el 4

Aosilles Science
ELSEVIER Press

Available online at www.sciencedirect.com

“s.“ ScienceDirect

Trans. Nonferrous Met. Soc. China 34(2024) 453—464

Transactions of
Nonferrous Metals
Society of China

www.tnmsc.cn

Interfacial heat transfer coefficient of
aluminum alloy in contact solid solution treatment process

Xue-rong SU, Zhen-kun SONG, Zhi-qiang ZHANG

School of Materials Science and Engineering, Jilin University, Changchun 130022, China

Received 17 July 2022; accepted 31 December 2022

Abstract: The interfacial heat transfer coefficient (IHTC) values of 7075 aluminum alloy in contact solid solution
treatment process at different pressures, surface roughnesses and temperatures were determined by using finite element
(FE) simulation and inversion optimization (I0) method, and the effects of these factors on IHTC were analyzed. The
results showed that the IHTC value first increased with the increase of pressure and then remained stable. The IHTC
value decreased with the increase of surface roughness. The instantaneous IHTC value first increased and then
decreased with increasing the plate temperature. Based on the integrating phenomenological laws of pressure, surface
roughness and temperature, a multifactorial-influenced IHTC prediction model was established. It could be used to well
predict the instantaneous IHTC value of the alloy under different conditions.
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1 Introduction

With the rapid development of automobile
industry, the problems of environment and energy
are becoming more and more prominent [1]. One of
the most important reasons for these problems is the
emission of automobile exhaust [2,3]. Automobile
material lightweight is a popular development
direction of automobile lightweight to achieve
the goal of energy conservation and emission
reduction [4—6]. In particular, aluminum alloys
are widely used as lightweight materials due to
their low density, high strength and reusable
characteristics [7,8]. The drawback is that aluminum
alloys have poor ductility and formability at room
temperature [9—11]. Fortunately, hot stamping—
quenching process [12] solves this problem
effectively. The solid solution treatment is the first
step in the hot stamping process of aluminum alloy,
thus it is very important to shorten the solutionizing

time of aluminum alloy to improve the production
efficiency of aluminum alloy parts [13]. Since the
thermal conductivity of aluminum alloy is much
higher than that of steel [14—16], the efficiency of
contact solid solution treatment is much higher than
that of traditional heating furnace solid solution
treatment, which further improves the hot stamping
process [17]. In the process of contact solid solution
treatment, heat transfer will occur between the plate
and tools. When the plate temperature, pressure, the
roughness of the contact interface and other factors
change, the temperature history of the plate will
change greatly, thus affecting the microstructure
and the properties of the plate. For the control of
temperature field in heat transfer process, the most
important thing is to determine the interfacial heat
transfer coefficient (IHTC) in contact solid solution
treatment.

IHTC is transient and affected by many
factors [18]. Determining the IHTC is a complex
problem involving geometry, machinery, thermal
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analysis and other disciplines. At present, there are
three main methods to obtain the instantaneous
value of IHTC, namely heat balance method [19],
Beck nonlinear estimation method [20] and finite
element optimization method [21]. In order to
determine the IHTC values in the hot stamping
process, researchers at home and abroad have
conducted many experimental studies using
different technologies and materials. JAIN [22]
used the self-made temperature measuring device to
obtain the IHTC values between 2024-T4, 2024-0,
6061-0 and 1100-O aluminum alloys and H-13 tool
steel under different temperatures, pressures and
lubrication conditions. The results show that the
IHTC gradually increases with the increase of
pressure and decreases with the decrease of yield
strength of the plate. ZHAO et al [23] determined
the IHTC values of 5083 aluminum alloy in air
transfer stage and hot stamping stage under
different test conditions by using heat balance
method and Beck nonlinear estimation method.
CHANG et al [24] took 22MnBS5 boron steel as the
research object. They obtained the value of IHTC
by using Beck nonlinear estimation method and
explored the influence of contact pressure and
surface roughness on IHTC. MILKEREIT et al [25]
explored the heat transfer process between
USIBOR1500P boron steel and tools and analyzed
the influence mechanism of temperature, pressure
and gap on the IHTC value during hot stamping.
WEN et al [26] developed a set of advanced
temperature acquisition device in the hot stamping
process of boron steel with Al-Si coating and
proposed an inverse algorithm for determining
IHTC value. LIU et al [27-32] obtained the IHTC
value under different conditions by fitting the
experimental data from the hot stamping
experiment of aluminum alloy with the simulation
data obtained by PAM STAMP software. An
interactive model of pressure, plate thickness and
lubricant was further developed to predict the
evolution of IHTC. HU et al [33] analyzed the
effects of temperature, pressure and oxide layer
thickness on THTC.

