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Abstract: Application of the hot stamping process on heat-treatable aluminum alloys effectively
solves the problems of large springback and poor ductility during forming at room temperature,
which expands the range of applications of aluminum alloys in the transportation industry. Sheet
heating plays an important role in the hot stamping process, and increasing the heating rate can
improve the hot stamping efficiency to some extent. In this paper, the feasibility of applying contact
heating techniques with higher heating rates in the hot stamping process was studied. A contact
heating device was designed, and the temperature distribution of the device contact surface was
observed. Furthermore, the heating characteristics of 7075 aluminum alloy sheets during the contact
heating process were explored by experiments and finite element simulation. Finally, the rapid
solution treatment of aluminum alloy was carried out with a contact heating device, which was
compared with the furnace heating solution treatment. The experimental and simulation results
indicate that the device contact surface has a relatively uniform temperature distribution, and the
aluminum alloy sheets can be heated to close to the set temperature in 15 s using contact heating
techniques. Meanwhile, the rapid solution treatment of aluminum alloy sheets can be achieved within
15–20 s by contact heating techniques, obtaining superior mechanical properties. This suggests that
the contact heating process can be used for rapid heating and rapid solution treatment of aluminum
alloy sheets in hot stamping process.
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1. Introduction

The outstanding comprehensive properties of aluminum alloys make it a promising material
in promoting lightweighting of automobiles [1–4]. However, high-strength aluminum alloys have
poor ductility at room temperature, and in the traditional cold stamping process, aluminum alloys
are prone to problems such as springback, cracking, and high forming resistance [5–8]. Thus, the
application of high-strength aluminum alloys is limited. To improve the formability of aluminum alloy
sheet and to reduce the springback after forming, a hot stamping process of heat-treatable aluminum
alloys has been proposed, which has been extensively investigated and used for promoting automobile
lightweighting [9–15].

Sheet heating is a necessary step in the hot stamping process and has an appreciable impact on
the final performance of the parts. Radiation heating is currently the most commonly used sheet
heating method in hot stamping processes. In this way, the aluminum alloy sheets have a uniform
temperature distribution and the solute elements diffuse evenly in the matrix. However, due to the
lower emissivity of aluminum alloy, the heating rate of aluminum alloy sheets by radiation heating is
only about 0.4 ◦C/s [16], which seriously affects the hot stamping efficiency of the aluminum alloy. For
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example, to achieve good performance, the heat treatment of 7075 aluminum alloy in hot stamping
usually consists of solution treatment at 480 ◦C for 1 h and artificial aging at 120 ◦C for 24 h [17–19].
To shorten the heating time and improve the hot stamping productivity, attempts have been made to
improve the process to achieve more efficient heat treatment of aluminum alloys [20,21]. Xu et al. [22]
found that MgZn2 (η) particles could be completely dissolved after holding at 475 ◦C for only 5 min,
whereas the complete dissolution of S-phase particles requires a stepped solution treatment. Jiang
et al. [23] achieved the fast heat treatment of 7075 aluminum alloy by loading specimens at 500 ◦C,
solutionizing in 470 ◦C/5 min + 485 ◦C/9 min and aging in 140 ◦C/6 h + 150 ◦C/1 h.

On the other hand, using sheet heating methods with high efficiency can also improve hot
stamping productivity, such as resistance heating, induction heating, contact heating and direct flame
impingement (DFI) heating. Studies show that quick heating will not deteriorate the performance of
aluminum alloys [5,16,24]. Furthermore, a higher heating rate inhibits grain growth, which is beneficial
for part performance.

Resistance heating is suitable for long and narrow sheets due to the heating method of electrical
current conduction, and the metal sheets can be heated to the quenching temperature within 2 or 3 s [25].
To extend the application of the heating method, Mori et al. obtained circular heating zone for shearing
by local resistance heating with a pair of electrode pins, but the heating setting is complicated [26,27].
Kolleck et al. [28] conducted investigations on induction heating, in which a two-step induction heating
device was used, and the shortest heating time guaranteeing austenitization of 22MnB5 with a thickness
of 1.5 mm was 35 s. However, it is also difficult to heat complex-shaped sheets using this method. The
direct flame impingement heating method was proposed to heat high-strength aluminum alloys by
hot gas or flame generated via combustion of fuel, and a heating rate of over 10 ◦C/s was obtained
by DFI on AA6082 sheets of 1.5 mm [29]. The surface layer of DFI-heated samples is comparable to
those heated by a conventional furnace, while the temperature uniformity of sheets heated by DFI may
be poor.

