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Abstract: The automotive industry is searching for lightweight solutions to meet emission regulations.
Development of an integrated hot forming and in-die quenching process will leverage use of
age-hardenable aluminum alloys with high specific strength for applications in volume car
manufacturing. Quench interruption and direct artificial aging may reduce the cycle time in a
die-quenching process. However, this alters the temperature exposure of the part and results in
an altered precipitation and clustering sequence during hardening. To investigate the effect of
modified precipitation and clustering on mechanical properties, the process has been simulated by
application of a water-cooled compression tool to control the combination of a temperature drop and
simultaneous deformation prior to aging. Extruded 4.6 mm thick AA6082 profiles were deformed
during different quenching rates and directly transferred to subsequent artificial aging from various
temperatures between room temperature and 200 °C. The results indicate insignificant changes
of strength and elongation after direct aging from 200 °C compared to specimens cooled to room
temperature before aging.
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1. Introduction

By replacing steel parts in cars with aluminum components, the total weight of a vehicle can be
significantly reduced. Conventional production of car parts by forging results in large volume products;
however, the same performance and strength can be obtained by sheet forming resulting in smaller
volume of the part. The current method for sheet forming involves unfortunate phenomena such as
spring-back, reduced geometrical tolerances, and limited formability. Additionally, many production
steps and several operations are required, making this an expensive method. A new method for hot
forming and in-die quenching (HFQ) has been developed, eliminating the unwanted effects of cold
sheet forming [1-5]. The method provides a more efficient and cost-effective solution for production of
aluminum components for automotive applications. The method is initially applied on high-strength
steel to produce lightweight components for the automotive industry [6].

The sheet is solution heat treated and brought directly to the press for simultaneous deformation
and quenching. A well-established hardening procedure includes natural aging by room temperature
storage for several hours, or even days, before artificial aging for a few hours at an elevated temperature.
It has been found that for alloys containing more than 1% solute and a Si/Mg ratio larger than 1,
the clusters formed during the storage period have a negative effect on the subsequent precipitation
during natural aging due to formation of clusters that do not provide any strength [7-9]. Additionally,
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it has been suggested that step quenching, or reduced quenching rate from intermediate temperatures,
might provide nucleation sites for strengthening precipitates, which can result in improved final
properties of the product [10].

Step quenching, or interrupted quenching at elevated temperatures, is suggested as the cooling
rate slows down in the lower temperature range, 100-25 °C, during in-die quenching. The closed-die
time can be reduced by several seconds if the quenching can be interrupted at a temperature below
200 °C. The quench sensitivity is, therefore, investigated in this work.

At temperatures above 250 °C, precipitation of 3 and 3" occurs, while GP-zones and 3” phase are
formed at lower temperatures, below 250 °C [11]. The Mg,Si precipitates formed at high temperatures
are coarse and rod-shaped, i.e., the 3 and 3’ phases are typically much larger in size than the 3”
phase [11,12]. As the amount of precipitation is increased during cooling, the hardening potential is
reduced as precipitated solute will be unavailable for further precipitation reactions. The precipitates
formed during slow cooling in the high-temperature region are coarse and do not provide any strength
contribution [13]. Gao, M., et al. [14] and Shang, B.C., et al. [15] investigated the quench sensitivity and
obtained time-temperature-property (ITTP) curves of AA6082. Both found that the alloy has a critical
temperature (nose) between 320-400 °C after 10 s. The results indicate that a quenching rate where the
nose is reached within 10 s will have small effects on the mechanical properties of the material. Hence,
slow cooling from 200 °C might not cause precipitation of unfavorable precipitates.

In this work, the new method has been simulated by small-scale laboratory experiments, where the
theories and findings presented in the above section were implemented. Samples were solution heat
treated in an air circulation furnace before being brought directly to a flat pressing tool for quenching
and deformation. The quenching was interrupted at selected temperatures, where some samples were
brought directly to an oil bath for natural aging, and some were air cooled to room temperature and
naturally aged before artificial aging.