IHTC is an important thermophysical
parameter to describe the heat transfer capacity
between plate and tools [34]. At present, there are
many studies on IHTC in forming process, but there
is a lack of research on IHTC in heating process.

Therefore, the contact solid solution treatment
experiment of 7075-T6 aluminum alloy was carried
out in this study and the IHTC values under
different pressure, surface roughness and
temperature conditions were determined by using
the combination method of finite element
simulation and optimization. The
influence mechanism of those factors on IHTC was
also analyzed. The main innovation of this study is
to try to obtain instantaneous IHTC under different
conditions by integrating phenomenological laws of
different influencing factors. The corresponding
IHTC theoretical model was further developed and
verified to be accurate.

inversion

2 Methods of determining IHTC value in
contact solid solution treatment

2.1 Experimental procedures for contact solid
solution treatment of aluminum alloys

The material used in this experiment was
7075-T6 aluminum alloy with a thickness of 2 mm,
and the sample size was 60 mm X 60 mm. The
chemical composition of the material is shown in
Table 1. H13 tool steel was selected as the contact
dies material. A hole with a diameter of 1.2 mm was
machined on the bottom surface of the contact dies,
and the tip of the hole was 2 mm away from the top
surface of the die. A K-type thermocouple with a
diameter of 1 mm was inserted into the hole to
obtain the temperature of the die in the contact solid
solution treatment. A spring was added beneath the
thermocouple to make it contact closely with the
die. The die temperature was controlled by the heat
cartridges inserted into the die and the PID control
system. The contact solid solution treatment device
is shown in Fig. 1.

Figure 2 shows the data acquisition system of
plate temperature. A blind hole with a diameter of
1.2 mm and a depth of 10 mm was drilled on the
side of the plate. A K-typed thermocouple with a
diameter of 1 mm was inserted and fixed in the hole
with its head covered with appropriate amount of
silicone grease. The other end of the thermocouple

Table 1 Chemical composition of 7075-T6 aluminum
alloy (wt.%)

Si Mn Fe Cr
0.09 0.05 0.13 0.19

Cu Zn Ti Mg Al
14 57 0.03 2.6 Bal
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Fig. 1 Contact solid solution treatment device

was connected to the Yokogawa GMI10 data
acquisition instrument. The real-time temperature
data was obtained through the communication
between the computer and the GM10 acquisition.
The temperature data were recorded 10 times/s.

The effects of pressure, surface roughness
and plate temperature on the IHTC of 7075-T6
aluminum alloy in contact solid solution treatment
were studied. In the experiment of exploring the
influence of pressure, the contact dies temperature
was set at 475 °C and the original plate without
grinding was placed on the surface of the lower
contact die. After the upper contact die was closed,
load was exerted to make the pressure reach 10,
30, 50, 80, and 100 MPa. Each experiment was
repeated three times for a total of 15 experiments.
During the experiment on the influence of
surface roughness, the contact dies temperature and

=~

K-type thermocouple

GM10 data acquisition instrument

the pressure were set at 475°C and 50 MPa,
respectively. The surfaces of 4 plates were ground
with different types of sandpaper and then
measured by a surface roughness measuring
instrument. The types of sandpaper and the
measured values of the corresponding surface
roughness are shown in Table 2.

Figure 3 shows the temperature—time curves
of plates in contact solid solution treatment process
under different pressures and surface roughnesses.
It can be seen that the slope of the curve is larger in
the first 10 s, indicating that the heating rate of the
plate increases rapidly in the early stage. After 10 s,
the temperature curves gradually flatten out, and the
heat balance between the plate and the contact dies
is gradually achieved. The plate temperature changes
greatly with the pressure less than 80 MPa, as shown
in Fig. 3(a). Figure 3(b) shows the temperature data
of the plate under different roughness conditions.
Generally, the slope of the curve gradually
decreases with increasing the surface roughness,
indicating that the heating rate of plate gradually
decreases, that is, the value of IHTC decreases with
increasing the surface roughness.