The contact heating technique is a sheet heating method proposed in recent years in which the sheet
is heated rapidly by contacting with the high-temperature contact plates [30]. Unlike the other rapid
heating methods described above, the contact heating method can be used to heat complex-shaped
sheets. Due to the large heat flux between the contact plates and the sheet during the heat conduction
process, a higher heating rate is achieved. The existing research on the contact heating technique
mainly focuses on heating high-strength steel sheets, and there are few studies on the contact heating
process of aluminum alloys. Ploshikhin et al. [30] first conducted research on the contact heating
technique in which a contact heating device was designed for the heating and tempering of steel
blanks. Higher heating rates and temperatures reduce the cycle time for preheating of metal sheets to
20–40 s with contact heating. The University of Waterloo [31–33] also conducted a study on the contact
heating process of high strength steel blanks, and successfully brought the monolith to its operating
temperature of 1050 ◦C for one hour with SiC elements heating the monolith. In addition, the steel
blanks were heated to Ac3 temperature within 60 s. It was found that the blank coating adhered to the
monolith in the test. Therefore, the effects of different surface treatments on the adhesion of coating
during contact heating process were studied. In addition, the tailored heating process of high-strength
steel blanks with tailored contact surface was also carried out. In our previous study, the feasibility of
continuous heating of aluminum alloy sheets by contact heating process was investigated and this
study is an extension the previous study [34]. Zhang et al. [16] used the contact heating method to
heat the 7075 aluminum alloy and compared the effects of contact heating solid solution treatment
and traditional furnace solid solution treatment. It was indicated that the fine precipitated phase
obtained by the contact heating process could make the material strength slightly higher than that of
T6. Furthermore, during hot stamping, the lubricant is usually only painted on the regions of the die
where severe deformation occurs, such as small corners, deep drawing areas, and so on. Painting the
lubricant on each blank will cause a larger increase in cost, and requires a special lubricant painting
device to realize automatic working. In addition, painting the lubricant on the Al alloy blanks directly
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greatly affects the surface quality of the hot stamped Al alloys parts. Based on the above considerations,
the lubricant was not considered in this studied contact heating stage.

The contact heating method is characterized by a higher heating rate and is suitable for sheets
of different shapes, thus facilitating industrial application in the hot stamping process of aluminum
alloys. However, the effects of heating temperature and holding time in the rapid heating process on
the dissolution of the second phase is unclear. It is necessary to study the influence of the rapid heating
process (the heating temperature and holding time) on the performance of aluminum alloy, and obtain
the best heating conditions for the rapid solution treatment of aluminum alloys. In this paper, a contact
heating device was designed and manufactured, and the research on the contact heating process of
aluminum alloy sheets was carried out. The heating characteristics of aluminum alloy sheets during
contact heating were also analyzed on the basis of experiments and simulation. Additionally, the
research on the rapid solution treatment of aluminum alloys by contact heating method was conducted.

2. Experimental Device, Method, and Simulation

2.1. Contact Heating Device

Contact heating has more advantages than conventional furnace heating. However, due to the
high-temperature accuracy of aluminum alloy sheets during hot stamping, there are some requirements
for the design of contact heating devices: an excellent temperature uniformity of contact surface; a
higher heating rate; and a lower temperature overshoot. Based on these factors, a contact heating
experimental device was designed, the structural model of which is shown in Figure 1a. In the design
stage, to achieve a device with better insulation performance and uniform contact surface temperature
distribution, it was determined that the heating device should mainly consist of an upper and a lower
contact plate, surrounding insulation asbestos and bottom insulation boards. The device was heated by
the inner heating rods. The surrounding and bottom insulation material with low thermal conductivity
could reduce the heat dissipation, while the temperature gradient of the contact surface could then be
decreased, making the surface temperature uniform. The contact surface temperature uniformity of
the contact heating device has considerable influence on the temperature uniformity of the heated
sheet. Greater high-temperature thermal conductivity of the contact plates can effectively improve the
contact surface temperature uniformity.
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Since the heating temperature of the contact heating device is high, it was necessary for the
material of the contact plates to possess high oxidation resistance and be able to be repeatedly heated
to higher temperatures without a significant decrease in performance. Furthermore, the contact plate
material should feature higher high-temperature compressive strength to resist the force between the
sheet and the contact plates during the heating process. Finally, a hot work die steel called QRO 90
Supreme was selected because the excellent high-temperature strength, red hardness, and fatigue
properties of the steel were able to meet the performance requirements of the contact plates. The
thermo-physical parameters of QRO 90 Supreme die steel are shown in Table 1.
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Table 1. Thermo-physical parameters of QRO 90 Supreme die steel.

