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a b s t r a c t

Lightweight alloys are becoming more and more important. Based on the 5083 aluminum alloy, the
effects of Zn and Cu additions on the microstructures, properties, and serration behavior were investi-
gated. The results show that with the increase of the Zn content, the tensile and yield strengths of the
alloy increase, while the elongation and the serration amplitude keep on decreasing. Moreover, different
amounts of Cu are added to the high Zn content AleMg-6 wt.% (weight percent) Zn alloy, in which the
strength and plasticity are improved firstly. When the Cu content was 6 wt%, the elongation of the alloy is
about 7%, and the serration behavior of the alloy gradually disappears. The optimal mechanical property
is achieved at the composition of AleMg-6wt.%Zn-6wt.%Cu. The serration behavior is believed to be
related to the interaction between the moving dislocations and the precipitates. Furthermore, the
serrated flow was analyzed using the refined composite multiscale entropy algorithm. It was found that
the dynamical complexity of the serrations generally increased with an increase in the solute density, the
stress-drop magnitude, the grain size, the tensile and yield strengths, and the degree of plasticity.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

In the new era of the economic development, new requirements
have been put forward for the energy conservation, environmental
protection, safety and efficiency. Therefore, there is an urgent need
to continuously improve the properties of existing materials and
discover new materials.

The AleMg alloys have been widely used in aerospace and
automotive applications due to their excellent properties, such as
lightweight, corrosion resistance, weldability, and formability [1,2].
However, low strength is themain problem in the development and
application of aluminum alloys. The normal methods of increasing
the mechanical properties are solution strengthening, precipitation
hardening, dispersion strengthening, and fine-grained strength-
ening [3]. As a typical representative of the AleMg alloy, the
strength of the 5083 aluminum alloy cannot be improved by the
heat treatment, but can be enhanced by solid-solution
strengthening of Mg and strain hardening [4]. As a result, it is
effective to further introduce solution elements to improve the
strength of the 5083 aluminum alloy by means of solid-solution
strengthening. In this paper, we study the microstructures and
mechanical properties after adding Cu and Zn alloying elements to
the 5083 alloy. After annealing, a continuous b(Al3Mg2) phase exists
on the grain boundary. During the heat treatment, the b phase does
not improve the mechanical properties and adversely affects the
corrosion resistance of the 5083 aluminum alloy [5]. When Cu and
Zn are added, the main phase in the alloy is h-phase (MgZn2) [6], S-
phase (Al2CuMg) [7], and T-phase (Mg32(Al, Zn)49 [8], which can
improve the strength of the alloy. In particular, the alloy has been
changed into an alloy capable of aging strengthening. After adding
Cu and Zn, the major precipitation sequence of the alloy is a (SSS)
/GP/h’/h [9].

Plastic deformation is the most basic and important mechanical
behavior of metallic materials. Consequently, the mechanical-
instability phenomenon and the localization problem of deforma-
tion during plastic deformation have become the hot topic of
plastic-deformation behavior [10]. Initially, Luders found that low-

mailto:drzhangy@ustb.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2019.153092&domain=pdf
www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jalcom
https://doi.org/10.1016/j.jallcom.2019.153092
https://doi.org/10.1016/j.jallcom.2019.153092


Table 1
Composition (wt. %) of investigated alloys.