2.2 Analysis model of heat transfer

According to the Fourier law and energy
conservation law, the transient temperature field
T(x, y, z, f) (x, y and z are coordinates, and ¢ is time)
of the plate can be described as [35]
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Fig. 2 Data acquisition system

Table 2 Types of sandpaper and roughnesses of sandpaper (R.), original plate (R;), and die surface (R;) (um)

Roughness of sandpaper, R,
1200* 600" 180* 36"

Roughness of original plate, R

Roughness of die surface, R;

0.209 0.570 0.836 3.160

0.157 0.821
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Fig. 3 Temperature—time curves of plates under different
pressures (p) (a) and surface roughnesses (Rs) (b)

where A is the thermal conductivity, W/(m-K); Q is
the heat source intensity inside the plate, W/kg; p is
the density of the plate, kg/m?; ¢, is specific heat
capacity, J/(kg-K).

The initial condition is

T(x,y,z,t)‘t=0 =T, (2)

where Ty is the initial temperature of the plate, °C.
Three types of boundary conditions (BC) can
be described as follows:
The first type of BC is

T(x, Y, Z, t):Td (3)
The second type of BC is
A a—Tnx +8—Tn +8—Tnz =q (4)
Ox oy 7 o0z
The third type of BC is

A a—Tnx+a—Tn +8—Tnz =h(T,-T,) (5)
ox * oy 7 oz

where ny, n, and n. are the direction cosine of the

normal outside the boundary, 73 is the given
temperature of the plate at the boundary, ¢ is the
heat flux density, / is the IHTC between the tool
and the plate, and 7 and 7, are the surface
temperatures of the tool and plate at the contact
position, respectively.

In the present work, the thickness of the plate
is only 2 mm, thus the heat transfer of the contact
surfaces between the plate and the contact dies is
much stronger than that between the non-contact
surfaces of the plate and the air. Therefore, the
contact solid solution process of the plate can be
simplified as one-dimensional heat transfer along
the z-axis. The contact dies are used as the external
heat source of the plate (with constant temperature
of T=475 °C). There is no internal heat source of
the plate, thus Q can be set to be zero.

A heat transfer model was established with
ABAQUS software to simulate the contact solid
solution treatment of 7075-T6 aluminum alloy. The
mesh model is shown in Fig. 4. There are 2980
elements of DC3D8 type in the whole model,
including 2500 plate elements and 480 contact dies
elements. It should be pointed out that when the
plate is divided into 11250 elements, the simulation
results are almost not different (as shown in
Fig. 5). This indicates that the mesh has certain
convergence when the number of elements is 2500.
Therefore, in order to shorten the simulation time,
2500 elements are selected for the plate in the
model. The thermophysical parameters of plate and
dies are shown in Table 3. Since the contact dies
temperature remains unchanged during the contact
solid solution treatment process, all temperature
values of the die are selected at 475 °C. In addition,
temperature-related IHTC models were selected to
investigate the influence of temperature on IHTC.
The initial assumed values of IHTC at different
temperatures are shown in Table 4. Since the
final accurate values of IHTC are determined by

Upper contact die

Plate

Lower contact die

Fig. 4 Mesh diagram of heat transfer model
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Fig. 5 Comparison of results at different numbers of
mesh elements

Table 3 Thermophysical parameters of materials [26]

Parameter Die Plate
Material H13 7075-T6
Spg;fcci t};?at soxlos | O8T2AT-1462.57%+
. 6 8
(mJ-t1-°C) 1.2x107+6.083x10
. —6.7537x107 1772~
3 -9
Density/(t-mm™) 7.8%10 1.5%10 13742 86x10°°
Conductivity/ )% —5.145x10737%+
(mW-mm!-°C) 0.13687+85.224
Initial
temperature/°C 473 25

Table 4 IHTC values assumed during simulation
50 200 300 400 450 475
0.6 3.5 40 35 25 0

Plate temperature/°C

HTC/(kW-m 2K ™)

optimization, the initial assumed values can be
approximately given by referring to relevant
articles.

Figure 6 shows the change history of plate
temperature during simulation. Figure 6(a) shows
the front view of the plate at different time, and
Fig. 6(b) shows the top view of the plate when time
is 34s. As can be seen from Fig. 6(a), the plate
temperature rises rapidly to higher than 400 °C
during the time period of 0-7.5s, and the heat
transfer rate between the dies and the plate is large.
The main reason is the large temperature difference
between the dies of 475 °C and the plate of 25 °C.
The heat flux passing through the plate per unit area
is large in the process of heat transfer, thus the
heating rate of the plate is fast. After 7.5 s, the plate

temperature gradually rises with the extension of
time and the dies temperature remains unchanged.
Therefore, the temperature difference between the
plate and the dies continues to decrease, resulting in
the gradual decrease of the heating rate of the
plate. After the solid solution treatment, the plate
temperature is approximately 475 °C, which is in
equilibrium with the die temperature, and thus the
heat transfer process almost stops. It can be seen
from Fig. 6(b) that the overall temperature of the
plate is uniform after the solid solution treatment
process.