2. Materials and Methods

The experiments were performed on a 4.6 mm flat extruded profile of AA6082 with the composition
given in Table 1. The test set-up included solution heat treatment (SHT) in an air circulation furnace,
deformation in a flat pressing tool attached to an MTS 311-1000 kN hydraulic-driven press, and artificial
aging in an oil bath. The pressing tool was designed and built by AP&T. A thermocouple was attached
to the center of the sample during solution heat treatment and quenching for temperature surveillance
and control. During initial screening experiments, thermocouples were attached as close to the surface
as possible to check for any inhomogeneities in temperature through the sample cross-section during
cooling. The difference in the center and surface was considered insignificant in this context, as the
cooling rate was equal, and the temperature at quench interruption was separated by less than 1 °C.
Lubrication was sprayed on to the tool surfaces in a thin layer, and the tool was water cooled through
built-in water channels shortly before starting the press. The sample was placed on spikes standing
on springs with the purpose of holding the sample a certain distance above the tool surface to avoid
cooling from the tool before and after deformation. The sample dimensions and tool are shown
in Figure 1.

Table 1. Chemical composition of the extruded profile of AA6082.

AA6082 Si Fe Cu Mn Cr Mg Zn
Wit% 0.92 0.17 0.01 0.55 0.15 0.64 0.02
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Figure 1. Sample dimensions and tool for deformation experiments.

The sample was solution heat treated in an air circulation furnace for 30 min at 540 °C before it
was brought out of the oven and placed on top of the spikes. The press was started, and simultaneous
deformation and quenching of the samples was conducted. For the samples being directly brought
to artificial aging, the press was opened automatically as the sample reached the predetermined
temperature. Finally, the sample was removed from the spikes and lowered into the pre-heated oil bath
for artificial aging for 3 h at 190 °C. This part of the procedure is illustrated in Figure 2. For the samples
stored at room temperature (RT) for 30 min, the press was automatically opened as the sample reached
the predetermined temperature. It was left on the spikes allowing further cooling in air exposure.
After 30 min, the sample was lowered into the oil bath for artificial aging for 3 h at 190 °C. This part of
the procedure is illustrated in Figure 3. For the samples cooled to room temperature, the press was
opened manually as the sample reached a temperature of 3040 °C and was either stored at room
temperature for 30 min or brought directly to the oil bath for artificial aging. After artificial aging, the
samples were brought out of the oil bath and quenched in water before being washed and cleaned to
remove any remains of oil and lubricant.
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Figure 2. Tllustration of the integrated hot forming and in-die quenching (HFQ) heat treatment sequence

for samples being directly artificially aged.
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Figure 3. Illustration of the integrated HFQ heat treatment sequence for samples being stored at room

temperature before artificial aging.

Three parallel samples were tested per condition. After the deformation trials, Vickers hardness
(HV5) was measured, and micro tensile specimens were obtained for tensile testing. Ten indentations
per sample were measured for Vickers hardness, and three tensile specimens were obtained per sample.
Thus, 30 hardness measurements and 9 tensile tests were performed per case. The tensile specimens
were obtained, as illustrated in Figure 4, together with tensile specimen dimensions.
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Figure 4. Position in the sample from which tensile specimens were obtained (left) and tensile specimen

dimensions (right).

3. Results

The results from the hardness measurements are plotted as average Vickers hardness in Figure 5
with standard deviations as error bars. HV5 in the T6 condition for the alloy and heat treatment used
in these experiments without deformation was measured to 113. The reference samples quenched
to room temperature had the highest average hardness of the samples being directly artificially
aged. From the error bars, one can observe that there was an overlap of the direct artificial aging
samples and the samples stored at room temperature for 30 min. As for the quench interruption
experiments, the samples being quenched to 70 and 100 °C and stored at room temperature had the
highest hardness. There was some overlap between these and the samples being directly artificially
aged. The differences in these cases were the most significant. For the samples being quenched
to 150 and 200 °C, direct artificial aging samples had the highest hardness. However, there was
a significant overlap with the samples stored at room temperature, and the differences in average

hardness were small.



Metals 2020, 10, 935 50f11

116

114

._.
—
b2

110

108

Vickers hardness [HV3]

—

106

104

102

0 50 100 150 200 250
Quench interruption temperature [°C]

mDAA ARTS

Figure 5. The average Vickers hardness for samples being quench interrupted and directly artificially
aged (DAA) or stored at room temperature (RTS). The standard deviations are represented by error bars.

Overall, the effect of direct artificial aging does not seem to be significantly beneficial regarding
these results. The samples being deformed and quenched to room temperature obtained higher
hardness than the samples being quench interrupted.