Alloy Mg Zn Cu Si Mn Cr Fe Al

1# 5083 4.52 0.23 0.09 0.42 0.57 0.15 0.42 Bal.
2# 5083-2%Zn 4.36 2.0 0.08 0.41 0.56 0.14 0.41 Bal.
3# 5083-4%Zn 4.24 4.0 0.08 0.38 0.54 0.13 0.39 Bal.
4# 5083-6%Zn 4.05 6.0 0.07 0.36 0.51 0.10 0.37 Bal.
5# 5083-6%Zne3%Cu 3.81 6.0 3.0 0.36 0.50 0.10 0.37 Bal.
6# 5083-6%Zne6%Cu 3.57 6.0 6.0 0.35 0.53 0.09 0.36 Bal.
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carbon steels showed significant yielding when subjected to tensile
tests at room temperature [11]. Portevin et al. found that the AleMg
alloy exhibits a continuous repeated drop of the serration-yielding
phenomenon on the stress-strain curve, which is different from
low-carbon steels [12]. The plastic-instability phenomenon of alloy
materials during plastic deformation is called the Portevin-Le
Chatelier (PLC) effect. Currently, the reason for this phenomenon
is widely recognized as the dynamic strain aging (DSA) theory
proposed by Cottrell, which mainly explains the dynamic interac-
tion between movable dislocations and solute atoms [13]. At a
certain temperature and strain rate, the solute atoms can diffuse
around the movable dislocation line, pinning the dislocation, and
hindering their movement. When the applied stress increases to
overcome this resistance, the movable dislocations will break away
from the solute-atom atmosphere and continue their motion. This
behavior is manifested as the serrated flow in the jerky macro-
scopic stress-strain curves. There are many factors affecting serra-
tions, including the rolling reduction, strain rate, test temperature,
aging, and grain size. Serrations are exhibited by a wide range of
alloy materials, including low-carbon steels [14], transformation
induced plasticity steel (TRIP steel) [15], high-entropy alloys (HEAs)
[16e22], amorphous alloy [23][24][25][26], and so on. Further-
more, there are many studies on the effects of PLC in aluminum
alloys, such as Al-Mg [27], Al-Cu [28], and AleLi systems [29]. The
study of the serration behavior in these alloy systems is of great
significance since a fundamental understanding of this phenome-
non can help findways to improve themechanical properties of the
material.

Many different types of methods have been used to analyze the
serrated-flow phenomenon [30e41]. For example, complexity
analysis techniques have been used to investigate the serration
behavior in different material systems, such as AleMg alloys
[42,43], HEAs [40], and steels [42,44,45]. This type of measure-
ments can gauge the degree of irregularity of the time-dependent
serration behavior [46]. Thus, this type of algorithm can estimate
the degree of the dynamical complexity exhibited by the serrations
during the serrated-flow process.

Furthermore, previous investigations have linked the
complexity of the serrations to the microstructural behavior during
mechanical testing [42,44]. One investigation found that the
complexity of the serrations exhibited by an AleMg alloy during
tension were significantly lower than that of low-carbon steel [42].
The difference in the complexity values were thought to corre-
spond to the variety of dislocation-line/solute atom interactions
that could occur during deformation. For instance, the AleMg alloy
contains substitutional atoms that can only interact with edge
dislocations, whereas the interstitial carbon can interact with both
screw and edge dislocations. Thus, the lower amount of interactions
that occur in the AleMg during tension will lead to serrations that
exhibit less dynamical complexity.

Another study examined the effects of carbon impurities on the
complexity of the serrated flow during tension in the carburized
steel [44]. Here, samples were heated in a methane containing gas
at 885 �C for heating times ranging from 30 to 70 min. The increase
in the heating time led to an increase in the amount of carbon
impurities in the alloy. Tension testing revealed that the complexity
of the serrations increased with an increase in the impurity con-
centration. It was theorized that the increased complexity was due
to a larger number of interactions that occurred between the car-
bon and the dislocations during tension, resulting in more complex
dynamical behavior.

At present, the PLC have been investigated extensively in the
5083 aluminum alloy [47e49]. In this paper, based on the modifi-
cation of the 5083-aluminum alloy, three different alloy composi-
tions were designed to study the effects of different alloying
elements and heat-treatment processes on the mechanical prop-
erties, microstructures, and serration behavior of the alloy.

2. Experiments

2.1. Materials preparation

Based on the 5083 aluminum alloy with chemical compositions
(in weight percent, wt. %) of 4.5 Mg, 0.23 Zn, 0.42 Fe, 0.57 Mn, 0.15
Cr, 0.42 Si, 0.09 Cu, and balance Al, six alloys were prepared, as
shown in Table 1. 2%, 4%, 6% Zn, and 3%, 6% Cu were added to the
5083 aluminum alloy. With the addition of alloying elements, the
content of Mg was gradually reduced. The raw materials were
smelted, using a vacuum-induction-melting furnace to obtain in-
gots of three different compositions.

2.2. DSC and heat treatment

Thermal analysis was performed in a differential scanning
calorimeter (DSC) to determine the approximate range of the heat-
treatment temperature. The DSC samples were cut into f5 � 1 mm
by wire-electrode cutting, and the weight between 20 and 30 mg.
The samples were heated from room temperature to 700 �C in the
Ar atmosphere, and the heating rate was 10 �C/min.

