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Abstract: The mechanical properties of an extruded 6013-T4 alloy were tested at a temperature range
from 25 to 400 ◦C and strain rate range from 1 × 103 to 5 × 103 s−1. The results demonstrate that
the stress level is sensitive to strain rate and temperature. The stress level increases slightly with
increasing strain rate and decreases remarkably with increasing temperature. The dislocation and
precipitate undergo great changes. When deformed at 25 ◦C, the density of the dislocation increases
with strain and strain rate; which leads to a higher stress level. A great number of needle-like
precipitates were observed at samples deformed at 200 ◦C. It is clear that the density of dislocation
increases with strain and strain rate. When impacted at 400 ◦C, the coarser precipitates were found in
the specimen; the density of the dislocation increases with strain and strain rate.
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1. Introduction

Aluminum alloy possesses excellent mechanical properties, such as high specific strength,
outstanding forming ability, and at the same time it has a low cost and attractive scrap compatibility [1–3].
In recent years, a number of aluminum alloys have been contrived by adding different element contents.
As a result, each series of the alloys exhibits unique mechanical properties. The Al-Mg-Si alloy is a kind
of aging hardenable alloy, and Mg and Si atoms are the main constituent elements for the precipitate [4].
The general precipitation sequence has been accepted as: α (SSSS)→ clusters→ GP (Guinier–Preston)
zones→ β”→ β′→ β It has been reported that the type, dimension, and density of the precipitate has
a great influence on the strength and plasticity of the alloy. Meanwhile, the precipitate evolution also
has a great effect on the performance of the alloys [5]. The Al-Mg-Si alloy owns excellent performance
and is commonly used in many fields. It is applied for many automobile components such as racks,
bumpers, and seats in the automotive industry [6]. In the aircraft field, this alloy is employed to make
structural parts, namely, fuselages and wings [7]. It is acclaimed that the Al-Mg-Si alloy is used in the
manufacture of watercraft, in consideration of its low density, medium level of strength, and excellent
corrosion resistance in the marine industry [8]. The usage of the Al-Mg-Si alloy has continued to grow
in the manufacturing of structural parts that are used for bearing critical loading in the past decade [9].

The as-extruded Al-Mg-Si alloys are usually subjected to various dynamic impact loads [10–12].
On the one hand, with increasing requirements of produce efficiency, high strain rate forming, and
processing are widely adopted, such as, high speed cutting and impact hydroforming [13–15]. On the
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other hand, with the wider use of aluminum alloy components, high strain rate deformation in extreme
conditions (elevated or cryogenic temperature) occurs frequently during their service. However, it is
concluded that the mechanical properties under high strain rate deformation usually differ from those
under static deformation [16]. Therefore, it is necessary to investigate the dynamic mechanical response
of the Al-Mg-Si alloy. A remarkable increment of flow stress of AA 6061-T6 is noted when the strain
rate exceeds 1 × 103 s−1 [17]. The work hardening of AA 6061-T6 during deformation is associated
with strain rate [18]. Vilamosa et al. [9] found that the mechanical properties of the studied Al-Mg-Si
alloys are sensitive to temperature and strain rate. The temperature has obvious effects on the strain
rate sensitivity. Acharya et al. [19] investigated the mechanical properties of the studied Al 6061-T6
alloys at high strain rates, and the results show that both strain rate sensitivity and work hardening are
related to the strain rate. The previous works are valuable in material selection and structure design,
but most of the studies are mainly focused on room temperature deformation. It is worthwhile to make
a consideration of dynamic deformation behavior at a wider range of temperatures.

