loading process for a medium-thick
hull plate in this paper was as follows:

1) Heat a selected plate at room temperature, and
stop heating when the target temperature is reached;

2) Keep the position of the support unchanged,
align the punch with the plate center, and then apply
force until the defined press amount of the plate is
reached;

3) Cool the plate naturally to the room tempera-
ture, and then lift the punch to unload.

Deflection of the plate before and after unloading
was used to describe springback. Springback was
evaluated by SB with a definition as shown in Fig. 5.
In this figure, h, refers to the deflection of the maxi-
mum press center, while h, is the residual deflec-
tion of the same point after unloading. If deflection of
the press center before and after unloading has no
change, that is, h, =h,, SB=0; if the deflection of
the press point becomes 0 after unloading, that is,
h, = 0, SB=100% . The calculation of springback is
given by Formula (1):

After unloading Support point

Before unloading

Fig.5y Definition-of springhagk

SB=(h, —h,)/h, x 100% (1)

2 Numerical simulation and result
analysis

Based on current research results on local hot roll-
ing of medium—thick plates for hulls, as well as rele-
vant engineering practice, it can be concluded that
major factors influencing plate deformation include
temperature of integrated forming, distribution of lo-
cal temperature fields, plate size, and magnitude of
local loading. This paper studied respective relations
between above factors and springback through nu-
merical calculation based on control variables.

During the calculation, parameters about mechani-
cal and thermal physical properties of plates under
different temperatures were integrated into the
ABAQUS finite element model by referring to stress
and strain data of the plates under different tempera-
tures, and local heating of plates was analyzed by
calling the subprogram of a Gaussian semi—ellipsoi-
dal heat source, which was written in FORTRAN lan-
guage; then, node—temperature information from the
thermal analysis was imported into the model for
structure stress analysis to obtain material properties
under different temperatures and conduct corre-
sponding stress analysis, so as to complete the whole
thermal-mechanical coupled simulating calculation;
finally, node temperatures from the thermal analysis
were imposed as body loads for subsequent analysis
of structural stress to finish the whole numerical sim-

ulating calculation.

2.1 Influences of temperature on spring—
back under isothermal condition

Plate forming temperature is the major factor that
distinguishes hot rolling from cold rolling. To study
the relation between plate forming temperature and
final springback, hot rolling under isothermal condi-
tion should be studied at first. An SS400 low—carbon
steel plate with a size of 600 mm x 600 mm x 20 mm
was heated wholly to obtain different temperatures 7,
namely, 7=25, 100, 200, 300, 400, 500, 600 and
700 C. Under the isothermal condition, simulating
calculation of local loading was conducted, in terms
of a press amount of 10 mm, to comparatively ana-
lyze springback and maximum loading force under
different temperatures.

From Fig. 6, we can find that under the condition
of isothermal forming, when the plate temperature is

between [roomgtemperature  and, 400, G, the forming
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temperature exerts little influence on springback;
when the forming temperature reaches about 400 C,
as the temperature increases, springback starts to de-
crease greatly; when the forming temperature is
700 °C, springback is reduced to about 1/3 of that at

room temperature.
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Fig.6  Relationship of springback and forming temperature

of plate

It can be seen from Fig. 7 that when the forming
temperature increases to 400 °C, the plastic strain
distribution of the plate and relevant values have lit-
tle difference from those at room temperature, while
when the temperature increases to 500 °C and
700 °C, plastic strain distribution of the plate re-
mains almost unchanged, but relevant values in-
crease significantly. According to Fig. 8, when the
forming temperature exceeds a certain value, if it
continues increasing, changes in the yield stress of
the material will make plastic deformation of the
plate increase rapidly, under the same total deforma-
tion, resulting in a drop in the proportion of elastic
deformation in the total deformation and thus a corre-
sponding rise in the proportion of plastic deformation
in the total deformation. After unloading, springback
due to release of the elastic strain is also reduced sig-
nificantly.

From Fig. 9, it can be seen that as for the same
press amount of the plate, the higher the forming tem-
perature is, the smaller the loading force of the
punch is, which means lower forming pressure is re-
quired. This is because higher temperature leads to
smaller yield stress, easier plastic deformation and
better forming property of the material.