Temperature (◦C) 20 400 600

Density (kg/m3) 7800 7700 7600
Elastic modulus (GPa) 210 180 145

Expansion coefficient (/◦C) - 12.6 × 10−6 13.2 × 10−6

Thermal conductivity (W/m·◦C) - 33 33

The heating device was equipped with some auxiliary systems: a heating system, a temperature
controlling system and a temperature collecting system. The contact plates were heated by heating
rods, and the rated power was 16 kW. K-type thermocouples were fixed inside the contact plates
between each pair of heating rods for feedback adjustment of the device temperature. The eject pins
were arranged in the lower contact plate to assist the placement and gripping of the sheets. The heating
device was installed on a press, and the device was driven to open and close by the movement of the
press slide, as shown in Figure 1b. The aluminum alloy sheet was placed on the lower contact plate,
and the heating process is completed after the device is closed.

2.2. Experimental Method

A 7075 aluminum alloy sheet with a nominal thickness of 2 mm was chosen as the test material,
which is a high-strength heat-treatable aluminum alloy. In addition, rectangular sheets (300 × 210
mm2) were machined parallel to the rolling direction for experiments. The chemical composition of
the aluminum alloy is given in Table 2. For the initial alloy tempering, the tensile strength was 558.7
MPa, the elongation was 13.4%, and the hardness was 173.9 HV.

Table 2. Chemical composition of 7075 aluminum alloy (wt.%).

Mg Zn Mn Cu Fe Cr Si Al

3.161 5.895 0.1778 1.63 0.1309 0.2113 0.03 Bal.

The temperature distribution of the contact surface was observed through an infrared thermal
imager (FLIR A320, FLIR Systems Inc., Wilsonville, OR, America), and the temperature uniformity
of the contact surface was analyzed. The temperature collecting process of the contact surface was
affected by the properties of the contact surface, and the observed results may be subject to large error.
Therefore, necessary measures were taken to improve the temperature observation process.

As shown in Figure 2, there were holes at the edges of the sheet, and K-type thermocouples were
fixed in the holes for temperature collection. The heating characteristics of the device were studied and
compared with the heating of the furnace.
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The rapid solution treatment of 7075 aluminum alloy sheets was also carried out with the contact
heating device, and the feasibility of the method was analyzed. As shown in Figure 3, the rapid
solution test was subjected to a process comprising the following procedures: (a) contact heating and
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holding at different temperatures and times (solution treatment); (b) water quenching the specimen to
room temperature; (c) artificial aging at 120 ◦C for 24 h; and finally (d) cooling to room temperature.
The solution temperatures of the sheets were 470 ◦C, 480 ◦C, 490 ◦C, and 500 ◦C, respectively. The
solution times of the sheets were 15 s, 20 s, 30 s, 40 s, 50 s, and 60 s, respectively.Metals 2019, 9, x FOR PEER REVIEW 5 of 14 
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2.3. Simulation

A finite element model of the contact heating device was established to analyze the contact heating
process of aluminum alloy sheets, and the heating characteristics during the process were studied. The
simulation model is shown in Figure 4, and the same structural parameters as the actual device were
set on this model. To simplify the modeling process, the simulation model consists only of contact
plates and surrounding insulation materials.
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In this simulation, the effects of radiation and convection conditions on the heating process were
considered. The convective heat transfer between the device and ambient varies with the device
temperature. Therefore, considering the large temperature range of the device, the convective heat
transfer coefficient varies with temperature:

h = 2(Tw − Tf)1/3, (1)

where h is the convective heat transfer coefficient (W/(m2
·K)), Tw and Tf are the device surface

temperature and the ambient temperature, respectively.
At the same time, the contact heating device also radiates heat to the ambient constantly, and the

heat loss per unit area due to surface radiation can be expressed as:

q = σε
[
(T − TZ)