According to the DSC test results, the obtained ingots were
homogenized at 465 �C for 24 h to modify the as-cast structure and
reduce heterogeneity. Then, hot rolling was performed at 400 �C,
and the amount of deformation was 80%. Finally, samples were
solution treated at 500 �C for 1 h and aged at 120 �C for 24 h.

2.3. Microstructural characterization

The microstructures and compositions of the samples were
analyzed by a ZEISS-SUPRA55 scanning electron microscope (SEM)
with the energy-dispersive X-ray spectroscope (SEM-EDX) and
Electron Backscattered Diffraction (EBSD). The samples were
ground with the silicon carbide sandpaper from 1000# to 2000#.
Then, the specimens were mechanically polished for the SEM
observation and electrolytic polishing for the EBSD experiment. The
composition of the electrolyte was 5%HClO4 and 95%C2H5OH
(weight or volume percent). The electrolytic polishing was oper-
ated at 20 V for 20e30s. The X-ray diffraction (XRD) was scanned
from 2q ¼ 10�e90� to record the XRD pattern.

2.4. Mechanical-property test

Microhardness of the sample was measured by a Vickers
hardness-testing machine with a load of 200 g. The microhardness
value of each sample was obtained from the average of 10 data
points.

The sample was subjected to the tensile test on an electrome-
chanical universal tensile testing machine (CMT6104) at room
temperature, and the constant loading rate is 5 � 10�4/s. Before
that, specimen surfaces were carefully ground with the 1000# SiC
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paper and cleaned with alcohol by an ultrasonic cleaner. The
sample dimension for tensile tests was shown in Fig. 1.
Fig. 2. X-ray diffraction patterns of alloys
(1#:5083; 2#:5083-2%Zn; 3#:5083-4%Zn; 4#:5083-6%Zn; 5#:5083-6%Zne3%Cu;
6#:5083-6%Cue6%Zn).
3. Results

3.1. Microstructure description

Fig. 2 shows the XRD analysis of the alloys. It can be seen from
the figure that in the 5083 and the 5083-xwt.% Zn alloy, only the
diffraction peak of a-Al can be obtained, which indicates that Mg
and Zn are dissolved in the matrix. When Cu is added, the
diffraction peak of the Al2CuMg phase appears in the alloys, indi-
cating that most of the Cu element forms the S-phase (Al2CuMg).

Fig. 3 presents the scanning electron microscope (SEM) and the
energy-dispersive X-ray spectroscope (EDS) analysis for the alloys.
For the 5083 and 5083-x%Zn alloys, the precipitate phase with the
high Fe content still exists in the alloy after the heat treatment, and
no MgZn2 phase is found in the 5083-x%Zn alloys, as presented in
Fig. 3(a)e(d). Other elements, such as Mg, Mn, Zn etc., are evenly
distributed in the alloy. The excessive Fe content will reduce the
strength and ductility of the alloy. After the solution treatment, the
content of Fe-rich phases in the 5083-6%Zn-x%Cu alloys is reduced,
and the EDS results indicate that Mg and Zn are solved thoroughly
into the matrix. Similarly, no MgZn2 phase is found in the 5083-6%
Zn-x%Cu alloy, and the undissolved S-phase (Al2CuMg) is present in
the matrix.

Figs. 4 and 5 show the EBSD mappings and grain-size distribu-
tions of three alloys. The microstructures of all alloys subjected to
the aging heat treatment are the recrystallized equiaxed structures,
which indicates that they all exhibit dynamic recrystallization.
From the grain-size statistics chart, the grain sizes of the alloys are
all between 10 and 20 mm. After adding 2% Zn, the grain size of the
alloy is increased, compared to the 5083 aluminum alloy. When 4%
and 6% Zn is continuously added, the grain size is reduced, even
smaller than the 5083 aluminum alloy. Adding the 3% Cu to the
5083-6% Zn alloy finds that the grain size of the alloy is about
33 mm, but the grain size of the alloy is significantly reduced after
adding 6% Cu. The grain size will be the important factor affecting
the mechanical properties of the alloys.