Figure 6 shows representative stress—strain curves for the quench interruption experiments in the
cases of both direct artificial aging and room temperature storage. The yield strength in the T6 condition
for this alloy without deformation was measured to 320 MPa. In contrast to the hardness results,
the reference samples being quenched to room temperature showed intermediate to low strength in
relation to the others. The samples being quenched to 70 °C before storage at room temperature had
the highest strength, followed by the samples being quenched to 100 °C before direct artificial aging or
room temperature storage. The samples with the lowest strength were those quenched to 70 °C before
direct artificial aging. Figure 7 shows the average yield strength with standard deviations for the
quench interruption experiments. The samples quenched to 70 °C and stored at room temperature had
the highest yield strength, while the samples quenched to the same temperature before direct artificial
aging had the lowest yield strength. The difference in average yield strength between the directly
artificially aged samples and the room temperature stored samples was small for those quenched to 25,
100, and 150 °C. There was a large standard deviation of the samples quenched to 200 °C and directly
artificially aged.
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Figure 6. Stress—strain curves for samples being quench interrupted at different temperatures before
room temperature storage (RTS) and direct artificial aging (DAA).
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Figure 7. The average yield strength as a function of quench interruption temperature for samples

being stored at room temperature or directly artificially aged. Standard deviations are presented by
error bars.

Figure 8 shows the fracture elongation from the tensile tests. The highest fracture elongation
was achieved by quench interruption at 150 °C and room temperature storage before artificial aging.
For the samples being directly artificially aged, the fracture elongation was the highest for the samples

quench interrupted at 70 °C. Large scattering was observed in several cases: 70 °C RTS, 100 °C DAA,
and 200 °C RTS and DAA.
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Figure 8. The fracture elongation as a function of quench interruption temperature for samples being
stored at room temperature or directly artificially aged. Standard deviations are presented by error bars.

The results from the quench interruption experiments indicated that there were no detrimental
effects on either hardness or strength after quench interruption at elevated temperatures. The hardness
was highest for the samples quenched to room temperature before direct artificial aging or room
temperature storage. The yield and tensile strengths were highest for the samples being quench
interrupted at 70 °C before room temperature storage and artificial aging. As for the aging sequence,
there were no significant differences between direct artificial aging and room temperature storage.
However, for the samples quench interrupted at 70 °C, there was a severe strength difference between
the samples being directly artificially aged and those being stored at room temperature.

4. Discussion

Figure 9 shows the average hardness and yield strength with standard deviations for the samples
being quench interrupted at different temperatures before direct artificial aging or room temperature
storage. An HFQ process would commonly be carried out by deformation and quenching to room
temperature from solution heat treatment before natural aging and artificial aging. The yield strength
results propose that introducing direct artificial aging and quench interruption at temperatures lower
than 200 °C should not be disadvantageous to the final strength of the material. However, there is one
exception to this statement. The samples quench interrupted at 70 °C before direct artificial aging show
a significantly lower strength than the others—a difference in average yield strength of approximately
35 MPa compared to those being stored at room temperature. The results are quite unambiguous as
the deviations are low, and there is no overlap.
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Figure 9. Average yield strength and average hardness with standard deviations for the samples being
quench interrupted at quench interruption temperature before direct artificial aging (DAA) or room
temperature storage (RTS).

The reason why the difference in strength between direct artificial aging and room temperature
storage after quench interruption at 70 °C is so prominent in this case compared to the others is difficult
to explain without more comprehensive investigations. One possible theory concerning the high
strength of the room temperature storage sample might be formation of clusters occurring during air
cooling to room temperature. The slow cooling rate from 70 °C can possibly be compared to the study
done by Yamada, K. et al. [10] where step quenching, i.e., interrupted quenching and holding time at
an elevated temperature, promoted the formation of Mg-Si-vacancy clusters that act as nucleation sites
for B” precipitates. These experiments also included natural aging before artificial aging. The slow
cooling from quench interruption at 70 °C might have been sufficient for formation of these clusters.
As for the samples being artificially aged directly after quench interruption at 70 °C, the significantly
low strength differs from the other cases of direct artificial aging after quench interruption. This makes
it difficult to find a reasonable explanation, as it would be arguable that the same effect should have
been seen for the samples being quench interrupted at, for example, 100 °C before direct artificial
aging. For the samples being quench interrupted at 70 °C and directly artificially aged, the distinct
parameter is the temperature at which the quenching was interrupted in combination with direct
artificial aging. The clusters that possibly form during air cooling did not form when the sample was
directly heated to artificial aging temperature; i.e., the clustering must have been suppressed as the
time was not sufficient for these to form. Thus, the vacancies will not be occupied by these clusters,
and neither are they quenched at room temperature. A possible reason for the strength reduction may,
therefore, be a significant reduction in number of vacancies for subsequent clustering of nucleation
sites. The vacancies might have been lost during the exposure to elevated temperatures, i.e., 70 °C at
quench interruption and direct heating to 190 °C. However, Transmission Electron Microscopy (TEM)
investigations are necessary to investigate these hypotheses.