Based on springback analysis of SS400 medi-
um—thick hull plates under the condition of isother-
mal forming and according to research on springhack
laws of other steel materials under heating condi-

5-7]

tions by Yanagimoto et al.”” and Liu et al.”, it can

be concluded cthat, in- practical €ngineeringsapplicas
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Fig.7  Contours of plastic strain of plate under different forming
temperatures
x10°
30 =—n
25
2.0F
© L
[~
< 15F
>
1.0F
0.5F
0 1 A 'l 'l I 1 1 L J
0 100 200 300 400 500 600 700 800
T/C
Fig.8  Relationship of yield stress and forming temperatures

ofplate



91

x10°*
nF =
< 10F
=
= |
2
s 8r
20 L
=
T of
=]
s 1
4k
2 A A A A A A A A 3

0 100 200 300 400 500 600 700 800
T/°C

Fig.9 Relationship of loading forces and forming temperatures

tions, yield stress of a wholly heated plate starts to
decrease greatly after the plate temperature reaches
a certain point, and the plate forming under this tem-
perature can significantly reduce the final spring-
back and the required loading force, compared with

cold rolling at room temperature.

2.2 Influences of temperature distribu—
tion under non-isothermal condition

Medium—thick steel plates for hulls are generally
prepared with bigger sizes, and thus large—scale
high—power devices are necessarily required in order
to heat such plates wholly to reach certain tempera-
tures. However, it is difficult to apply such devices
in practical projects as they consume higher energy
and occupy larger space. Therefore, overall heating
is more applicable to plates with smaller sizes, while
as to large medium—thick steel plates for hulls, local
heating is more feasible, which means non-isother-
mal forming.

In the following, the influences of temperature dis-
tribution on springbhack of bent plates, under the con-
dition of local heating will be analyzed. Local heat-
ing was conducted at the center of a steel plate with
the same size and type as those mentioned in Section
2.1, and after the target temperature field was ob-
tained, simulating calculation of local loading was
conducted in terms of a press amount of 10 mm. Fig. 10
shows the typical temperature distribution after local
heating, which is a temperature field obtained from
the thermal analysis using a Gaussian semi—ellipsoi-
dal heat source, with the upper surface center of the
plate as the heat source center. This temperature
field has the following basic characteristics: the maxi-
mum temperature is at the heat source center; the
temperature gradually decreases from the upper sur-
face to the lower one, along the thickness direction;
the temperature gradually decreases outwards from

the heat source center, along the plate surface.

Node temperature/C

Fig.10 Typical temperature distribution of finite element model

According to the above conclusion that springback
of SS400 low—carbon steel plates will not change ob-
viously until temperatures exceed 400 °C, zones with
temperatures of above 400 °C were defined as
high—temperature zones in this paper. Based on char-
acteristics of the local temperature field shown in
Fig. 11, parameters of @ and b were used to describe
temperature distribution of the high—temperature
zone on the upper surface of a plate, where a is the
lengthwise diameter and b is the widthwise diameter

of the high—temperature zone.

Upper surface
of plate
b

~
E
s B
5
Ei

Above 400 °C

Plate width W

Fig.11

Schematic diagram of high temperature zone of plate

During the analysis, the central temperature of the
upper surface of the plate was fixed at 700 °C, while
that of the lower surface was fixed at 500 “C. Temper-
ature fields with different @ and b were obtained ac-
cordingly by changing heating parameters. Influenc-
es of temperature distribution along the plate surface
on springback were studied through simulating calcu-
lation of local loading. Figs. 12-14 show detailed
analysis results.

From Fig. 12 we can see that, in the case of b =
80 mm, that is, in the case of fixed temperature dis-
tribution along the width direction of the plate, as a
increases, the lengthwise high—temperature zone en-
larges and springback decreases rapidly; in the case
of @ = 80 mm, that is, in the case of fixed tempera-
ture distribution along the length direction of the
plate, as b increases, the widthwise high—tempera-

ture zone enlarges but springback changes slightly.
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Fig.12 Relationship of springback and distribution in high

temperature zone

Fig. 13 shows contours of stress distribution of 1/4
scaled plate under a local bending load at room tem-
perature. It can be seen from Fig. 13 that the distri-
bution range of local stress along the length direction
of the plate is bigger than that along the width direc-
tion. At this moment, deformation of the plate under
the local bending load has the following characteris-
tics: the deformation area is mainly distributed along
the length direction of the plate, while it is smaller
along the width direction vertical to the length direc-
tion of the plate.

Stress/Pa
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Fig.13  Contour of stress distribution of 1/4 scaled bending

plate under room temperature

Fig.14 shows contours of plastic strain of plates

formed _under differént. tethpetitures.  From Figs.

