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ABSTRACT

Induction triangle heating for plate structures often results in produce various curved thick
plate with some types of concave in shipyard industry. The problem of deformation in around
an induction heating are being of major concern in shipyard industry. The induction heating
induced deformation formulas for induction triangle heating, composed process parameters
such as heat input, size of induction heating, velocity of inductor and plate’s thickness, are
developed analytically by using the approximation of several rectangular cuboidal inclusions
with eigenstrain in an infinite laminated theory. The source of deformation in induction
process is the plastic strains which are caused by non-uniform temperature gradient. The
distributions of plastic strain corresponding to eigenstrain are assumed by FEM solutions. In
this paper, the formulas for plate deformation as transverse and longitudinal shrinkages as
well as vertical deflection produced by induction triangle heating are formed based on
eigenstrain concept using laminated plate theory to consider some cuboidal inclusions with
eigeinstrain. The residual deformation that was due to thermal process was depends on the
magnitude and region of plastic strains at heating affected zone. Comparison of the
calculated results with experimental and finite element method (FEM) data shows the
accuracy and validity of the proposal method.

Keywords: Induction heating, Triangle heating, Laminated plate theory, Shipyard, Plate
deformation, Residual stress.

TOM TAT

Dot néng bang cam vmg tir dang tam gidc cho cdc tam thép thuong dwoc sir dung trong viéc
bién dang cdc tam thép day dé tao ra cdc dwong cong khdc nhau trong céng nghiép déng tau
thity. Va hién nay bién dang cho cdc tam thép trong cong nghiép déng tau hau hét la sir dung
dang gia nhiét cam vmg tir. Cac céng thirc tinh todn cho sw bién dang do dot nong bang cam
ung tir dang tam gidc cung véi cdc tham sé qud trinh nhie nhiét rong dwa vdo, kich thuéce
dau gia nhiét, van toc dau gia nhiét va chiéu day tam thép da dwoc trién khai bang phirong
phdp phan tich véi cac phan tir bién dang riéng (eigenstrain) dang 16p dang khoi theo 1y
thuyét tam phang 16p vé han. Nguyén nhén gdy bién dang ciia qud trinh dot néng bang cam
ing tir la do trwong nhiét dp khéng dong déu tao ra bién dang dan ho trong qud trinh dot
néng. Sw phdn bé cia bién dang dan hoi nay theo gid tri bién dang riéng ciing dwoc phan tich
dira trén phwong phdp phan tir hitu han (FEM). Trong bai bdo ndy cdc cong thirc tinh todn
bién dang ciia tam thép theo hwéng dai va doc tam thép ciing nhw huéng thang dimg ciing
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duoc trinh bay dwa trén khai niém bién dang riéng. Uhg sudt dw tao ra do truong nhiét do

khéng dong déu phu thuée vao bién dg va bién dang dan héi ¢ viing anh hiong nhiét (HAZ).
Ngodi ra, trong bdi bdo qud trinh tinh todn phén tich ciing dwoc so sanh véi két quad thi
nghiém va phén thich bang phwong phép phan tir hitu han cho thdy cdc cong thirc dua ra dam
bdo do chinh xdc va ¢ thé sir dung cho viéc phan tich bién dang ciia qud trinh dot néng bang

cam ung ti.

Tir khéa: Dot néng bang cam ing tir, Dot nong dang tam gide, Ly thuyét tam phang 16p,

dong tau, Bién dang tam thép, Ung sudt du.

