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Abstract: Magnesium alloys usually exhibit excellent superplasticity at high temperature. However,
many Mg alloys have poor formation ability near room temperature. Therefore, preparation of Mg
alloys with suitable microstructures to show low or intermediate temperature superplasticity is an
important goal. In this work, the superplastic behavior at intermediate temperatures of a commercial
ZK60 magnesium alloy processed by indirect extrusion was investigated. After extrusion, the alloy
showed a refined and homogeneous microstructure with an average grain size of 4 ± 2 µm. Overall
texture measurement indicated that the alloy showed a strong prismatic texture with the highest
intensity oriented to pole 〈1010〉. A texture component

〈
1211

〉
parallel to the extrusion direction was

found; this type of texture is commonly observed in Mg alloys with rare earth additions. Tensile
tests were performed at temperatures of 150, 200, and 250 ◦C at three strain rates of 10−2, 10−3, and
10−4 s−1. A very high ductility was found at 250 ◦C and 10−4 s−1, resulting in an elongation to failure
of 464%. Based on calculations of the activation energy and on interpretation of the deformation
mechanism map for magnesium alloys, it was concluded that grain boundary sliding (GBS) is the
dominant deformation mechanism.

Keywords: magnesium alloys; texture; indirect extrusion

1. Introduction

Magnesium alloys are increasingly used in electronics, automotive, and aerospace
industries due to their low density, high specific strength, and excellent machinability [1].
However, the hexagonal crystal structure of magnesium limits its ductility, particularly at
low temperatures. Magnesium exhibits only three slip systems at low temperature. Recent
studies have shown that the ductility of this alloy can be improved with the reduction of
grain size, and this could lead to superplastic behavior [1–5].

Superplasticity refers to the ability of a material to achieve high elongations of at least
200% when a sample is tested in tension [6]. By definition, superplasticity allows some
metals and alloys to reach extensive ductility under restricted circumstances such as (1)
low strain rates (usually between 10−5 and 10−3 s−1), (2) a fine and stable microstructure,
and (3) a deformation temperature around 0.5 Tm or higher (with Tm being the absolute
melting temperature) [7]. The superplastic behavior in magnesium alloys can provide the
ability to deform complex parts that are difficult to form [8].

One advantage of Al-free Mg alloys is the exceptional grain-refining ability of Zr.
Furthermore, in combination with a severe plastic deformation process such as rolling,
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extrusion, drawing, equal channel angular pressing (ECAP), and friction stir processing
(FSP), it can lead to stable fine grain structures in wrought alloys [9–13]. Among these,
extrusion processes have aroused special interest, through which the microstructure can
be strongly deformed, resulting in a refined microstructure and a suitable texture [13–16].
Specifically, the indirect extrusion process has shown a good combination of high strength
and ductility at room temperature and superplasticity at elevated temperatures [16,17].

The purpose of this work is to investigate the superplastic behavior in a ZK60 com-
mercial magnesium alloy processed by indirect extrusion by means of tensile tests at
intermediate temperatures at three different strain rates and to elucidate the deformation
mechanisms involved.

2. Materials and Methods

The commercial magnesium ZK60 alloy used in this study was processed by indirect
extrusion, and it was provided by the consortium responsible for the MAGFORGE Project,
a European Community Research on Forging of Magnesium Alloys [18]. The alloy was
provided in the form of round bars of 2 in. diameter. The chemical composition of the alloy
is given in Table 1.

Table 1. Alloy composition in weight percentage.

