Zhengfang Li
Zhengyuan Gao DA<
Zhiguo An

Yanping Sun

Bin Wu

Youwen Zhai

https://doi.org/10.21278/TOF.474053423
ISSN 1333-1124
eISSN 1849-1391

A NOVEL TEMPERATURE MODEL OF REGIONS FORMED DURING
THE PREHEATING STAGE OF BELT HEATING IN INCREMENTAL
SHEET FORMING

Summary

The temperature of a forming region has a gradient distribution characteristic in the belt
heating incremental sheet forming process, in which the relation between the heating power and
the temperature distribution is ambiguous in the pre-heating stage. The setup of the heating
power is therefore challenging, and the whole forming efficiency might decrease due to the
above issue. Therefore, this paper proposes a belt heating method for electric conduction
heating and presents a temperature calculation model for the forming region of the plate in the
preheating state based on the heat conduction model. The calculated accuracy of the model is
analysed through physical experiments, and the thermal transfer efficiency of heating tubes is
analysed in detail. Based on the result, the thermal transfer efficiency value for heating tubes is
determined to improve the accuracy of the suggested model. In addition, the effect of the model
slope on the calculated result is further analysed, and the setting method of the slope value for
the model is proposed according to different accuracy requirements.

Key words: incremental sheet forming, temperature model, hot forming, pre-heating
process, belt heating

1. Introduction

Incremental Sheet Forming (ISF), which combines rapid prototyping with plastic forming,
is a flexible dieless forming technology [1-2]. This technology can effectively reduce some
production indicators, such as the manufacturing cycle and energy consumption. Meanwhile,
the formability limit of materials is also significantly improved. Therefore, this technology has
a wide range of potential applications for aerospace, transportation, energy equipment, and
medical and other fields.

With the rapid development of industry, lightweight alloys have been gradually applied to
various products, especially in the automotive, aerospace, and defence industries [3-5].
Meanwhile, the application of aluminium alloys is most widespread in the application of light
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alloys. High-strength aluminium alloys have poor formability at room temperature but they
have fine formability at elevated temperatures. As a result, the complex part is fabricated with
difficulty through the traditional incremental sheet forming process [6-9]. In order to fabricate
parts with high-strength aluminium alloys, the hot incremental sheet forming process is
proposed to fabricate complex parts with high-strength aluminium alloys [10-13]. In recent
years, various heat methods (as shown in Fig.1 [14-19]), such as laser heat [14], thermal
medium heat [15-16], electrically assisted heat [17-18], and electromagnetic induction heat
[19], have been proposed to rapidly increase the deformation temperature during the forming
process, and then the part with high-strength aluminium alloys can be successfully fabricated
through the hot incremental sheet forming process. Laser heat and electromagnetic induction
heat have a wide heating range, which can fabricate the various lightweight alloy part. However,
the two methods can lead to higher equipment maintenance costs, and the fabricated cost of the
part is also increased. Meanwhile, a hot medium system and a heat-insulation device need to be
set in thermal medium heat, and the heat efficiency of the method is lower than the first two
methods. Compared to the aforementioned method, electrically assisted heat has many
advantages, such as high heat efficiency, a simple device, low cost, and a simple structure.
Therefore, electrically assisted heat is widely used in the hot incremental forming of high-
strength aluminium alloys due to the fact that the hot method has high heat efficiency and a
simple device structure [20-23]. In electrically assisted heat, two types, such as self-resistance
heat and thermal conduction heat, are usually adopted to fabricate the part with high-strength
aluminium alloys. The thermal conduction heat method is more reliable due to the fact that the
self-resistance heating method has the defect of arcing burn [24].