No significant change in mechanical properties can be deduced from the results after slow cooling
from quench interruption at higher temperatures. This may indicate that little precipitation occurs
during slow cooling from temperatures below 200 °C, as was previously addressed in Section 1.
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Considering the compressed scale in the result plots and the inherent uncertainties in mechanical
testing, the small differences that can be observed should not be severe in an industrial context.

The hardness results and the tensile test results conflict with each other for the quench interruption
temperatures of 70 °C and 200 °C and direct artificial aging. This deviation cannot possibly be explained
by the material properties or fundamentals, as the tensile tests and hardness measurements have been
done on the exact same samples. Instead, one might have to evaluate the mechanical test conditions of
the tensile testing and the hardness measurements. Due to the dimensions of the deformation samples
and the thickness of the profile, the tensile specimens were so small that minor defects on the sample
surface or mounting of the samples might cause consequences for the test results. Any conclusions
of the material response in these cases cannot be drawn, as the hardness results do not support the
tensile results. Additionally, the spread in fracture elongation is large in these two cases, which also
supports the unreliability of the results. New tests for these conditions should be performed to confirm
or disprove the deviating results.

In summary, quench interruption temperatures below 200 °C after deformation are, according to
the tensile test results, beneficial to the final strength of the product. Direct artificial aging may also be
introduced to the process, as it would not be detrimental to the properties, except in the case of quench
interruption at 70 °C. The results suggest that an increase in efficiency in the industrial HFQ process is
possible by reducing the closed-die time and skipping room temperature storage without inflicting
negative effects on the final product properties.

The experiments are intended to be of relevance for the industrial production of aluminum
components produced by press form hardening of sheets in 6000-series alloy for car applications.
The most obvious differences between the experiments conducted in a laboratory and industrial
production are the increased material volume and more extensive tooling resulting in different cooling
rates and temperature distributions through the material and the tool, in addition to time consumption
and limitations. However, the results should provide a sufficient indication of the material behavior
under similar conditions and show the essence of the effects of the different treatments on the material
properties as would be seen on an increased scale.

The quench interruption experiments are intended to give an indication of the possibilities and
limitations of reduced closed-die time. Even if the time required to quench larger parts is longer in an
industrial context, the effect of temperature to which the parts are quenched before air cooling or direct
artificial aging should be quite similar to these experiments. A reduction of closed-die time may spare
a few seconds in the production for each component and result in reduced cycle time.

The effect of direct artificial aging investigated in this project should also be of relevance to the
industry. The storage period in the industry is a bottleneck in the production line of car components.
If the room temperature storage period can be avoided without sacrificing strength and hardness,
significant time can be spared, that is, several minutes or hours per part produced. This may provide
large reductions in production costs and increased production efficiency. Additionally, storage space
would not be necessary for natural aging.

5. Conclusions

Quench interruption at 70 °C and 200 °C and direct artificial aging showed deviating hardness and
tensile test results and cannot support any arguments of the hardening response. Therefore, these cases
are not evaluated in the following conclusions as further investigations must be performed.

Quench interruption: Quench interruption at temperatures above 70 °C did not affect the material
properties in a negative manner. The resulting mechanical properties were comparable to those
achieved by quenching to room temperature.

Direct artificial aging: Skipping room temperature storage did not have detrimental effects on the
mechanical properties of the product.
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The precipitation sequence may have been altered; however, for the test parameters used in this
research, the precipitation sequence provided satisfying strength and ductility in the final state of
the material.

The combination of quench interruption and direct artificial aging resulted in satisfying
mechanical properties.

By implementing quench interruption and direct artificial aging in the production process, the cycle
time can be significantly reduced. Therefore, production of high-strength aluminum car components
can be made more efficient without compromising the product properties.
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