Alloy Mg Zn Zr

ZK60 94.55 5.00 0.45

Samples for microstructural analysis were cut from the bars in order to analyze a
plane parallel to the extrusion direction, as shown in Figure 1. Subsequently, they were
ground and polished with a solution of OPS (colloidal silica of 0.05 µm), using as lubricant a
solution of distilled water, liquid soap, and sodium hydroxide. The chemical attack to reveal
the microstructure was carried out with a picric acid solution (150 mL of ethanol, 36 mL of
distilled water, 6.5 mL of acetic acid, and 36 g of picric acid). An EBSD measurement was
carried out using a field emission gun scanning electron microscope Zeiss Ultra 55 (Carl
Zeiss AG, Oberkochen, Germany) equipped with an EDAX-TSL OIM system (EDAX-TSL
OIM-7, Ametek-EDAX inc, Draper, UT, USA). The sample used was prepared in the same
way as described above. In addition, it was electropolished using a Struers AC2 solution
(Struers GmbH, Willich, Germany) at 16 V for 35 s at −25 ◦C to obtain a surface free of
defects, such as deformation from mechanical polishing and scratches. The measurement
was also carried out on the extrusion direction (ED)–normal direction (ND) plane. The
EBSD measurement was conducted with an acceleration voltage of 15 kV and a step size of
0.3 µm.
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The global texture was measured by means of a PANalytical X-ray diffractometer
(Malvern Panalytical GmbH, Almelo, The Netherlands), using a texture goniometer and
a sample in the form of a disc with a diameter of 1 cm. Before measurement, the sample
was ground and polished. The results obtained were processed with the software X’Pert
Texture (Data collector 2.0, Malvern Panalytical GmbH, Almelo, The Netherlands) to obtain
the pole figures.
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Tensile test samples were machined from the bars with the load direction parallel to
the extrusion direction according to DIN 50125 M6, as shown in Figures 1 and 2. Tensile
tests were carried out at intermediate temperatures of 150, 200, and 250 ◦C and strain rates
of 10−2, 10−3, and 10−4 s−1.

Metals 2021, 11, x FOR PEER REVIEW 3 of 13 
 

 

 
Figure 1. Location and orientation of samples for microstructural characterization and tensile tests. 

 
d0 L0 d1 h Lc Lt 

4 mm 20 mm M6 thread 6 mm 24 mm 40 mm 

Figure 2. Dimensions of tensile samples according to DIN 50125 M6. 

3. Results and Discussion 
3.1. Initial Microstructure and Global Texture 

The microstructure of the as-received commercial ZK60 alloy (see Figure 3a) showed 
recrystallized grains with an average grain size of 4 ± 2 μm measured by the linear inter-
cept method. The microstructure showed additional bands of unrecrystalized grains. 
Shahzad et al. [17] studied these bands and found that they were zones of unrecrystallized 
grains formed by Zr segregations. Additionally, an analysis by EDS in SEM revealed par-
ticles rich in Zr and Zn. It is possible to consider that such particles belong to the Zr2Zn 
phase previously identified [19]. 

In order to determine the texture of this alloy, pole figures of basal, prismatic, and 
pyramidal planes were constructed by means of X-ray diffraction. The inverse pole figures 
(IPFs) were obtained with the help of the MTEX software (Version 5.3.1, free and open 
source software toolbox). 

The commercial ZK60 alloy showed a strong prismatic texture (see Figure 3b), and 
the highest intensity was found at the pole 〈1010〉. That means that most of the grains 
were oriented in such a way that their basal plane was parallel to the extrusion direction. 

During extrusion, a texture component 〈1121〉  was developed parallel to the extru-
sion direction (ED), which caused the grains oriented in this direction to be favorable for 
basal slip, resulting in an improvement in ductility at room temperature [20]. This type of 
texture component is not often found in conventional alloys, but it has been seen more 
frequently in magnesium alloys with additions of rare earth (RE) elements such as Ce, Nd, 
Gd, and Y [20,21]. However, a minor influence on the mechanical behavior of this texture 
component in tension was expected, since most of the grains were aligned around the 〈1010〉 pole. On the other hand, it could have contributed to a decrease in the yield asym-
metry in samples tested in compression in comparison to the yield stress in tension. How-
ever, the analysis of the yield asymmetry is out of the focus of the present work. For more 
details on the influence of the 〈1121〉 texture component, readers are referred to [22]. 

Samples for tensile tests Samples for microstructural 

characterization 

Figure 2. Dimensions of tensile samples according to DIN 50125 M6.

The heating of the tensile test samples was applied by means of an electric furnace,
which kept the specimens at a constant temperature within a range of ±1 ◦C. Before the
test, the specimens were preheated to the selected temperature for 10 min in order to have
a homogeneous and stable temperature. Once the test specimens had fractured, they were
immediately quenched in water.