Vertical
table with | Coolant
clamping |  supply
system /

Forming head
Force sensor

Fluid exit
Fluid entrance

Electric band heat

Thermal medium heat

Self-resistance heat Electromagnetic induction heat

Fig. 1 Sketch of different heat methods

According to the above analysis, the thermal conduction heat device has a closed
structure, which leads to a narrow processing range for hot incremental sheet forming. In order
to solve this issue, the paper proposes a belt heating method (as shown in Fig. 2) and presents
a temperature calculation model for the forming region of the plate in the preheating state based
on the heating method. The thermal transfer efficiency, which is determined through physical
experiments, of heating tubes on the calculated accuracy is analysed in detail. In addition, the
set method of slope value for the model is proposed according to different accuracy
requirements.
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Fig. 2 Sketch of the belt heating method

2. Materials and models

In this section, some research foundations, such as materials, experimental setups,
preheating temperature characteristics, and temperature models for the forming region, are
introduced in detail. In subsequent sections, the models established are verified based on the
method of combining the numerical simulation with experiments.

2.1 Materials and setups

The square plate with AA2024-T4 aluminium is adopted to analyse the static saturation
temperature of the forming region. The thickness of the plate is 1mm, and the side length is
200mm. As shown in Fig. 2, the hot-working die steel of H13, which has good strength at
high temperatures, is used to fabricate the clamp plate and the support plate, and the mica is
adopted to fabricate insulating plates. The use of insulating plates can limit the heat loss at
the edge.

Fig. 3 shows the heating system of the forming device in which the power regulator is
used to control the power of each heating tube. Meanwhile, K-type temperature sensors (range:
0-1300 °C) are used to obtain temperature signals of the forming region and the clamp region,
and the multichannel temperature collector is adopted to obtain the temperature value of the
two regions.

Power regulator,

Fig. 3 Sketch of the heating system of the forming device
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2.2 Distribution characteristics of the preheating temperature

Fig. 4 shows the transfer process of the thermal flow in the belt heating method, and the
numerical simulation of the preheating process is used to preliminarily estimate the temperature
distribution characteristics of the forming region. Four heating tubes are used to increase the
temperature of the support plate and the region, which is the contact area between the clamp
plate and the sheet. Accordingly, the forming region obtains thermal energy through the heat
transfer of the support plate. The region between the sheet, the clamp, and the air will produce
a heat loss due to the heat convection of air. The temperature of the forming region is gradually
increased through the internal heat transfer of the sheet.

Tleat convection direction

Eleetric heating tube

Heat conduction direction

Support plate .

Fig. 4 Thermal transfer of the heating system

Fig. 5 shows the finite element model of the preheating process, and the module of the
heat transfer of the finite element software is adopted to analyse the temperature characteristics
of the forming region in the preheating stage. The element of the support plate and the clamp
plate is a 10-node element of DC3D10, and the element of DS4 is adopted to mesh the heating
tubes. The 8-node element of DC3D8 is used to analyse the preheating temperature of the sheet.

Sheet

Clamp plate

Support plate

Electric heating tube
Fig. 5 Finite element model of the heating system

Table 1 shows the major heat parameters, namely those that are obtained through the
thermal experiments, in the preheating stage simulation, in which the other components include
the clamp plate, the support plate, and the heat convection. The heat convection is mainly that
between the sheet and the air, and the corresponding heat parameters are separately the heat
convection of the air and the sinking temperature.

A surface heat flux is set to provide initial heat for the heating system, and a surface heat
flux of 0.018 W/mm?, which is equal to 100 W power of each heating tube, is set to analyse the
temperature characteristics of the forming region in the preheating stage. Fig. 6 shows the result
of the simulation based on the above setup, and the temperature of the forming region has the
characteristic of symmetrical distribution. Meanwhile, the edge of the forming region has a max
temperature, and the temperature of the forming region gradually decreases from the edge to
the centre. Therefore, the temperature of the forming region has the characteristic of the
symmetrical distribution of the temperature gradient.
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Table 1 Simulation parameters of the preheating stage

Category Sheet Tube Other components
Conductivity, W/mm°C 0.234 0.02 0.032
Specific heat, J/kg°C 900 500 460
Density, kg/mm? 2.7 x10° 8 x10° 7.8 x 106
Heat convection of air, W/mm?°C - - 2.5%x 107
Sinking temperature, °C - - 10

TEMP

SNEG, (fraction = -1.0)