1. INTRODUCTION

Induction heating deformation is a
common and important problem in shipyard
industry. The line heating process is an
effective and economical method for forming
flat metal plates into three-dimensional
shapes in constructing of ships, trains,
airplanes, and in rapid prototyping of
complex curved objects [1]. Two types of
heat sources can be usually used in the line
heating process: oxyacetylene torch and
induction coil. Compared with the heat
source of an oxyacetylene torch, that of the
induction coil (inductor) has the following
advantages as the power and its distribution
are easier to control and reproduce. Besides,
the induction heating system can be more
easily integrated with a robotic system for
automation than the flame heating system.
The line heating process utilizes generally
line heating or triangle heating as the heating
path on a plate according to the desired
shape of a plate in forming a ship hull. The
triangle induction heating is a process of
heating steel plate with the triangular pattern
by an electromagnetic induction inductor
moving along a trajectory to generate a
plastic region which has also a triangular
shape. In this process, the inductor generally
combines 2 movements: linear and angular.
As the inductor revolves around an axis to
form a circle, it moves simultaneously along
one of the three types of pattern as parallel,

branch, and zigzag as in Figure 1.

Line heating and triangle heating are
some important production processes that are
widely used to produce various curved thick
plate for shipyard industry [2]. In the triangle
heating, which is usually applied to obtain
the concave type of plate, the width and
depth of a heated region change almost
linearly along the heating path. The triangle
heating method with induction heating
equipment has been concerned
forming process of steel plate in shipyard to

in the

form the bow and stern plates of ship’s hulls,
which s labor-consuming job[3].
However, the method needs to be verified in
terms of effectiveness and efficiency. For the
purpose of this, the method should be first
analyzed with a mathematical model, which
can offer the relationship between the
deformation and the heating parameters.
Thermal strains and stresses are generated by
non-uniform temperature gradient, which is
produced in base metal by heating, and
cooling cycles occurred in induction heating
process. When thermal stresses exceed
clastic limit, residual stresses and distortions
are appeared [3].

most

There are wusually three ways to
determine the deformation of heating process
like as: 1) Experimental formulas, 2)
Thermal elastic-plastic FEM method, and 3)

Method based eigenstrains. The experimental,
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numerical and analytical methods were
proposed  for
distortions due to induction heating process.

prediction of residual
Experimental method is only fit for simple
shape structure and heating process. In
method,
thermal-elastic-plastic processing is analyzed

numerical induction  induced
in computer by using the finite element
method. In analytical method, the residual
distortion is calculated elastically by using
the eigenstrain corresponding plastic strain
as an initial strain. There is a large time and
cost consuming to estimate the deformations
of induction triangle heated plate by using

experimental and numerical methods.

In this induction induced

deformation

paper,

formulas, composed the
induction parameters such as heat input,
thickness and travel speed, is developed
analytically by the use of combining several
cuboidal inclusions approximating triangle
eigeinstrain region in an infinite laminated
The

dominated by distributions of the plastic

plate  theory. deformations  are
trains in induction heating. We assume that
plastic strains, driving forces to make the
are produced

heating region. The plastic strains and its

deformations, in critical

region corresponded to eigeinstrains and
approximated sizes of cuboidal inclusion.

Inductor

(a) (b) ()
Fig. 1. Trajectory of inductor: (a) type of

parallel, (b) type of zigzag and (c) type of
branch.

2. TRIANGLE INDUCTION HEATING
PROCESS

An alternating voltage applied to
induction coil results in an alternating
current in the coil circuit. Alternating coil
current will produce in its surrounding a
time-variable magnetic field that has the
same frequency as the coil current. This
magnetic field induces eddy current in the
steel plate located near the coil. These
induced currents have same frequency as the
coil current, whereas, their direction is
opposite to coil current. The induced current
generates electric-resistance heat by the
Joule effect in the plate and this can be used

to bend the plate [4].

| AC with high frequency in the coil |

Ampere’s circuital law |

| Variation of magnetic field in steel plate |

1

| Variation of electric field in steel plate |

Faraday’s law |

k—l Ohm'’s law |
| Eddy current in steel plate |
k—l Joule effect |

| Produce heat in steel plate |

Fig. 2. Steps of heat generation and their
related laws in induction heating of steel plate.

The basic electromagnetic phenomena
of induction heating are quite well discussed
at several textbooks. In the modeling of the
induction heating of a steel plate, the
should be
procedure  of

electromagnetic phenomenon
The
calculating heat in induction heating process

close  examined.
is shown with a flowchart in Figure 2, where
each problem step and its related governing
law are presented [5-6].