4
− (T0 − TZ)

4
]
, (2)

where q refers to the radiative heat flux (W/m2), σ is Stefan Boltzmann constant, and σ = 5.67× 10−8

W/(m2
·K4), ε is the surface emissivity, T, T0, and TZ are the device surface temperature, ambient

temperature, and absolute zero temperature, respectively.
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Both higher surface emissivity of the contact surface and the increase of the device temperature
cause a large amount of heat loss. The emissivity of contact surface in the simulation is set as 0.8.
Based on Equations (1) and (2), the heat dissipation per unit area caused by convection and radiation is
shown in Figure 5.Metals 2019, 9, x FOR PEER REVIEW 6 of 14 
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The simulation procedure is shown in Figure 6. The PID control algorithm was implanted into
the simulation using a user-defined subroutine ‘pid.for’ to model temperature controlling during the
heating process of the device. Combined with the history temperature output values of the selected
nodes in the model, the surface heat flux on the inner wall of the heating holes was adjusted to achieve
temperature control of the heating model. In addition, the temperature distribution of the device was
obtained when the temperature was 480 ◦C. Then the simulated results of the device heating stage
were transferred to the contact heating simulation of aluminum alloy sheet. The sheet heating time
was 30 s, and the sheet dimension was the same as the specimen in the experiment, while its initial
temperature was 20 ◦C. The interfacial heat transfer coefficient between the contact plate and the
aluminum alloy sheet was considered as 800 W/(m2

·K) [35]. Finally, the temperature distribution of
the sheet was obtained and studied as well as the heating curves of the sheet.
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3. Results and Discussion

3.1. Simulation Results

3.1.1. Temperature Distribution of Simulation Model

The heating temperature was set to 480 ◦C, and the model was heated and held for 1 h. When
the temperature of the device became stable, the temperature distribution of the model is shown in
Figure 7a, wherein one quarter of the model is omitted to enable an inspection of the temperature
distribution inside the device. The heating curves of the nodes in the model are shown in Figure 7b,c.
Due to the superior insulation properties of the insulation materials, the contact plates possessed
higher temperature, and the temperature difference of the contact surface was less than 10 ◦C, which
was beneficial to the uniformity of sheet temperature distribution during the contact heating process.
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3.1.2. Contact Heating Process of Aluminum Alloy Sheets

Based on the simulation results obtained from device heating stage, the simulation of contact
heating process of the aluminum alloy sheet was performed. The temperature distribution of the lower
contact plate before and after contact heating is shown in Figure 8a,b. The temperature distribution of
the sheet after contact heating is shown in Figure 8c and the heating curve of the sheet is shown in
Figure 8d. It can be seen from the simulation results that the rapid and uniform heating process of
aluminum alloy sheet can be achieved by contact heating techniques. Furthermore, due to the uniform
temperature distribution of the contact surface and the large thermal conductivity of aluminum alloy,
the sheet temperature difference after contact heating was smaller than 5 ◦C.

Metals 2019, 9, x FOR PEER REVIEW 7 of 14 

 

 
Figure 7. The simulation model is heated to 480 °C and held to stabilize the temperature: (a) 
temperature distribution of 3/4 simulation model; (b) heating curves of temperature feedback nodes 
in the lower contact plate; (c) heating curves of temperature feedback nodes in the upper contact plate. 

3.1.2. Contact Heating Process of Aluminum Alloy Sheets 

Based on the simulation results obtained from device heating stage, the simulation of contact 
heating process of the aluminum alloy sheet was performed. The temperature distribution of the 
lower contact plate before and after contact heating is shown in Figure 8a,b. The temperature 
distribution of the sheet after contact heating is shown in Figure 8c and the heating curve of the sheet 
is shown in Figure 8d. It can be seen from the simulation results that the rapid and uniform heating 
process of aluminum alloy sheet can be achieved by contact heating techniques. Furthermore, due to 
the uniform temperature distribution of the contact surface and the large thermal conductivity of 
aluminum alloy, the sheet temperature difference after contact heating was smaller than 5 °C. 

 
Figure 8. (a) Lower contact plate temperature distribution before contact heating process. (b) Lower 
contact plate temperature distribution after contact heating process. (c) Temperature distribution of 
the sheet after contact heating process. (d) Heating curves of nodes in the sheet. 