(Avg: 75%)
+3.549e+02
+3.436e+02
+3.3232+02
+3.210e+02

+2.3068+02
+2.192e+02

Fig. 6 Results of the numerical simulation

2.3 Temperature models of the forming region

The temperature distribution of the sheet metal forming region has an axisymmetric
characteristic according to the result from Fig. 6. The temperature distribution of the region also
has the characteristic of a contour line. Therefore, the temperature change along the x-axis is
consistent with that along the y-axis, and then the temperature distribution of the sheet metal
forming region is simplified as the heat conduction characteristic of a rod. Therefore, the unit
body (Fig. 7), which includes the support plate, the clamp plate, and the sheet, is adopted to
describe the temperature of the forming region. The thermal energy of the heating tubes
transfers to the support plate, and Q1 is used to describe the thermal energy of the unit of the
support plate. Q2 is the thermal energy of the region, which is between the support plate and
the clamp plate in Fig. 6. Q4 is the thermal energy of the unit of the forming region.

Clamp plate

S

Support plate I
B S >

Fig. 7 Sketch of the unit body
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It is assumed that the thermal energy of the heating tubes is transferred to the support
plate in the form of volume density. Therefore, QO of the unit body is obtained:
_ Pl
Q_U v ta (l)

where Q is the total thermal energy of the unit body, # is the thermal transfer efficiency of the
heating pipes, P is the power of the heating pipes, and V' is the volume of the support plate. /
and /4 are the length and the height of the support unit, respectively, and 7 is the heating time.

According to Fig. 5, the temperature distribution of the forming region is relatively
uniform in the width and thickness directions, and the thermal transfer of the forming region is
only considered to vary in the length direction. In this paper, the length direction is assumed to
be the x-axis. Therefore, the thermal energy of the unit of the forming region is written as Eq.
(2) according to the law of conservation of heat:

Qin :QT + Qout’ (2)

where Qin 1s the absorbed heat of the unit of the forming region, QOr is the total heat of the unit,
and Qou is the loss of heat of the unit. Therefore, Qin is further written as follows:

d
Q,,= t”;z f;lz clpa—?dxdt, 3)

where u (x, 7) is the temperature function of the unit of the forming region, and ¢ is the specific
heat of the sheet, and p is the density of the sheet.

The width and the height of the forming unit are constant, and the temperature of
directions is uniform. Therefore, the total heat of the forming unit can be written as follows:

Q=1 [} k1 5 dudt, (4)

where k1 is the thermal conductivity of the sheet. Meanwhile, the lost heat (Eq. (5)) of the
forming unit is further obtained according to the thermal convection phenomenon in the
following form:

Qout =2k, fttlz f;lz(u —uq) dxdt, )

where u1 is the temperature of the air and is equal to the room temperature, and 42 is the surface
thermal conductivity between the sheet and air. Therefore, Eq. (2) is further written as follows:

S22 c1p S dudt = f2 [ key 3t dxdt + 2k, [ [ — uy) dacd. 6)

It is assumed that #1 is 0, and x1 is the edge of the forming unit and is also viewed as 0.
Meanwhile, x2 is the distance from the edge to the centre of the forming unit. Consequently,
Eq. (6) can be written as follows:

I [ erpue = Jeyuy — 2k (u — up)] dxdt = 0. (7

According to Eq. (7), two sides of the equation are both divided by cip, and a is equal to
ki/cip, and 4 is equal to 2k2/c1p. Therefore, Eq. (7) is further written as follows:

u; —au, —A(u—uqg) =0. (8)

As shown in Fig. 7, the forming unit is viewed as the heat transfer of a rod. Therefore, if
t is constant, the temperature of the forming unit should be written as follows:
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Since the room temperature is 1, the initial temperature of the forming unit is also u1.
Therefore, u is equal to u1 when ¢ is equal to 0, and ux-0 is equal to 7% (the edge temperature of
the sheet unit), and w0 is equal to 0. The initial condition of the forming unit is written as
follows:

u|x=0 =T,. (10)