Where E is the electric field intensity and Je
is the Eddy current density. Heat source is
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expressed as:

_[Re(s)]

o

q (D

Where q is the heat source. For the special
case where the source current density is
assumed to be time harmonic, the heat input
for the average time can be calculated as:

_ 17
g =—]qadt 2)
TO

The heat input for the average time can
be written as

q= %a)ZO'A*A 3)

Where g is the heat input for the

average time and * is complex conjugate.

To determine the region where the
temperature reaches above the critical point
and the plastic strains are produced, the
transient heat flow analysis is performed
with a method.
temperature distribution in the steel plate
during induction heating could be obtained
by heat flow analysis. The size of heat
affected zone (HAZ) heated above the
critical point of 723°C is considered to be the
region where the plastic strains are produced.

T y ty

¢ Is ) Inductor

numerical Transient

:] Plastic region

Path of
inductor

\4

«—>
7

Fig. 3. Shape of plastic region in triangle
induction heating.
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3. FORMULATION OF DEFORMATION
IN INDUCTION TRIANGLE HEATING

3.3.2 Deformation of plate containing
inclusion with eigenstrains

In this section, the problem of an infinite
laminate with an eigenstrain in cuboidal
zones. The laminate is composed of isotropic
linear elastic materials. The eigenstrain
varies through the thickness of the laminate.
The problem is formulad by using classical
theory in which the

displacement fields in the laminated plate are

laminated plate

expressed in terms of the in-plane
displacement on the main plane and the
transverse, longitudinal shrinkages
displacements. To consider the deformation
of a plate, the plate is assumed to be
composed of thin layers of isotropic linear
elastic materials. The vertical, transverse and
longitudinal deformations of the layered
plate is analyzed by wusing an infinite
laminated plate theory to consider a cuboidal
with

corresponded to plastic strains resulted from

inclusions eigenstrains which are
the induction heating. The cross section of
the layered plate is shown schematically in
Figure 3. The plate has a constant thickness
of h. Eigenstrain of & is prescribed in a
cuboidal inclusion which has a height of d

and a constant cross section of 2d; b;.

Consider a deformation of an infinite
plate composed of thin layers of isotropic
linear elastic materials. According to classical
laminated plate theory, the displacements at
any point of a plate are written as

u,=u; —x;w,(x,x,), (i=12) 4)

u, :w(xl,xz)
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Layer 1 A
Layer 2 8*(X3) 2> h
Layer 3 ho

Fig. 4. Plate containing inclusion with
eigenstrain.

Where ui and us are the in-plane and

. . 0 -
traverse displacements, respectively, u; is

the in-plane displacement on the main plane
which will defined exactly later, and the
subscript comma (,) denotes a partial
derivate with respective to the in-plane

Cartesian coordinates, x; and xa.

Employing a method based on the
influence functions, which is an extension of
the Maysel’s relation to laminate problems, it
can be shown that integral type solutions for
displacements are expressed as:

uio (xlaxz):J.N/g](;afz;xnxz)g/?/*d/l (5)
Q

W(xl’xz):JM£?](§1a§2;x1’x2)KszA (6)
Q

We consider a homogeneous infinite
plate containing an inclusion in which an
The

eigenstrain &, (x,) is prescribed.

& (%)

K, (x;)are thus uniform in the subregion Q

generalized  eigenstrains and

as shown in Figure 4. Since the plate and
inclusion are homogeneous, the expression
field be

for out-of-plane displacement

expressed as follows [4].