Fig. 6 shows the fracture morphology of the alloys after tensile
testing. There are a great number of deep dimples on the fracture of
the 5083 aluminum alloy, indicating that the alloy has good plas-
ticity and undergoes the ductile fracture. After adding 2wt% - 6 wt%
Zn, the number of dimples on the tensile fracture of the alloy de-
creases, and the depth of the dimple becomes shallow. Meanwhile,
many brittle-fracture surfaces appear on the fracture of the alloys,
which indicates that ductile and brittle fractures all exist in the
alloys. When 3 wt% and 6 wt% Cu are added, obvious dimples are
still observed in the fracture of the alloy. However, there are many
small particles in the dimples, resulting in poor plasticity of the
alloy.
Fig. 1. Shape and size of the tensile specimens.
3.2. Microhardness and dislocation density

Vickers microhardness (HV) was measured on the plane parallel
to the longitudinal axis (rolling direction) by applying a load of
200 g for 15 s. The hardness values of the six alloys are shown in
Fig. 7.

The hardness of the 5083 aluminum alloy is 122.3HV. When Zn
is added, the hardness of the alloy increases to 167.8 HV. After
adding 3% and 6% Cu, the hardness of the alloy is increased to
184.5HV, and the hardness value is increased by 50%, compared
with the 5083 aluminum alloy. The increase in hardness is mainly
attributed to the dislocation multiplication and interaction. More-
over, the precipitation of GP-zones and h-MgZn2 or h0phases will
also affect the hardness of the alloys [50,51].

The hardness values, retrieved from the indentation tests, in-
crease with decreasing indentation depths [52]. This relationship is
known as the indentation-size effect (ISE). The ISE results from an
increase in the density of the geometrically-necessary dislocations
required to accommodate the plastic deformation gradient around
the indentation [53]. The dislocation density can be estimated from
the microhardness value by Ref. [3]:

r¼ HV2

27a2G2b2
� 3

ffiffiffi
2

p ffiffiffiffiffiffiffi
HV

p
cotfffiffiffiffiffiffiffiffiffiffi

1:72
p

p2b
ffiffiffi
F

p (1)

where HV is the Vickers hardness, f is the slant angle of Vickers
indenter (equal to 68�), a is an empirical constant with a value
range for metal alloys between 0.2 and 0.5, G is the shear modulus
of the aluminum alloy (26 GPa), F is the load of the Vickers indenter
(200 g), and b is the Burgers vector of the dislocation (0.286 nm).
Through the calculation of the above formula, the dislocation
densities of the six alloys are 7.53 � 108, 11.54 � 108,13.22 � 108,
16.76 � 108, 17.41 � 108 and 20.93 � 108 (m�2). Consistent with the
trend of hardness, the density of dislocations also increases.
3.3. Mechanical properties

Through the tensile tests, the stress-strain curves of six different
alloys were obtained, as shown in the figures Fig. 13below.With the



Fig. 3. The SEM and EDS analysis for the samples: (a) 5083 aluminum alloy; (b) 5083-2%Zn; (c) 5083-4%Zn; (d) 5083-6%Zn; (e) 5083-6%Zne3%Cu; (f) 5083-6%Zne6%Cu.
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Fig. 4. EBSD mapping of the samples.

Fig. 5. The grain-size distributions of alloys.
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addition of Zn and Cu elements, the tensile strength of the alloy
increases continuously, from 189 MPa to 496 MPa, and the yield
strength also increases from 86 MPa to 423 MPa. The elongation of
the 5083 aluminum alloy is about 23%. When the Zn element is
added, the elongation of the alloy decreases remarkably.When 3wt
% Cu is added, the elongation of the alloy is 6%, which is 74% lower
than the 5083 aluminum alloy. However, it can be seen from the
figure that when the content of Cu is increased to 6%, the plasticity
of the alloy is effectively improved.

Compared with the 5083 aluminum alloy, the tensile strength of
5083-x%Zn alloys and 5083-6%Zn-x%Cu alloys increased by 12%,
17%, 34%, 139%, and 162% respectively. The main reason for the
increase in strength is the grain refinement, solid-solution
strengthening, and precipitation strengthening. In Zn-modified
5083 aluminum alloys, the main precipitates were the h-phase
(MgZn2) and t-phase [Mg32(Al, Zn)49], featuring a hexagonal
structure, which improves the strength of the alloys. The XRD
analysis shows that both Zn and Mg are dissolved in the matrix,
which acts as a solid solution for the alloy. The addition of the Cu
element to the 5083-6% Zn alloy forms the S-phase (Al2CuMg) in
the alloy, which increases the strength of the alloy. Furthermore,
the Cu element has a certain solubility in the h-phase (MgZn2),
which can reduce the potential difference between the matrix and
the grain boundary, which can effectively improve the corrosion



Fig. 6. The fracture morphology of alloys: (a) 5083 aluminum alloy; (b) 5083-2%Zn; (c) 5083-4%Zn; (d) 5083-6%Zn; (e) 5083-6%Zne3%Cu; (f) 5083-6%Zne6%Cu.
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resistance of the alloy. It can be seen from the stress-strain curve
that the additions of 3% and 6% Cu improve the mechanical prop-
erties of the alloys. The main reason is that the addition of Cu re-
duces the grain size of the alloy, and Cu can increase the dispersion
of precipitates in the crystal and improve the precipitation phase of
the grain boundary, which improve the plasticity of the alloys [54].