14(a)-14(d), it can be seen that when the area of the
high—-temperature zone along the length direction of
the plate increases, influenced by changes of the
plate temperature, the plastic component of the plate
deformation increases significantly and the final
springback decreases rapidly. However, as the plate
has a narrower area for big deformation along its
width direction, changes in the area of the high—tem-
perature zone in this direction have limited influenc-
es on the deformation area. From Figs. 14(e)-14(h), it
can be seen that when the area of the high—tempera-
ture zone along the width direction of the plate in-

creases, the plastic component of the plate deforma-

(a) =50 mm,b=80 mm (b) @=80 mm,b=80 mm

(¢) a=110 mm,b=80 mm

(d) =140 mm, =80 mm

(f) =80 mm, b=80 mm

(e) a=80 mm,b=50 mm

(g) =80 mm, b=110 mm

(h) a=80 mm, 6=140 mm

Fig.14  Contours of plastic strain distribution of plates under

different-temperatures
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tion is less changed and therefore, the final spring-
back is slightly influenced.

In order to study the influences of temperature dis-
tribution along the thickness direction of plate on
springback, based on the characteristic of the temper-
ature field, which is that the high—temperature zone
is located at the plate center, the temperature differ-
ence between centers of upper and lower surfaces of
the plate was used to indicate temperature distribu-
tion along the thickness direction. The central tem-
perature of the upper surface was fixed at 700 C,
with both a and b being set as 160 mm, to keep the
temperature distribution of the upper surface basical-
ly unchanged. Different temperature fields, BT, at
the center of the lower surface of the plate were ob-
tained by adjusting heating parameters, namely, BT=
200, 300, 400, 500, and 600 °C. Then, simulating
calculation was conducted through local loading to
study how temperature distribution along the thick-
ness direction of the plate influences the springback.

Fig. 15 shows relevant calculation results.
137
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Fig.15 Relationship of springback and temperature distribution

across the plate

It can be seen from Fig. 15 that changes in temper-
ature distribution at the plate center along the thick-
ness direction have little influences on springback,
under the condition of local heating. By analysis, the
reason is as follows: as to local hot rolling of a medi-
um—thick hull plate, plastic deformation mainly oc-
curs at the outer layer of such a plate, and changes
in material properties of the outer layer are the major
factor influencing the proportion of plastic deforma-
tion in the overall deformation, which is finally mani-
fested as the fact that the temperature distribution
along the plate surface is the dominant factor influ-
encing springback, while that along the thickness di-

rection has little influence on springback.
2.3 Influences of plate size on springback

lnypraeticalengineering-applicationsy plate (sizes

for hulls are determined according to specific condi-
tions, so plate size is an important factor to be consid-
ered as well. This paper mainly studied medi-
um-—thick steel plates and focused on influences of
plate lengths and widths on final springback in the
case of unchanged plate thickness. Under the same
heating conditions, simulating calculation was re-
spectively conducted through local loading of plates
with a thickness of 20 mm, in terms of lengths L and
widths W as listed in Table 4. Fig. 16 and Fig. 17

show relevant results.

Table 4 Sizes of the plate in calculation

Plate length L/mm Plate width W/mm
280,360,440,520,600,680 600
600 280,360,440,520,600, 680

SB/%
©
L

6F

5 I 1 1 1 1

200 300 400 500 600 700

L/mm

(a) Relationship of plate length and springback
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(b) Relationship of plate width and springback

Fig.16 Relationship of springback and plate sizes

From Fig. 16, it can be seen that an increase in ei-
ther the length or the width of a plate will result in a
corresponding increase of springback, and changes
of the plate length have bigger influence on spring-
back, compared with those of the plate width. When
plate sizes increase to certain values, springback will
no longer vary with plate sizes.

It can be seen from Fig. 17 that in the case of
fixed loading force, the bigger the plate sizes are, the

larger the-deformation areas ares;inwhich-elastic.des
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(a) L=280 mm, W=600 mm (b) L=360 mm, W=600 mm

(¢) L=440 mm, W=600 mm (d) L=600 mm, W=600 mm

(e) L=600 mm, W=280 mm

(f) L=600 mm, W=360 mm

(g) L=600 mm, W=440 mm (h) L=600 mm, W=600 mm

Fig.17 Plastic strain distribution of plate with different sizes

formation increases, while the plastic deformation de-
creases, resulting in a corresponding increase of the
final springback. From Figs. 17(a)-17(d), changes in
plate length have obvious influences on occurrence
areas of plastic deformation but unobvious influenc-
es on distribution changes of plastic deformation ar-
eas. This is because the loading method of local
bending in this paper makes a larger deformation ar-
ea distributed along the length direction of a plate,
resulting in bigger influences of plate-length chang-
es on deformation, which is finally manifested as the
fact that changes in plate length have more signifi-
cant influences on springback. After plate sizes con-

tinueqto increase springbhack hatdlyschanges. This is

because local loading has limited effect on plates,
and when plate sizes are beyond certain values, fur-
ther loading fails to deform the increased portions of
plates and therefore, no influence will be exerted on

the final springback.