The mechanical property is highly related to the microstructure evolution [20]. When deformed
at different conditions, the great evolution of microstructure results in corresponding changes of the
mechanical properties [21]. Zhang et al. [22] proved that the aging condition has prominent effect
on the mechanical properties of the 6005 alloy aluminum, which can be explained by the different
strengthening effects of the precipitates with various types, dimensions, and densities. Ye et al. [23]
found that the heat treatment has an obvious influence on the microstructure of 6063 alloy aluminum,
which results in different strain rate sensitivities. The evolution of the dislocation and grain size,
dynamic precipitation and dynamic dissolution, dynamic recrystallization and dynamic recovery, are
mainly responsible for the mechanical properties of the aluminum alloys during high temperature
deformation. Therefore, a deep understanding of the deformation mechanism as well as an accurate
prediction of the deformation behavior for the materials impacted at different conditions are of
great benefit in many engineering fields. Up to now, the scientific research on the microstructure
evolution of extruded Al-Mg-Si alloys at extreme conditions is limited. Consequently, the study
about the microstructure evolution of the Al-Mg-Si under those different deformation conditions is a
meaningful work.

The aim of this study is to make insights into the dynamic responses and the corresponding
microstructure evolution of extruded 6013-T4 alloy under impact loading at different temperatures.
The stress–strain relationship was discussed. The grain, dislocation and precipitate evolution were
analyzed. This work offers a comprehensive recognition of the mechanical responses and its related
microstructure development during high strain rate impact.

2. Experimental Procedure

The material studied in this work is a commercially produced extruded 6013-T4 aluminum alloy.
The chemical composition is shown in Table 1. The material was received in status of extruded bar
with a diameter of 25 mm. The cylinder specimens were cut along the extrusion direction. The height
and diameter of the specimens are 4 and 8 mm, respectively.

Table 1. The chemical composition of the extruded 6013 alloy (mass fraction, %).

Mg Fe Si Mn Zn Cr Ti Al

0.95 0.2 0.75 0.35 0.05 0.1 0.1 Bal.

The split Hopkinson pressure bar (SHPB) is widely used to get the mechanical properties of
materials under impacting loading. A schematic drawing of the test device is shown in Figure 1.
Incident bar and transmitted bar are 1400 mm in length and the length of the striker bar is 200 mm.
The striker bar is accelerated by a compressed-air gun to generate a compressive force.
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Figure 1. Schematic drawing of a split Hopkinson pressure bar (SHPB) test device.

The true stress, true strain, and the strain rate can be estimated by using the following equations [24]:
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where L is the initial length of the specimen: C0 (C0 =
√

E/ρ, here ρ is the mass density of pressure
bar) is wave propagation velocity; A and As are the cross-sectional areas of the pressure bar and the
specimen, respectively; and E is the Young’s modulus of the material of the two pressure bars.

In this study, the grease was used to reduce the friction. A thermocouple was applied to detect
the test temperature before conducting the compression. The heat furnace was adopted to heat the
samples to the proposed temperatures. Then, the specimens were impacted with selected strain rates
and strains. The specimens were cooled by dropping them into a water tank as quickly as possible
after the impact, aiming to arrest the progress of microstructure. The stopped ring was adopted to
ensure a uniform strain in order to make a comparison of the microstructure.

The microstructure observation section for the specimens is shown in Figure 2, which is
perpendicular to the compression axis. The original samples were polished before electrolytic
etched with Baker’s reagent for polarized light optical microscopy observation. As shown in Figure 3,
the alloy consists of fibrous grains. After the impact tests, a thin slice was cut from the observation
section for the TEM observation. The slice was ground to 0.1 mm in thickness by using abrasive papers.
Then, the slice was trepanned in order to get discs with a diameter of 3 mm. Finally, the discs were
polished by a twin-jet polishing machine to get a strain free surface with thin thickness. The electrolyte
solution consisted of HNO3 and CH3OH with ratio of 3:7, the electrolytic voltage was 12 V, and the
electrolytic time was about 15 s. The TEM observation was carried out in a G2 F20 transmission
electron microscope (FEI, Changsha, China). The corresponding test voltage was 300 kV.
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Figure 3. Typical optical microstructure of an extruded 6013-T4 alloy.