Combining Egs. (9)-(10), C2 is equal to 72. Combining the simulation result, 72 can be
written as follows:

7

T, = 3.37P%~7118x107"t _ 3 75p099-0.00079¢ (11)

According to the above analysis, Eq. (9) is further written as follows:
u(x, t) = Cix + T,(t). (12)

Meanwhile, u (x, 7) is equal to T (x, /) when ¢ is constant. Combining Egs. (8), Ci1 is
obtained:

_ To(®+Au—AT,(®)
Cl - Ax+a ’ ( 1 3)

where 72°(¢) is written as follows:

7

T, (t) = 2.57 x 107 3p%99¢=0.00079t _ 23 99 x 10~/ p*-98e—7.118x10""¢. (14)

3. Results and discussion

3.1 Analysis of the temperature model

It is assumed that the thermal transfer efficiency is 100%, namely that # is 1. k2 is
approximately 0.0005 W/mm? based on the experimental result. The temperature model
proposed is used to calculate the temperature of the forming unit, and the space of the x direction
1s 20 mm.

The power values, such as 50-, 100-, and 200-W, are set to analyse the static saturation
temperature of the forming unit. Fig. 8 shows the difference between the simulation value, the
calculated value, and the actual value. The temperature of the forming unit is gradually reduced
from the edge to the centre, and the change is approximate to a linear decreasing trend. The
max error of each power is both less than 10%, and then the accuracy of the temperature model
proposed is validated. Therefore, the temperature model can accurately describe the change
trend of the static saturation temperature for the forming region.

1000
|| Simulation Reality | Calculation
800 S50W | S0W S0 W
100 W |- 100 W 100 W
: 200 W= 200W 200 W
400 '

Static saturation temperature /°C

1
0 20 40 60 80 100 120
X direction / mm

Fig. 8 Static saturation temperature for different power
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3.2 Assigned 7 for the temperature model

According to the previous analysis, the value of # is assumed as 1, and the calculation
result of the model is consistent with the actual value. However, there is a difference between
the calculation and reality, and so the thermal loss of the heating tubes should be considered to
improve the accuracy of the model.

Fig. 9 shows the effect of # on the static saturation temperature when x is 0 mm. The static
saturation temperature of each power gradually decreases with the decrease of #, and the
amplitude of the decrease is significant. Therefore, the effect of # on the static saturation
temperature is significant in the belt heating method. The difference between the actual value
and the calculation value (#=1) is 5.2 °C when the power is 50 W, and the difference of 100 W
is 13 °C, and that of 200 W is 31.9 °C. According to the above analysis, the error percentage is
3.5%, 4.5%, and 5.6% respectively, and the average error percentage is 4.5%. Therefore, 7 is
set as 95.5% in the belt heating method according to the previous analysis.

v 800 800

o — S0W — 100W 200 W >
& -
R I —————— -600 £
g g
W

= Actual value _E
£ 400 Temperature difference -400 5
= Y]
3 g
i; 200 200 @
% a

0 T T T T 0

Fig. 9 Effect of # on the static saturation temperature

Fig. 10 shows the calculated result of the x direction under the action of 0.955 #. The static
saturation temperature of 0- and 80- x approaches the actual value, and the max difference between
the calculated value and the actual value is mainly located in the range of 20- to 40- x. Although the
difference between the calculated model and the actual result still exists under the action of 0.955 #,
the calculated accuracy of the model is improved compared to the case where 7 is set as 1.