4v'H 6,
+(3 ~v? )(H,/é‘ik + H,ké‘i/) gr (D
_(1+VA)(Hik,l +Hil,k)

1
'8

u, =u; —X;W, (xl,xz)
4VAH’,.5,{,
+(3-v*)(H 0, +H,3,) ey (8)

1
8
—(1+v*)(Hy, +H,y )
—X;W, (xl,x2)—x3w. (xl,xz)

1
>

1 [(+v?)HS, |
= Ky )
Az | +(1-v")H,,

Here v'=4,/4,,v"=D,/D, , and

the integrals H and Hwy are defined
respectively by
4v'H 6,
1
0 A 0*
u, =—<+(3-v*)(H,0, +H ,0,); & 10
1T ( )( 1Y%k k z/) w (10)

—(1+VA)(H,.,{J +H,,)

To be easy to calculate, we determine
the shrinkages of plate in main plane, thus
value of x3 along vertical axis is zero. We
have the displacements of plate calculated
with below formulas like as:

4v'H 6,

=+ (3-v ) (1,8, + H,8)) el (D)
_(1+VA)(H1k,/+H1/,k)
4v'H ,6,

u;):é +(3_VA)(H,152k+H,k521) 5131* (12)

—(1+v*)(Hy, + Hyp )
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*

Uy =— Ku

(13)

Where vP = Dy2/Dy1. H and Hy are the
introduced integrals, which are given in a
study of Beom and Kim [5]. When the
rectangular inclusion with a dilatational
then

considered, the main plane eigenstrain &;""

eigenstrain as a special case is

and the eigencurvature k;j;~ have the following
0% 0%
&, =& 0O,

the relation of H, , =H,,

forms: and K'; = K*él.‘ . Using
the deformation

can be modified as follows for the typical
case of thermal eigenstrain in an isotropic
material. We obtain:

A
o 1+v7T

ul - 2 alizlo (14)
1+v "
Y OHX (xl,xz)
A
u§:1+v £ a il
1 2 (15)
+V £l
Py ’ H,x2 (xl’xZ)
1+v? ..
3T i
(16)
1+ .
- 2;;2 [H (x.x,)~H(0,0)]x

When the plastic strain is uniform
through the thickness
laminated plate is consisted of two laminae

direction, the

and one of the laminae contains the inclusion
with the uniform -eigenstrains, and the
thickness of the top lamina is equal to that of

the inclusion, eigencurvature is then
determined as follows.

C. —C., ¢nDen®p0
K =—l -1 & x,dx, (17)

A2
Dy, +D, "

Where, extensional stiffness tensors
C,and C,are given by ¢, =£/(1-v?) and

C,= VE/(l—VZ), bending stiffness tensor D, is

j B C,xidx;(;j=1112), and eigencurvature is

defined as «,=x,, =x".

The deformations of steel plate in
induction heating can be calculated by
substituting the magnitude and size of the
plastic strains into Eq. (17). The width and
depth of the rectangular inclusion of the
plastic region are presented for the plate in
induction heating as shown Figure 4 where
the plate is assumed to be consisted of two
laminas and the inclusion is located in one
of them.

When above equations, we can define
the vertical deformations in terms of material
properties, plate thickness, and heat input as
follows at different shapes of inclusions of
trapezoid and ellipse for the steel plate in
induction heating, respectively.

3(1+v) (b, +by) y
3270, (h°)

1 1-v
al —o,| —+—||%
"\ Kb, E

(18)
[ho_(bwbzl-)h]x
4bli
[H(xl’xz)_H(O’o)]
872'(h0)
1 1-v
|:6¥T;—O'yl (K—bh+7):|x (19)

The eigenstrain on main plane can be
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expresses as Eq. (3). Thus the shrinkages of
deformation are displacements in-plane of
plate Cartesian coordinates, x; and x2. We
can determine with below equations:

o L+v? 1 1-v,
“E T T ) 2o
1

I—I,xl (xl’x2)

A —
3:1+v ol -o, L+1 i |y
2z ak E #2))

I—I,x2 (xl’x2)

<

The angular distortion 6 can be then
derived as follows.

=1 (22)
[
Where [ is distance from the center line
of triangle heating and u is displacement of a
point.