3.4. Serration characteristics

The tensile test was carried out at a strain rate of 5� 10�4/s, and
the stress-strain curves of the six different alloys were obtained. It
can be seen from the figures that different types of serrations
appear on the stress-strain curve of the 5083-aluminum alloy, and
with the additions of Zn and Cu elements, the serration on the
stress-strain curve of the alloy gradually diminishes or even
disappears.

It can be seen from the figure that the types of serrations
exhibited by alloys with various compositions are very different,
and the alloys of the same composition display different types of
serrations under different strains. According to the degree of the
serration density and the change of the stress amplitude, the
serration can be divided into Types A, B, C, D, and E (see Fig. 11).
Types A, B, and C are well-known, and their characteristics are also
well documented. The A-type serration has a small change in the



Fig. 7. Vickers hardness of the samples
(1#:5083; 2#:5083-2%Zn; 3#:5083-4%Zn; 4#:5083-6%Zn; 5#:5083-6%Zne3%Cu;
6#:5083-6%Cue6%Zn).

Fig. 8. Stress-strain curve of the samples.

Fig. 9. Mechanical properties of the samples
(1#:5083; 2#:5083-2%Zn; 3#:5083-4%Zn; 4#:5083-6%Zn;
5#:5083-6%Zne
3%Cu; 6#:5083-6%Cue
6%Zn).
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stress amplitude and a large serration spacing. Conversely, the
magnitude of the stress of the C-type serration varies greatly, and
the serration is denser. The type of serrations between Types A and
C is B-type. When the alloy is deformed to a certain extent, the
diffusion rate of the solid-solution atoms will meet the minimum
requirement for effective pinning of the movable dislocations. At
this time, the load will increase when the serrations are generated,
resulting in the formation of the A or A þ B type serration. When
the solute atom has a faster diffusion rate or the movable disloca-
tion movement rate is lower, the solute atom has sufficient time to
spread around the dislocations and pin the dislocations. Therefore,
the dislocations are pinned by the solute atoms at the beginning of
the deformation. When the stress is gradually increased until the
dislocation is removed from the pinning, the serration load is
decreased, thereby forming the C-type serration [55,56].

For the 5083 aluminum alloy, when the deformation is just
beginning, the dislocations are pinned and detached by the solute
atoms. Therefore, the initial stage of serrations is A-type. When the
deformation is to a certain extent, the diffusion rate of the solid-
solution atoms gradually increases, and the dislocations are pin-
ned at a certain moment. The load is constantly increasing,
resulting in A þ B and C types serration. When the 2% and 4% Zn
elements are added, the serration behavior of the alloy is weak-
ened. It can be seen from the partial enlargement that in the early
stages of deformation, the serration type is D, when the deforma-
tion reaches a certain level, the serration type is B, and the ampli-
tude of the serration is smaller than the 5083 aluminum alloy.
When the 6 wt% Zn element is added, the serration type of the alloy
is E during the entire deformation, and the serration amplitude
becomes smaller. When the Cu element is added, the serration
behavior of the alloy disappears. Themain reasonwhy the serration
gradually weakens or even disappears is the increase in the pre-
cipitation phase and dislocation density. Serration behaviors occur
when moving dislocations are hindered by solute atoms, forest
dislocations, twins, etc. When the precipitation phase increases, the
solute atoms in the alloy decrease, resulting in weakening of the
pinning effect on dislocations. As the strain increases, the disloca-
tion density and moving rate increase, making it easy to get rid of
the solute atoms and continue to move forward, showing the
smooth curve on the stress-strain curve. Therefore, the critical
strain is increasing, compared to the 5083 aluminum alloy (see
Fig. 9 ).