(a) (b)
NTI1

Temperature/°C 0s

404 1.5s
333 25s

263 4.0s

192 7.5s

121 30.5s

50.0s

Fig. 6 Temperature change history of workpiece during
simulation: (a) Front view of workpiece at different time;
(b) Top view of workpiece at 34 s

After the simulation, the position on the plate
consistent with the experimental measurement point
was selected to output the temperature—time curve
and compared with the experimental temperature—
time curve, as shown in Fig.7. Due to the
inappropriate IHTC values, there is a large
temperature difference between the simulated data
and the experimental data. Therefore, further
optimization of the IHTC wvalues is needed to
reduce the error.

500

400 -
L
o)
! 300
<
8
(=5
£ 200
F

— Simulated results
100 Experimental results at
50 MPa without grinding
0 10 20 30 40 50

Time/s

Fig. 7 Comparison of temperature data of plate between
simulation and experiment
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2.3 Inversion optimization of IHTC

The Mixed Integer Sequence Quadratic
Programming (MISQP) algorithm in the Isight
software was used to obtain the accurate values of
IHTC in the contact solid solution treatment process
of 7075-T6 aluminum alloy, taking the IHTC values
as the design variable and the sum of the difference
between the simulated data and the experimental
data as the objective function for optimization
calculation. The optimization equation can be
described as

2

50
5:Z(T[FEM _T[EXP ) =5
i=0

min

Constraint conditions:

0.1<h,<3.0, p=10MPa,R =0.157pum (6)
0.1<h,<4.5, p=50MPa,R_=0.157um
0.1<hy;<3.5, R,=0.209um, p=50MPa

0.1<h, <2.5, R, =3.160pm, p=50MPa

FEM
Ti

where is the simulated temperature at
different time; 7,"*" is the experimental
temperature at different time, and 41, A2, A3 and hs
are the IHTCs to be optimized under different
experimental conditions, respectively.

The task flow diagram of the Isight interface
consists of three modules (as shown in Fig. 8):
ABAQUS, Data matching and Optimization. The
Optimization component assigned values to IHTC
according to the initial values, and then the
ABAQUS component reoutputted the simulation
The Data
matching component read in the simulation data,
calculating the deviation from the
experimental data and sending the results back
to the Optimization module. The Optimization
component reassigned a value in a given range to
IHTC according to the feedback deviation value
and then carried out the next round of optimization
calculation until the error function reaches the
minimum value. The flow chart of the optimization
process is shown in Fig. 9. The essence of this
optimization process is to explore the IHTC value
which minimizes the objective function.

In order to verify the accuracy of the IHTC
values determined by inversion optimization, the
optimal IHTC values were substituted into the
ABAQUS model again for numerical simulation to
obtain the optimized temperature—time data of the

data according to the assignment.

value

Optimization

Read in INP file

[ ]

Output ODB file

Data matching

Fig. 8 Task flow chart in Isight interface

Import experimental
and simulated data
v

Set maximum and
minimum values of IHTC

v ]

Calculated heat Adjust
transfer in ABAQUS IHTC

5

min *

N
5:Z(TiFEM_T,-EXP) =5
=0

Output [HTC

End

Fig. 9 Flow chart of optimizing IHTC

plate. The comparison between the optimized
temperature—time curve and the experimental
temperature—time curve is shown in Fig. 10. It can
be seen that the experimental and optimal curves fit
well after the IHTC values were determined by
inversion optimization (the deviation values were
controlled within +4.5 °C). Good experimental and
optimized curves fitting results also show that the
IHTC determination scheme based on temperature
correlation adopted in this work is effective.

3 Results and discussion

3.1 Effect of pressure on IHTC

Figure 11 shows the average values of IHTC
under different pressure conditions (R?=0.95). The
average IHTC has a nonlinear relationship with the
pressure and approximately satisfies the following
exponential function:
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Fig. 10 Comparison of optimized data with experimental and simulated data under different conditions

p
h,=-2.205exp| ————
P Xp( 39.619

j+ 3.387 (7)
where /,, is the average IHTC.