4. RESULTS AND DISCUSSIONS
4.1. Analytical Results

Deformation of a plate in the induction
heating with triangle method, which is of
great important for the forming of plate, can
the FEM
solutions to determine the shapes of the

be calculated by combining

plastic region. To verify the solution for the
triangle heating method, a simulation is
performed with a steel plate which has 1000
mm in length, 1000 mm in width, and 30 mm
in thickness. Based on the simulations in
previous section, in this case, plastic region
as approximating the triangle heating is
performed with a trapezoidal heating shape
of 350 mm in height, 198.2 mm and 92.6 mm
in base lines on the upper surface. The
induction heating part is located at the center
of one edge on the surface. When the triangle

heating is carried out from the starting point
to the end point over a steel plate, the
eigenstrain region can be modeled simply for
both width and depth of the region to be
increased linearly along its heating line. The
temperature distribution is first calculated by
the FEM model, and then the size of the
eigenstrain region is computed as described
in the previous section. For mild steel,
Young’s modulus and yield stress become
very small at a temperature above 723°C.
Due to the restraint of the surrounding
material during induction heating process,
not only the area with temperature above
723%C will become plastic but the region
with a lower temperature is also expected to
become  plastic. Thus, the critical
temperature is chosen to be 600°C. The
simplified model for the eigenstrain region
used in this study is shown in Figure 5 with
the plane and section views, where the
region is divided into 35 discrete line-heating
segments to simplify the computations with
the developed analytic solution derived from
the laminated plate theory. The width and
depth of the
determined by the results of the heat flow

region are previously

analysis.

In the simulation of this triangle heating
case, the triangle heating model with shape
of trapezoid is illustrated as shown in Figure
5. The magnitudes of the eigenstrains can be
calculated and the out-of-plane deformation
can be obtained with Equations (17-18). The
magnitude of the deformation at each
calculating point at various y positions along
the direction x is obtained. The deformed
shape of the plate heated with the condition
of this case is shown 3-dimensionally in
Figure 6.

Obvious change of deformation is
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observed around the heating line, and it
increases rapidly at last intervals of the line.
Most part of the plate except the heated area
showed to be moved with same amount of
linear displacements along the y positions
due to the locally concentrated deformation
of the heated area. The result shows that
sharp deformations are presented around the
ending point of the heating, and that most
part of the plate except around the heating
line behaves linear displacement.

To verify the analytical solution, an
induction heating experiment 1is
performed with a mild steel plate which has
the size of 500 mm in length, 400 mm in
width, and 30 mm in thickness as shown in
Figure 7(a).

also

1000 mm

350 mm

7982 mm, X
1000 mm

< >

Fig. 5. Triangle heating model in
deformation analysis.

Inductor /,x1

‘ )
Travel /ﬂ/
l » Xo
X3

Fig. 6. Schematic diagram of experiment and
coordinate system
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Size of heating triangle of experiment is
equal to that in the analytical case. In the
experiment, the pattern of triangle heating
method is that the heat source of inductor is
moving to follow a pattern of zigzag as
shown in Figure 7(b). From the analytical
and experimental results in advance, it was
revealed that that the HAZ distributions with
three different types of triangle heating are
different one another. In this study, the
zigzag pattern is chosen for the linear
movement of the inductor because it
produces a uniform shape of HAZ. The
heating conditions for the triangle heating
are as shown in Table 1. The inductor has an
external diameter of 50 mm and its trajectory
consists of 2 movements with the moving
patterns of an orbit of circle and a zigzag.
The diameter of the orbit is 100 mm as
shown in Figure 7(b). The rotation velocity
0.25 rad/s and linear
velocity of the inductor 10 mm/s.

The depths of HAZ (Heat Affected
Zone) regions with the temperature of above

of the inductor is

600°C are presented at y = 0 mm, 50 mm,
100 mm, 150 mm, 200 mm, 250 mm, and 300
mm. The depths of HAZ in direction y at
plane x = 0 mm in simulation is shown in
Figure 7(b). When the dimensions of HAZ
are compared with shapes of eigenstrain
region, it is proved that the shapes of
eigenstrain obtained are similar to those of
HAZ with the temperature of above 600°C.
These results are used for the proposed
analysis.