There are two parameters to characterize the serration behavior
of the alloys (Fig. 12) [57]. The stress drop of serrations (△s) is the
stress difference between the highest and lowest points of the
adjacent serration, and the reloading time of serrations (△t) is the
time that it takes for the serration to rise from the lowest point to
the next highest point. These two parameters can intuitively
describe the evolution of the serration behavior of the alloys. The
figure below shows the distribution information of stress drop (Ds)
and reloading time (Dt) for different alloys at each segment. We
divide the stress-strain curves of Fig. 10 into three segments of a, b,
and c (see Fig. 13) .

Table 2 calculates the average stress drop and average reloading
time of each segment. The average size of stress drops and
reloading time are small at the segment-a but largest at the
segment-b. On the whole, the stress drop (Ds) of the 5083



Fig. 10. Serration behavior of alloys.

Fig. 11. Types of serrations.

Fig. 12. Definition of △s and △t in an enlarged stress-strain curve.
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aluminum alloy is the largest, and with the increase of the Zn
content, the stress drop is gradually reduced, indicating that the
serration behavior of the alloy is gradually weakened. The type of
serrations can be judged from the correspondence between the
stress drop and reloading time. For example, the segment-a of the
5083 aluminum alloy has the smaller amplitude of stress drops and
shorter reloading time, which indicates a Type-A serration. The△s

and △t increase simultaneously at the segment-b, which is the A
and A þ B types serration. The segment-c has a relatively-larger
amplitude of stress drops but shorter reloading time, indicating
the Type-C serration.

Among the different component alloys, the content of Mg in the
5083 aluminum alloy is the highest. According to the DSA theory
(Please give references), as the solid-solution atom, the interaction
of the Mg and dislocation will affect the serration behavior of the
materials. When the Mg content is increased, the pinning effect of
the solute atoms on the dislocations enhances, and the energy
required for dislocations to get rid of the hindrance increases. Thus,
the higher △s and longer △t are observed in the stress-strain
curve for the alloy with the greater Mg content, which is consis-
tent with the trend of the obtained processing parameters. For
other alloys, although different alloying elements are added, most
of them exist in the form of precipitated phases. Moreover, at the



Fig. 13. The distribution information of stress drop (Ds) and reloading time (Dt) for different alloys at each segment.
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Fig. 13. (continued).
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initial stage of the plastic deformation, due to the low dislocation
density and the slow diffusion rate of solute atoms, the stress drop
on the stress-strain curve are relatively small. The addition of Cu
will form the S-phase (Al2CuMg) in the alloy, which reduce the
content of solute atoms, resulting in the weakening of the hin-
drance to dislocations. Therefore, the serration behavior of the al-
loys weaken or even disappear.



Table 2
The average size of stress drops and reloading time.

Stress drop (Ds=MPa) Reloading time (Dt=s)

5083-a 67.79 45.70
5083-b 485.49 125.16
5083-c 405.22 65.45
5083-2%Zn-a 17.99 28.51
5083-2%Zn-b 103.20 102.75
5083-2%Zn-c 58.74 48.67
5083-4%Zn-a 31.10 49.18
5083-4%Zn-b 73.33 117.67
5083-6%Zn 27.71 98.36

Table 3
The calculated results of time delay, embedding dimension, and the largest Lya-
punov exponent of different alloys.

Time
delay

Embedding
dimension

Largest Lyapunov Exponent
(l)

5083 11 11 0.0027
5083-2%Zn 56 5 0.0010
5083-4%Zn 26 6 0.0012
5083-6%Zn 11 5 0.0010
5083-6%Zne3%

Cu
10 5 �0.0049

5083-6%Zne6%
Cu

5 5 �0.0047
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4. Discussion

According to the results of XRD and EDS analyses, the addition of
Zn and Cu elements changes the type of precipitated phases in the
alloys. The mechanical properties of the alloys are improved due to
the solid-solution strengthening and grain refinement.

The additions of Zn and Cu elements change the serration
behavior of the alloys. Since most of Mg, Zn, and Cu elements exist
in the form of precipitated phases, the number of solute atoms is
reduced, and the pinning effect on dislocations is weakened, so the
Table 4
The calculated results of the time delay, embedding dimension, and largest Lyapunov ex
serration behavior is gradually weakened or even disappeared. Due
to the change in the strain level, the same alloy exhibits different
serration types on the stress-strain curve. To investigate the dy-
namic evolution of the serration, the one-dimensional serrated
signal, S ¼ fsðiÞ; i¼ 1;2;/;Ng was reconstructed into a high-
dimensional phase space, denoted by Y.