The average IHTC between the plate and the
contact dies increases from the initial 1.725 to
3.100 kW/(m?-K) when the pressure increases from

3.5

Bl Average
—~ IHTC at R=0.157 pm 3156
v Fitting results 3.100_
L~
o 3.0 2.950
: =
2 ,
O 25+
=
m /
— /2.163
[0}
&
5 20
>
< 1.725

0 20 40 60 80 100 120
Pressure/MPa

Fig. 11 Average IHTC wunder different pressure

conditions

10 to 80 MPa. When the pressure exceeds 80 MPa,
the average IHTC increases a little and gradually
tends to be stable. The reason is that with the
increase of contact pressure, the asperities between
the contact surface of the plate and the dies were
crushed, which increased the effective contact area
between the plate and the dies, and thus increased
the IHTC wvalues. However, after the contact
pressure is greater than 80 MPa, the true contact
area almost ceases to increase, so the IHTC remains
basically unchanged.

3.2 Effect of surface roughness on IHTC

Figure 12 shows the influence of surface
roughness on average IHTC. By using the available
functions to fit the data and compare the fitting
results, it is concluded that the relationship between
the average IHTC value (%;) and the surface
roughness of the plate approximately satisfies the
following Allometric function:

(8)

h =1.721\/(Rs2 +R2)
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It should be pointed out that although a simple
linear function can also get a good fitting effect,
R*=0.97, Allometric function has a better fitting
effect, R=0.99. Since the fitting function will be
used to develop the IHTC multifactorial model, the
Allometric function is selected as the fitting result
to avoid error accumulation.

2.0
—_ Il Calculated results of
T average IHTC at 50 MPa
~¥ 1.8 L7 Fitting results
I_E L1720
1.660
N N
S 16t
=
=
[
0
= 14}
o
> 7 4
< 1.280
1.2 l
0.209 0.570 0.836 3.160
RJ/um

Fig. 12 Average IHTC under different surface roughness
conditions

It can be seen that when the surface roughness
of the plate increases from 0.209 to 3.160 um, the
average IHTC wvalue decreases from 1.790 to
1.280 kW/(m?-K). This is because sanding the
surface of the plate with different types of
sandpaper increases the number of micro bulges on
the surface of the plate or increases the vertical
height of the bulges, which reduces the effective
contact area between the plate and the dies, leading
to the reduction of IHTC values.

3.3 Effect of plate temperature on IHTC

Figure 13 shows the IHTC
change with plate temperature, and the influence of
temperature on IHTC approximately satisfies the
following Gauss function:

2
h,=a- b exp —2(T_d) 9)
cNT/2 c

instantaneous

where /. is instantaneous IHTC, and a, b, ¢ and d
are model parameters.

It can be seen that the variation trend of
instantaneous IHTC with plate temperature is
generally consistent under different pressure and
roughness conditions. The instantaneous IHTC
values first increase continuously to reach the peak

6
(a)
@ Optimized results at 10 MPa Fitting results at 10 MPa
5 9 Optimized results at 30 MPa Fitting results at 30 MPa
@ Optimized results at 50 MPa Fitting results at 50 MPa
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= 1.0 @ R~=0.570 um
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Temperature/°C

Fig. 13 Instantaneous IHTC with change of temperature
at different pressures (a) and surface roughnesses (b)

value and then decrease gradually to almost 0 with
the increase of plate temperature. The contact
pressure can increase the effective contact area and
has a positive effect on IHTC value, while the plate
temperature has a negative impact on the IHTC
value because the temperature difference between
the plate and the dies decreases gradually with
increasing the plate temperature. In the initial stage,
the IHTC value increased continuously due to the
increase of the effective contact area of the interface
caused by gradual influence of the pressure. The
IHTC reached the maximum value with the plate
temperature rising to the range of 250—350 °C, as
shown in Fig. 13(a). In this process, the positive
influence of pressure on the instantaneous ITHTC
was greater than the negative impact of plate
temperature. After the IHTC reached the peak value,
the pressure had little effect on the instantaneous
IHTC. At this time, the plate temperature continued
to rise and the dies temperature was constant to be
475°C, and thus the temperature difference
between them gradually decreased. The negative
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influence of the plate temperature on the
instantaneous THTC was in turn greater than the
positive influence of the pressure, which caused the
IHTC to gradually decrease until temperatures
of the plate and contact dies were in thermal
equilibrium and to be finally close to 0. The
relationship between the instantaneous IHTC and
the temperature of the plate under different surface
roughnesses is basically the same as that for the
change of pressure, shown in Fig. 13(b).