800

Calculation Reality
50W - S0W
¢ 6004 100W | —— 100W
3‘ 200 W - 200 W
?‘: \.\.\.\
£
g 400 5
= [ E—
g B ———
& 200
__“—ﬂv————_.____'__v
0 T T T T
0 20 40 60 80 100

x direction / mm

Fig. 10 Analysis of the calculated result of 0.955

3.3 Effect of the model slope on the temperature calculated

According to the above analysis, C| is a significant factor for the temperature gradient of
the forming region when ¢ is determined, and the value of Ci1 changes with x. Fig. 11 shows the
change trend of Ci changing with x under the action of different powers. The value of Ci is
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positively correlated with the power, namely that Ci has an approximately equal proportion
change with the power. In addition, the absolute value of Ci changes from large to small with
the increase of x, and the curve slope of Ci has a certain degree of reduction when the value of
x is greater than 40 mm, and then the temperature change amplitude of the forming region is
gentle when x is greater than or equal to 40. Meanwhile, C1 of each power fluctuates around the
corresponding mean value. Therefore, the mean value of Ci can be adopted to calculate the
temperature gradient of the forming region, which needs to be further analysed.

f 0.0
4 0542 -0.502  -0.468 -0.438
0588 0542 0502 0468 0438 Losi
0,957 -0.896
-14-1.202--- 2107 '1027 _____________________________ | -1.04 §
o Mg i 5 E
sos o192 - 5
il p—— S e 208 =
2223 A
2.413
= S0W 100 W 200 W
3 : ' - . -3.0
. 20 40 60 80 100

x direction / mm

Fig. 11 The changing trend of C; with the increase of x

Fig. 12 shows the temperature error under the action of the mean value of Ci. The error
of 5% is used to estimate the calculated accuracy of the model under the action of the mean
value of Ci, in which the actual result is viewed as Ai. The calculated result with Ci is
represented by A2, and the calculated result with the mean value of Ci is viewed as A3. The
difference, namely that the collection point is respectively the position of 20- and 40- mm under
the action of 50- and 200- W, between A1 and 43, is greater than 5%. The difference is both less
than 5% under the action of 100 W, and the error between 41 and 4> is both less than 5% for
each power. The error, namely the position of 20- and 40- mm, between A1 and 43 is
respectively 9.58 mm and 10.95 mm under the action of 100 W, and the corresponding error
for 200 W is respectively 27.65 mm and 26.89 mm. The former error percentage is respectively
7.1% and 8.8%, and the latter is 5.5% and 5.8%. According to the above analysis, the error
percentage between A1 and 43 is in the range of 0 to 10% under the action of each power, and
then the mean value of Ci is used to ensure the calculated accuracy of 10% of the model
proposed. Therefore, if the calculated accuracy of the model is higher, the calculated value of
C1 should be calculated to obtain the temperature gradient of the forming region. On the other
hand, the mean value of Ci can be used to simplify the calculated model of the temperature
gradient.

350 20
173 Actual value 50 - Actual value =
—— Calculated value for C; g o —— Calculated value for C; 2
> Calculated value for mean C; 40 2 ¢ 300+ Calculated value for mean C; ~ 15 E
E ISO-\ —— Error for ( j - = E —— Error for C} E
= o —— Error for mean C; = = 1 — Error for mean (| =
s = = 250 10 =
E 125 \ s g I~ 3
- =
g \\ g E 200 L5 S
- 10 E B
[0 @
100 T T T T 0 150 T T T T 0
0 20 40 60 80 100 0 20 40 60 80 100
x direction / mm x direction / mm

a) b)
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Fig. 12 Error analysis of mean C, for each power: a) 50 W; b) 100 W, and ¢) 200 W

4. Conclusions

In order to rapidly forecast the temperature gradient of the forming region, a novel
temperature calculated model is proposed to obtain the temperature distribution of the forming
region during the preheating stage of belt heating in incremental sheet forming. The main
conclusions of this study are given below:

1. The key calculated parameters of the model proposed is obtained through thermal
transfer simulation, and the calculated accuracy of the model is less than 10% through
corresponding physical experiments.

2. The heating transfer of the heating tube has a certain amount of heat loss in the
preheating stage of belt heating in incremental sheet forming, and a heat loss rate of
4.5% is obtained to improve the calculated accuracy of the model.

3. The slope (C1) of the calculated model changes with x and ¢, and the value of Ci is
mainly determined through x when 7 is constant. In addition, the mean value of Ci can
be used to simplify the calculated model of the temperature gradient when the calculated
accuracy of the model is less than 10%.
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