3.2. Experimental Results 

Figure 8. (a) Lower contact plate temperature distribution before contact heating process. (b) Lower
contact plate temperature distribution after contact heating process. (c) Temperature distribution of the
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3.2. Experimental Results

3.2.1. Analysis of Contact Surface Temperature Distribution

During the observation of the contact surface temperature, to improve the observation accuracy
of the infrared thermal imager, four digital thermometers were applied to calibrate the parameters
of the infrared thermal imager software through their display. Meanwhile, the contact surface was
sprayed with high-temperature-resistance paint (with a stable emissivity of 0.95–0.98) to improve the
contact surface emissivity. Figure 9 shows the countermeasures to improve the observation accuracy.
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Figure 9. The countermeasures to improve the observation accuracy of the infrared thermal imager.

After the calibration, the digital thermometers were removed. The temperature distribution of the
upper contact surface when the heating temperature was set to 500 ◦C is shown in Figure 10a. Five lines
are equally spaced on the contact surface for temperature analysis, and the temperature distribution
along these five lines is shown in Figure 10b. The observed temperature distribution results showed
that the temperature along these lines was lower at the end region, and turned relatively uniform in
the middle region, while the temperature difference in the central region is less than 20 ◦C. In addition,
the temperature uniformity of the surface can be improved by an extended holding process.
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To study the relationship between the actual temperature of the contact surface and the set
temperature, the surface center temperature T was taken by infrared thermal imager, and the
relationship between surface center temperature T and set temperature t were fitted. A correlational
formula was developed for the relationship: T(◦C) = 0.964t + 5.689, as shown in Figure 11. The surface
temperature will be affected by the ambient, so the experimental environment should be kept free
of wind.
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3.2.2. Heating Curves of Aluminum Alloy Sheets during Contact Heating

The contact heating of aluminum alloy sheets was performed, and the device temperature was set
to 200 ◦C, 300 ◦C, 400 ◦C, and 500 ◦C, respectively. The heating curves of the sheets at different heating
temperatures are shown in Figure 12. It can be seen that during the contact heating process, the sheet
temperature rose rapidly and soon approached the set temperature at the beginning of the heating
process. When the sheet temperature was close to the set temperature, the heating rate decreased.
When the sheet temperature reached the set temperature, the overheating effects could be ignored.
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heating temperatures.

To evaluate the heating rate of the sheet during contact heating process, when the device was
set to a different heating temperature TS, the time for the sheet to heat up to (TS−20) ◦C and (TS−10)
◦C from the device closing was summarized, as shown in Figure 13. The results showed that as the
heating temperature increased, the time required for the sheets to heat up increased slightly, although
not significantly. When the set temperature was high, the temperature difference between the contact
plates and the sheet is large, which resulted in a larger heat flux between them. Hence, the sheet heating
rate became larger and the heating time did not increase significantly at a higher heating temperature.
Meanwhile, it was revealed that when different heating temperatures were set, the sheets could be
heated to close to the set temperature within 15 s (the difference between the sheet temperature and
the set temperature was less than 10 ◦C).
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3.2.3. Rapid Solution Treatment of 7075 Aluminum Alloy Sheet

Figure 14 shows the tensile strength, elongation and hardness of 7075 aluminum alloy after rapid
solution treatment with different solution temperatures and times by contact heating and 120 ◦C/24 h
artificial aging. Figure 14a shows that by contact heating techniques, when the solution temperature
and the solution time were 470–500 ◦C and 15–60 s respectively, the tensile strength of the specimens
exceeded that of the initial alloy temper. Even if the solution time was as short as 15 s, the specimens
could still achieve higher strength, and the extension of solution time did not result in a significant
increase in tensile strength. During contact heating, the sheet temperature quickly approached the
solution temperature (the set temperature), which caused the second phase in the matrix to dissolve
rapidly in a short time. In addition, the specimen reached the maximum tensile strength of 580.1 MPa
with a solution temperature of 470 ◦C and a solution time of 40 s.Metals 2019, 9, x FOR PEER REVIEW 11 of 14 
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Figure 14b shows that the elongation of the specimens after rapid solution treatment with different
solution conditions and artificial aging ranged from 11 to 15%, which was close to the elongation of the
initial temper (13.4%). With increasing solution temperature, the elongation of the specimens exhibited
a certain increase. In addition, the specimen showed larger elongation when the solution temperature
was 490 ◦C. However, there was a slight drop in elongation at 500 ◦C. At the same time, there was no
clear tendency of the effects of solution time on elongation.