4 Development of multifactorial THTC
model

In order to better predict the instantaneous
IHTC wunder different conditions, an IHTC
multifactorial model based on the influence
mechanism of multiple factors such as pressure,
surface roughness and temperature was developed,
as shown in Eq. (10):

h= AkstF(T)% (10)

where £ is the IHTC, 4 is the model parameter,
ks« 1s the harmonic average of the thermal
conductivities of plate and contact dies, and F(7),
F(p) and F(Ry) are the functions related to
temperature, pressure and Ry, respectively,

2kk,
Nk +k,

R, :./Rj +R; (12)

where ks and k; are the thermal conductivities of
plate and dies, respectively.

(1)

b T-d\’
F(T)=a- -2 13
( ¢ c\/n/2exp{ ( c ] } ()
F(p)zaoexp[—£j+a2 (14)
a,

Table 5 Values of model parameters

where ao, a1 and a; are the model parameters.

F(Ry)=RY (15)

st

where a3 is the model parameter and Ry is the
arithmetic square root of the sum of squares of the
surface roughness of plate and dies.

The developed IHTC theoretical model
involves a total of 9 parameters. Multiple groups of
experimental data under different pressure, surface
roughness and temperature conditions need to be
used to optimize these parameters. 1stOpt software
was used for calibrate the parameters. When the
sum of the square of the error between the
calculated and the optimized IHTC values reached
the minimum, the calculation ended and a total of
19 iterative operations were carried out. The values
of model parameters are shown in Table 5.

The comparison between the IHTC wvalues
calculated by the theoretical model and the IHTC
values obtained by optimization is shown in Fig. 14.
The sum of squares of the two errors is 2.5351 and
the correlation coefficient R? is 0.9787, indicating
that the developed model has high accuracy. In
addition, IHTC is an important factor affecting the
temperature history of plate, and a slight deviation
will cause a significant change in the temperature—
time curve. In order to further test the accuracy of
the prediction about the instantaneous IHTC by the
developed model in the contact solid solution
treatment process of aluminum alloy, the THTC
values obtained by the model were substituted into
ABAQUS software for simulation to obtain the
corresponding temperature—time data which were
used to compare with the experimental data. The
results are shown in Fig. 15. It can be seen that the
deviation between the calculated temperature and
the experimental temperature is controlled within
+5 °C, and the fitting degree of the curve is high.
Therefore, the developed multi-factor IHTC model
can better predict the instantaneous IHTC values
under different conditions.

ke (kW-m 1K) /(KW -m™-K 1) b d a a3
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k/(kW-m™ K™ R/pm c ao a
0.028 0.821 —8.5607 —569.13 —0.0981 0.1594




462

—9— Optimized instantaneous IHTC

4sr —o— (alculated instantaneous IHTC
401 , No. 1-25: R.=0.157 um
35F 1 No. 25-45: p=50 MPa

IHTC/(kW-m2-K™")
(3]
[}

Pa‘Qy 50 MPa_ 80 MPa ;100 MPa_0.209 umQ.570 juigh.836 (3. 160 juf

0 10 20 30 40 50
Serial number

Fig. 14 Comparison of THTC calculated by theoretical
model and optimized

5 Conclusions

(1) In the process of contact solid solution
treatment, the average IHTC between 7075-T6
aluminum alloy plate and dies first increased
rapidly with the increase of pressure and then
increased slowly after 50 MPa, and remained
basically unchanged after 80 MPa. The average
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IHTC decreased with the increase of surface
roughness. Under different pressures or roughnesses,
the instantaneous IHTC began to increase with the
rise of plate temperature, and then decreased with
the rise of plate temperature.

(2) The inverse optimization of IHTC was
carried out by using Isight software, and the
optimized values of IHTC obtained under different
experimental conditions were substituted into
ABAQUS software for simulation again. Then, the
corresponding temperature time data obtained were
compared with the experimental data. The results
showed that the deviation values were controlled
within £4.5 °C, and the overall fitting degree of the
data curve was high, which verified that the IHTC
values determined by inverse optimization were
relatively accurate.

(3) Combining the influence mechanism of
pressure, surface roughness and temperature on
IHTC, a multi-factor IHTC model was developed,
and the model parameters were optimized by 1stOpt
software. The correlation coefficient R? in the result
was 0.9787, with a high degree of fitting. In
addition, the IHTC values calculated by the model
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Fig. 15 Comparison between calculated results by theoretical model and experimental results under different conditions
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were substituted into the ABAQUS software for
simulation, and the corresponding temperature—
time data were compared with the experimental
data. The results showed that the deviation values
were controlled within =£5°C, which further
verified the accuracy of the developed IHTC
theoretical model.
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