Y ¼

0
BB@

sð1Þ sð2Þ / sðN � ðm� 1ÞtÞ
sð1þ tÞ sð2þ tÞ / sðN � ðm� 2ÞtÞ

« « « «
sð1þ ðm� 1ÞtÞ sð2þ ðm� 1ÞtÞ / sðNÞ

1
CCA:

(2)

Here, t is the time delay, andm is the embedding dimension (i.e.,
the dimension of the reconstructed phase space). The dynamic
evolution of serrations can be characterized by the evolution of
trajectories in reconstructed phase space according to the Takens
embedding theorem [58,59].

The selection of the optimal time delay and embedding
dimension is the key to reconstruct Y. In this paper, the optimal
time delay, t0, is calculated by amutual information technique [60].
The selection of an optimal embedding dimension is based on the
Cao method [61]. After that reconstruction, the largest Lyapunov
exponent (l), which is a significant parameter for characterizing
the dynamic behaviors of the trajectories in phase space, is calcu-
lated by the Wolf’s method [62].

In the reconstructed phase space, an initial point and its nearest
neighbor point are given as Yði0Þ and Y*ði0Þ, and the distance be-
tween these two points is d0 ¼ jYði0Þ � Y*ði0Þj. Tracking the evo-
lution from i0 to i1, Yði0Þ evolves to Yði1Þ, and Y*ði0Þ reaches ~Yði1Þ,
and the distance, d0, changes to d’0 ¼ jYði1Þ � ~Yði1Þj. While the
point, ~Yði1Þ, may not be the nearest neighbor point of Yði1Þ at the
time, i1. Hence, the nearest neighbor point of Yði1Þ is reselected as
Y*ði1Þ. The distance between Yði1Þ and Y*ði1Þ becomes d1 ¼ jYði1Þ �
Y*ði1Þj. Then, tracking the evolution to i2, we can obtain
d’1 ¼ jYði2Þ�~Yði2Þj and d2 ¼ jYði2Þ � Y*ði2Þj. Repeating above pro-
cess until the end of time series, we can determine the number of
ponent for each segment of strain-stress curves.



Fig. 14. The segmented serrations and its largest Lyapunov exponent.
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these iterations as K . From the above process, we have dk ¼ jYðikÞ �
Y*ðikÞj, and d’k ¼ jYðikÞ � ~YðikÞj; k ¼ 0;1;2; /; K . The largest
Lyapunov exponent is defined as

l¼ 1
iK � i0

XK
k¼0

ln
�
d’k
�
dk
�
: (3)

The values of the time delay, embedding dimension, and largest
Lyapunov exponent of different alloys are listed in Table 3. It shows
that the addition of Zn or Cu will decrease the value of the largest
Lyapunov exponent, l. The decreasing trend of l reflects aweakness
of instability. Particularly, the largest Lyapunov exponents of
5083e6%Zne3%Cu and 5083-6%Zne6%Cu are negative.

Furthermore, the largest Lyapunov exponent of segmented
serrations are calculated. The corresponding results are shown in
Table 4 and Fig. 14. We find the largest Lyapunov exponent of
segment-a and segment-b are near to 0:0014±0:0003, while the
largest Lyapunov exponent of segment-c is near triple larger than
that of segment-a or segment-b.

We also study the serrated flow by using the refined composite



Fig. 15. The complexity analysis results for the 5083 aluminum alloy with varying
amounts of Zn (0e6 wt %).
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multiscale entropy algorithm. To begin the analysis, one first cre-
ates the coarse-grained series, which is written as [63]:

ytk;j ¼
1
t

Xjtþk�1

i¼ðj�1Þtþk

xi; 1� j�N
t

1� k � t (4)

here xi is the ith point from the original time-series data, N is the
total number of point of the original time series, t is the scale factor,
and k is an indexing factor that indicates at which point in the
series to initialize the algorithm. The scale factor is essentially the
number of data points that one averages over when creating Eq. (4).
It should be noted that before applying Eq. (4), the underlying trend
of the dynamic strain aging data must be omitted via polynomial or
moving average methods [64]. From the Eq. (4), one next evaluates
the template vectors, ytk:

yt;mk;i ¼
n
ytk;i ytk;iþ1 …: ytk;iþm�1

o
; 1� i�N�m; 1� k � t

(5)