Figure 14c shows the hardness of the specimens after contact heating solution treatment, and
artificial aging was generally higher than that of the initial temper. However, lower hardness than the
initial temper was obtained in the specimens when contact heating was set at 500 ◦C for 15 s, and the
specimens featured their highest hardness (191.8 ± 2.6 HV) when heated at 500 ◦C for 60 s.

Therefore, using contact heating techniques, the rapid solution treatment of 7075 aluminum alloy
sheets can be achieved. Considering the efficiency of solution treatment in production and avoiding
overheating of aluminum alloy, the appropriate solution temperature and time were 470–480 ◦C and
15–20 s, respectively. In addition, better mechanical properties can be obtained under these conditions.

Figure 15 shows the metallography of 7075 aluminum alloy solutionized at different temperatures
for 30 s by contact heating with artificial aging not performed. It is depicted that after solution
treatment by the contact heating device, some small second-phase particles existing in the initial
temper were dissolved, and there were precipitates with higher melting points remaining in the matrix.
The insufficient dissolution of the second phase may be due to the short solution time. Meanwhile,
overheating was not observed in the microstructure throughout the entire solution temperature range,
which may also be related to the shorter solution time. As the solution temperature increased, the
amount of undissolved particles in the matrix decreased. Higher solution temperature contributed to
the dissolution of the second phase, while allowing the solutes in the matrix to diffuse faster. However,
in Figure 15d, it was found that although the amount of second phase decreased, the dimensions of the
particles increased significantly when the solution temperature was 500 ◦C.
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(a) 470 ◦C; (b) 480 ◦C; (c) 490 ◦C; (d) 500 ◦C.

The contact heating and conventional furnace heating methods were studied, and the effects of the
two heating methods on the heating rate and performance of aluminum alloy sheets were compared.
When the heating temperature was 480 ◦C, the heating curves of 7075 aluminum alloy with the two
heating methods were recorded by thermocouples, as described in Figure 16a. It can be seen that the
heating rate by contact heating method was about 28.7 ◦C /s, which was much higher than that of the
furnace heating. Figure 16b shows that specimens with solution treatment by contact heating can obtain
higher tensile strength than that by furnace heating, but the elongation was small. Figure 17 shows
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that after solutionization by contact heating and furnace heating, plenty of the precipitates dissolved in
the matrix. Meanwhile, during furnace heating, the precipitates dissolved more completely due to the
longer heating time, there was less residual precipitates in the matrix, and the solutes were able to
diffuse more evenly. Therefore, the specimens solutionized by furnace heating have a larger elongation.
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4. Conclusions

In this paper, the contact heating method was applied for the rapid heating process of 7075
aluminum alloy, and the device temperature distribution and heating characteristics during contact
heating were studied by experiments and finite element simulation. The feasibility of rapid solution
treatment of 7075 aluminum alloy sheets by contact heating method was explored and the effects
of contact heating and furnace heating were compared. The main conclusions in this paper can be
summarized as follows:

(1) The contact heating device suitable for aluminum alloy sheets had a relatively uniform contact
surface temperature distribution, and the temperature difference in the middle portion of the surface
was less than 20 ◦C.

(2) Rapid heating of aluminum alloy sheets can be achieved by contact heating techniques. The
time needed for sheet heating had little relationship with the set temperature, and the 7075 aluminum
alloy sheets with the thickness of 2 mm can be heated near the set temperature within 15 s.

(3) Rapid solution treatment experiments of 7075 aluminum alloy were conducted using a contact
heating device. It was found that the optimum solution temperature was 470–480 ◦C and the solution
time was shortened to 15–20 s by contact heating techniques. Results showed that the maximum tensile
strength under the optimum conditions reached 575.2 MPa after artificial aging, which was higher
than that of the initial temper, and the elongation was close to that of the initial temper.
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(4) The sheets with contact heating solution treatment possessed a greater tensile strength and
a lower elongation than those of the furnace heating solution treatment, which was related to the
dissolution of the precipitates during the heating process.
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