3. Results and Discussion

3.1. Stress–Strain Curves

The dynamic true stress–true strain curves for the extruded 6013 aluminum alloy deformed in
different temperatures are summarized in Figure 4. The strain rate is ranging from 1 × 103 s−1 to
5 × 103 s−1, respectively. It is obvious that the true stress of the extruded 6013 alloy drops markedly
with increasing temperature and increases slightly with the strain rate. When deformed at a certain
condition, the true stress increases at a high rate with strain and shows a steady state flow until
high strain. The strain hardening behavior is obvious for 6013 alloy, and the strain hardening rate at
400 ◦C is much lower than those of 25 and 200 ◦C. It has been explained that the strain hardening for
the alloy is attributed to the evolution of the dislocation which includes the increase of dislocation
density and the pile-ups of dislocation [25]. At the same time, significant changes will occur for the
microstructure of the extruded 6013 aluminum alloy, which also makes great influences on the strain
hardening behavior. The stress level of the alloy is affected by the microstructure evolution, therefore,
the deformation mechanisms will be deeply discussed in the following part by comparative analysis
with microstructural observation.
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Figure 4. True stress–strain curves of the extruded 6013 alloy impacted at different conditions:
(a) 1000 s−1, (b) 3000 s−1, and (c) 5000 s−1.

3.2. Strain Rate Sensitivity

The flow stress dependence on strain rates with various temperatures at a fixed true strain of 0.1
are illustrated in Figure 5. At the strain rates from 1000 to 3000 s−1, the SRS (strain rate sensitivity)
declines correspondingly with the increase of the temperature. It is observed that the true stress
increases remarkably with strain rate at the temperature of 25 ◦C. However, when deformed at 400 ◦C,
the slope becomes moderate. It has been introduced that the SRS is commonly related to the thermal
activation under the high strain rate deformation [26]. At strain rates above 3000 s−1, the slopes become
gentle and seem to be equal at different temperatures. This may be explained by the fact that the
strength effects caused by strain rate hardening and strain hardening of the alloy is counteracted by
the thermal softening within the strain rate considered in this study.
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3.3. Temperature Sensitivity

The flow stress dependence on temperatures with various strain rates at a fixed true strain of 0.1 is
illustrated in Figure 6. As the trend of curves in Figure 6 is similar at all strain rates, it can be concluded
that the strain rate has no obvious effect on the temperature sensitivity of the alloy. The flow stresses
decrease slightly from 25 to 200 ◦C, but decrease remarkably with increasing temperature. It is found
that planar slip is not fully activated when deformed at room temperature, therefore, the deformation
homogeneity and strain hardening exponent are both strengthened [27]. During high temperature
impact, grain transformation, dislocation evolution, dynamic precipitation and dissolution are involved
in the thermal and severe deformation. These microstructure evolutions lead to a great change of
the true stress. Although high strain rate deformation can enhance the strength of the material, it is
obvious that the softening effect caused by temperature rise and microstructure evolution deformation
is dominant resistance in the high temperature impact of the 6013-T4 alloy.
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3.4. Evolution of the Microstructure

The microstructure evolution of the deformed alloy was studied through TEM observations.
The most important structural feature that directly relates to the deformation processing is the
dislocation. The TEM images of the specimens compressed at room temperature with different impact
conditions are shown in Figure 7. The specimen deformed at the strain rate of 3000 s−1 with a strain of
0.25. Several numbers of dislocation lines are found in Figure 7a, and the density of the dislocation
is not high due to the limited strain. Figure 7b shows that the alloy exhibited higher density of
dislocations with dislocation tangling and developing cellularity after compression at the strain of
0.5. When the strain reaches 0.75, a high dislocation density with a uniform distribution is detected in
Figure 7c, suggesting that the increasing strain hardening effects at room temperature is a consequence
of dislocation accumulation, which has been reported previously [27]. From Figure 7b,d we can
concluded that the density of the dislocation increases with strain rate at a certain strain, and during
dynamic impact the motion of the dislocation is limited, which results in the pile-up of the dislocations.
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Figure 7. TEM observations of the specimens impacted at 25 ◦C with various strain and strain rate
conditions: (a) 0.25, 3000 s−1, (b) 0.5, 3000 s−1, (c) 0.75, 3000 s−1, (d) 0.5, 5000 s−1.