2.4 Influences of magnitude of local
loading on springback

Based on the simulation model mentioned above
and with other conditions kept unchanged, the de-
flection of the maximum press center, h;, was used
to express different magnitudes of local loading on
plates and it was set as follows: h; =6, 8, 10, 12, 14
and 16 mm. Simulating calculation of local heating
and loading was conducted respectively, in terms of
different deflections, to study the influence of magni-
tude of local loading on springback. Fig. 18 shows
comparison results of plate forming with different
magnitudes of local loading at room temperature, and
Fig. 19 shows contours of plastic strain of plate cross
sections.

From Fig. 18, it can be seen that whether under
the room—temperature condition or under the lo-
cal-heating condition, the bigger the magnitude of lo-
cal loading is, the smaller the final springback after
plate forming is. From the analysis of Fig. 19, the rea-
son is as follows: as the magnitude of local loading in-
creases, the plate deforms more, and plastic deforma-
tion of the outer fiber of the plate gradually increas-
es, while elastic deformation decreases accordingly;
meanwhile, the pure elastic area near the plate cen-
ter also gradually undergoes plastic deformation,
which makes the total elastic deformation of the
plate decrease as the deformation of the plate in-
creases, consequently resulting in the decrease of
springback caused by elastic deformation after un-
loading; however, as the deformation intensifies, the

decrease rate of elastic deformation is getting slower

28F —a— Local heating
—4— Room temperature

24t

20F

SBI%

hy /mm

Fig.18 Relationship of springback and the magnitude
of loeal loading
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Plastic strain
+7.417e-02
+6.799e-02
+6.181e-02
+5.563e-02
+4.945e-02
+4.326e-02
+3.708e-02
+3.090e-02
+2.472e-02
+1.854e-02
+1.236e-02
+6.181e-03
+0.000e+00

(a) hy=6 mm

Plastic strain

+8.841e-02
+8.104e-02

+1.474e-02
+7.368¢-03
+0.000e+00

Plastic strain
+9.358e-02
+8.578e-02
+7.798e-02
+7.019e-02
+6.239e-02
+5.459e-02
+4.479e-02
+3.899¢-02
+3.119e-02
+2.340e-02
+1.560e-02
+7.798e-03
+0.000e+00

Plastic strain

+1.015e-01
+9.300e-02
+8.455e-02
+7.609e-02
+6.764e-02
+5.918e-02

+4.227e-02
+3.382e-02
+2.536e-02
+1.691e-02
+8.455e-03
+0.000e+00

(d) hy=14 mm

Fig.19  Contours of plastic strain distribution in the cross section

of plate under different magnitude of local loading

and slower, making the decrease rate of springback
tend to be mild gradually.

From Fig. 18, it can be also seen that different
from what happens in the case of loading at room
temperature, in the case of local hot rolling, as the
magnitude of local loading increases, the decrease
rate of springback tends to be mild much faster. This
is because under the same degree of deformation, lo-
cal heating makes a bigger area of the plate de-
formed plastically and accelerates the plastic defor-

mation of the pure elastic area near the plate center.

3 Conclusions

This paper has established, through numerical
simulation, a finite element model for local hot roll-
ing of medium—thick steel plates for hulls, studied
factors influencing springback during hot rolling,

and, analyzed xzelations hetween' various, parameters

and springback. Following conclusions have been ob-
tained accordingly:

1) Under the condition of isothermal forming,
when the temperature of a plate exceeds a critical
point, yield stress of the plate starts to decrease sig-
nificantly; springback during the plate forming also
starts to be reduced drastically, and the higher the
temperature is, the smaller the springback is. The
critical temperature is related to the material proper-
ties of the plate, and different materials lead to differ-
ent critical temperatures. As for an SS400 low—car-
bon steel plate, its critical temperature is about
400 C, and when the temperature is up to 700 °C,
the springback is reduced to 1/3 of that at room tem-
perature.

2) Under the condition of non—isothermal forming,
temperature distribution on the plate surface has big-
ger influences on springback, and the bigger the area
of the high—temperature zone on the plate surface is,
the smaller the springback is. In the direction of the
larger local deformation range of the plate, the
change of the temperature distribution is the domi-
nant factor influencing springback. For local hot roll-
ing, temperature distribution along the thickness di-
rection of the plate almost has no influence on the fi-
nal springback.

3) Under the same heating conditions and with an
unchanged thickness, in a certain size range, the
smaller the plate size is, the less the springback after
plate forming is. As the local deformation range
along the length direction of a plate is larger than
that along the width direction, springback is more ob-
viously influenced by changes in the length.

4) Under the condition of bigger magnitude of lo-
cal loading, the higher the proportion of plastic defor-
mation in the overall plate deformation is, the small-

er the springback after plate forming is.
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