in general, m is typically set to 2 [46]. Next solve for the infinity
norm, dt;mjl [65]:

dt;mjl ¼
���yt;mj � yt;ml

���
∞
¼max

n���yt1;j � yt1;l
���… ���ytiþm�1;j � ytiþm�1;l

���
�
o
< r

(6)

here r is a tolerance value typically set to 0.15 times the standard
deviation of the detrended data set [66]. The infinity norm is used
to determine the number of matching vectors in the series. In this
context, vectors match when the difference between their com-
ponents are smaller than r, as defined above. Subsequently, one
repeats this process for vectors of size, m þ 1. Now one the total
number of matching vectors of sizes m and m þ 1, which will be
denoted as n. From the total number of matching vectors one can
determine the RCMSE value, which is typically denoted as the
sample entropy for the given time series, and can be found from the
following equation:

RCMSEðX; t;m; rÞ¼ Ln

 Pt
k¼1n

m
k;tPt

k¼1n
mþ1
k;t

!
(7)
The sample entropy is usually plotted as a function of the scale
factor t.

Fig. 15 displays the complexity results for the 5083 aluminum
alloy with varying amounts of added Zn (2e6 wt %). The sample of
5083 exhibited the largest sample entropy values, as compared to
the other specimens, for most of the scale factors. This result in-
dicates that the sample exhibited the most complex serrations
during tension testing. Furthermore, unlike the rest of the samples,
the sample entropy values attained a maximum at t ¼ 6. Except for
the sample, which contained 6 wt % Zn, the complexity of the
serrations appeared to decrease with an increasing amount of Zn in
the sample. As for the specimen, which contained 6 wt % Zn, the
sample entropy exhibited the largest values, as compared to the
other samples, for t > 14. Furthermore, the sample entropy was
higher for this condition, as compared to the samples, which con-
tained lower amounts of Zn.

The results of the complexity analysis suggest the following
trends for the samples, which contained less than 6 wt % Zn. The
sample entropy curves generally increased in concert with the
stress-drop magnitude, the grain size, the tensile and yield
strengths, the degree of plasticity, and the solute density. On the
other hand, the curves showed a decreasing trend with an increase
in the Zn content, the hardness, and the dislocation density.

Importantly, this increase in the dynamical complexity of the
serrated flow with an increase in the solute atom content is in
agreement with the results reported in Ref. [44]. Thus, a greater
amount of substitutional solute atoms are available to interact with
mobile edge dislocations, leading to more complex serration
behavior. The relatively-higher sample entropy values for the
sample with 6 wt % Zn may be explained as follows. As the amount
of Zn in the matrix increases, the number of dislocations also in-
crease. The increase in the number of dislocations more than
compensates for the loss of solute atoms, which results in a net
increase in the number of interactions that can take place, leading
to the serrated flow that exhibits more intricate behavior.
5. Conclusions

In this paper, the effects of Zn and Cu on the microstructures,
mechanical properties, and serration behavior of the 5083
aluminum alloy were investigated. The main conclusions to be
drawn from this study may be summarized as follows:

(1) The addition of Zn and Mg can change the grain size of the
alloy. The alloy with 6% Cu has the smallest grain size.

(2) The strength, hardness, and dislocation density of the alloy
increase with the additions of Zn and Cu. Among them,
notably, Cu can not only improve the strength of the alloy,
but also improve the plasticity of the alloy.

(3) Significant serration behavior is observed in the 5083
aluminum alloy, and the serration types are A, A þ B and C.
When the Zn element is added, the serration amplitude of
the alloy is weakened, and the serration type is C. Especially
when the Cu element is added, the serration behavior of the
alloy disappears.

(4) With the additions of Zn and Cu alloy elements, the stress
drop gradually decreases. The type of serration can also be
judged by the correspondence between△s and△t, and the
result of the judgment is consistent with the macroscopic
representation of the stress-strain curve.

(5) The addition of Zn or Cu will decrease the value of the largest
Lyapunov exponent, l, indicating a weakness of instability.
The largest Lyapunov exponents of 5083-6 wt%Zn-3wt.%Cu
and 5083-6%wt.Zn-6%wt.Cu are negative, which indicates a
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different dynamical evolution as compared to the other
alloys.

(6) The complexity of the serrated flow increased with
increasing the solute concentration, grain size, plasticity. This
increase in the sample entropy was caused by an increase in
the number of solute atom-dislocation line interactions that
occur during the serration events.
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