Table 1: Triangle induction heating

conditions
Material Mild steel
Dimensions of 400(mm) x 500(mm) x
plate 30(mm)
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heated specimen and (b) trajectory of inductor.

To confirm the credibility of the analysis
for the triangle heating process, the angular
distortions of experiment and analysis along
direction x are compared. Table 2 presents
the results of the deformations for angular
distortions of analysis and experiment at
various y positions along the direction x as
well as errors between them. It can be
observed from the results that values of
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Size of triangle 198.2(mm) x

heating 92.6(mm) x 350(mm)
Input power 40kW, 16kHz

Pattern of Zigzag

inductor’s path

Angular velocity  0.25 radian/sec

of inductor

Linear velocity of 10 mm/sec

inductor

Critical > 600°C

temperature

198.2 mm

Fig. 7. Result of triangle induction heating: (a)

errors can be allowable for the analytical
model in previous section to be used to
calculate deformations of plate in triangle
heating process.

Table 2: Results of experiment and analysis

y  Angular distortion 0 (rad) % Error
experiment analysis

10 0.0080 0.0090 12.525
25  0.0081 0.0097 19.753
50  0.0091 0.0104 14.286
100  0.0097 0.0107 10.309
150 0.0096 0.0103 7.292
200 0.0089 0.0095 6.742
250 0.0083 0.0085 3.012
300 0.0072 0.0075 4.167
350 0.0068 0.0064 5.1479
400 0.0043 0.0052 20.930
450 0.0039 0.0042 7.692

The angular distortions resulted from the
analytical model and the experiment is
graphically shown at the same time in Fig. 8,
which shows a good match between the
analytical and experimental results. From the
comparison, it is also obvious that, although
there are some errors of angular distortion,
the developed analytic solution of Equations.
(67-68)

can help determine bending
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deformations in triangle heating process and
out-of-plane deformation in triangle heating
of steel plate can be efficiently predicted by
the simplified solution (Fig. 9). Besides, two
heated triangles were experienced with two
different positions and experiment results
were accuracy and validity of the proposal
method (Fig. 10). Despite recent efforts in
the development of predictive stress and
deformation methodologies for induction
heating using the analysis method, the
success has been achieved for practical
problems. The temperature differential in the
heat affected area creates a non-uniform
distribution of heat in the workpiece. As the
temperature increases, the yield strength
decreases, the coefficient of thermal
expansion increases, the thermal conductivity
decreases and the specific heat increases. In
addition, induction heating causes changes in
the physical phases and metallurgical
structures in the weld. To anticipate the weld
deformation  from a

stresses and

straightforward analysis of heat is difficult.
5. CONCLUSIONS

To efficiently predict deformation of steel
plate during triangle heating in induction
heating process, an analytical model was
developed using the laminated plated theory
and the heat-flux and heat flow analyses, and
the following conclusions are derived.

1) The heat flux and heat flow models
are developed with the numerical method to
predict the size of the heat affected zone in
induction heating process.

2) The laminated plate theory can be quite
well associated with the disk model of plastic
region and the inclusions of the eigenstrain

67

3) An analytic solution to predict the
out-of-plane distortion of a steel plate can be
derived by the plate theory.

4) The sizes of the plastic region of a
heated plate according to the heating parameters
are formulated with simplified equations to be
used in the deformation analysis.

5) The analytic solution was applied in
prediction of deformation for steel forming
with triangle heating method to verify the
efficiency and the -effectiveness of the
developed model.

6) Induction heating experiment
revealed that the analytic solution could
predict quite well deformation of steel plate
in triangle heating.

ongitudinal shrinkage

v Xo

*\‘\‘T\_’_:r N

Vertical displacement

-

|

Fig 13. Movements of node after induction
triangle heating calculated by laminated
plate theory.
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Fig. 10. Tiwo heated triangles experiments with two different positions.
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