Figure 8 shows the microstructure evolution of the alloy impacted at the temperature of 200 ◦C.
It is clear that the density of the dislocation increases with the strain (Figure 8a–c). Meanwhile, large
numbers of precipitates are observed in the deformed samples. As shown in in Figure 8b the needle-like
β” precipitates are distributed regularly in the impacted specimen as previously reported [22], and
these precipitates can pin the dislocations and impede the motion of dislocation during deformation.
However, the interaction of precipitate and dislocation becomes moderate as the temperature increases.
As illustrated in Figure 8c, only a few needle-like precipitates can be clearly detected due to the high
density of dislocations. In previous research [28], the dissolution of β” precipitates was observed
during severe plastic deformation. During the impact deformation, the dislocations and other defects
around the precipitates play a role of diffusion channel for the solute atom [29]. Meanwhile, high
strain rate can improve the diffusion rate of the solute atom. However, the dissolving phenomenon is
not obvious in this work and needs further study. Meanwhile, with the increasing strain rate, some
precipitates are distorted due to the plastic deformation. The density number of the precipitate is in a
downward trend as shown in Figure 8d.
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The transmission electron micrographs of the alloy deformed at 400 ◦C under different strains
and strain rates are exhibited in Figure 9. As shown in Figure 9a, the density of the dislocation is not
high with a strain of 0.25, the precipitate becomes coarse with a larger dimension, and distributes
with no regulation. This precipitate was characterized as the Q phase in previous research [30]. It has
been found that the coarse precipitates result in a decrease of the pinning force to the dislocations [31].
The deformation with higher strain can promote the coarsening process of the precipitate due to
Ostwald ripening [32]. It is worth noting that the heat process of the sample at the targeted temperature
also has an effect on the precipitation evolution. With increasing of the strain, at the strain of 0.5, the
coarser precipitates are still observed clearly (Figure 9b). However, as the strain reaches 0.75, some
of the coarse precipitates can still be observed (Figure 9c). From Figure 9a–c we can find that the
dislocation density increases with the applied strain. The increment of the temperature accelerates
the rate of dislocation annihilation, subsequently resulting in a decline of true stress. However, the
coarse precipitate is still recorded, as the applied strain rate goes up from 3000 to 5000 s−1 (Figure 9d).
The high strain rate deformation can improve of strength the material due to the accumulation of
dislocations. The coarse behavior of the precipitate is assumed to make a contribution to the softening
phenomenon during dynamic compression of the extruded 6013 alloy.
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4. Conclusions

High strain rate compression tests on the extruded 6013-T4 alloy were conducted to explore the
influences of strain rate and temperature on the mechanical properties and microstructure evolution.
The main findings and conclusions are as following:

(1) Both the strain rate and temperature have an influence on the mechanical properties of
the alloy. The stress level increases slightly with increasing strain rate and decreases remarkably
with temperature.

(2) When deformed at 25 ◦C, the density of the dislocation increases with strain, and strain
rate leads to a high stress level. However, the density of the dislocation declines with the ascent
of deformation temperature. When deformed at 200 ◦C, the needle-like precipitates were found.
The density of dislocation increases with strain and strain rate, and the precipitates can still be observed
after impact deformation. When impacted at 400 ◦C, it was noticed that the density of the dislocation
increases with strain and strain rate. Meanwhile, the coarse precipitates were detected, and even the
material experienced a large deformation with high strain rate.
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