3. Results and Discussion
3.1. Initial Microstructure and Global Texture

The microstructure of the as-received commercial ZK60 alloy (see Figure 3a) showed
recrystallized grains with an average grain size of 4 ± 2 µm measured by the linear
intercept method. The microstructure showed additional bands of unrecrystalized grains.
Shahzad et al. [17] studied these bands and found that they were zones of unrecrystallized
grains formed by Zr segregations. Additionally, an analysis by EDS in SEM revealed
particles rich in Zr and Zn. It is possible to consider that such particles belong to the Zr2Zn
phase previously identified [19].
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In order to determine the texture of this alloy, pole figures of basal, prismatic, and
pyramidal planes were constructed by means of X-ray diffraction. The inverse pole figures
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(IPFs) were obtained with the help of the MTEX software (Version 5.3.1, free and open
source software toolbox).

The commercial ZK60 alloy showed a strong prismatic texture (see Figure 3b), and the
highest intensity was found at the pole 〈1010〉. That means that most of the grains were
oriented in such a way that their basal plane was parallel to the extrusion direction.

During extrusion, a texture component 〈1121 〉was developed parallel to the extrusion
direction (ED), which caused the grains oriented in this direction to be favorable for basal
slip, resulting in an improvement in ductility at room temperature [20]. This type of
texture component is not often found in conventional alloys, but it has been seen more
frequently in magnesium alloys with additions of rare earth (RE) elements such as Ce,
Nd, Gd, and Y [20,21]. However, a minor influence on the mechanical behavior of this
texture component in tension was expected, since most of the grains were aligned around
the 〈1010〉 pole. On the other hand, it could have contributed to a decrease in the yield
asymmetry in samples tested in compression in comparison to the yield stress in tension.
However, the analysis of the yield asymmetry is out of the focus of the present work. For
more details on the influence of the 〈1121〉 texture component, readers are referred to [22].

3.2. Ductility

Figure 4 shows the engineering stress–strain curve of ZK60 magnesium alloy at
room temperature at a strain rate of 10−3 s−1. As a result, the material presented a yield
stress = 223 MPa, UTS = 290 MPa, and a ductility of ~13%. These data agree with the
literature [20].
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Figure 4. Stress–strain curve at strain rate of 10−3 s−1 for alloy ZK60.

At a temperature of 150 ◦C with a strain rate of 10−2 s−1, the commercial ZK60 alloy
exhibited a good ductility of 49%. As the strain rate decreased, the ductility increased,
reaching an elongation to fracture of 89% at the lowest strain rate (see Figure 5). On the
other hand, the yield stress and peak stress decreased as the strain rate decreased, while
elongation to fracture increased, as shown in Figures 6 and 7. When increasing the test
temperature to 200 ◦C, the behavior was very similar to that observed at the temperature of
150 ◦C, and at the lowest strain rate tested, an elongation to fracture of 137% was obtained.

Finally, at the highest test temperature used in this work (250 ◦C) and a strain rate
of 10−4 s−1, superplastic behavior was observed in this alloy, since it reached 464% of
elongation to fracture. Several authors have already reported large percentages of elon-
gation for this alloy. For example, W.J. Kim [23] reported ~1000% with a temperature of
250 ◦C and strain rate of 10−3 s−1 and attributed this percentage to a very fine grain size of
1.4 µm obtained by differential speed rolling. H. Watanabe et al. [24] also obtained a refined
microstructure with a grain size of 1.4 µm processed by equal channel angular extrusion
(ECAE) that reached elongation percentages above 400% at low strain rates and a tempera-
ture of 200 ◦C. The value reached in this study turns out to be quite acceptable, since this
alloy was processed by conventional indirect extrusion and deformed at low temperature.
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The samples deformed in tension at intermediate temperatures and three different
strain rates, as well as at room temperature, are shown in Figure 8. In general, the samples
present a ductile fracture. This type of fracture occurs when the material is subjected to a
severe or excessive plastic deformation. In addition, this type of fracture can be recognized
by the characteristic neck formation in the fractured area; however, this neck was less
pronounced at lower strain rates. This is especially noticeable in the sample that reached
superplastic-like behavior in which a rather diffuse neck can be observed.
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3.3. Microstructure after Deformation

The microstructural changes observed after the elongation to failure tests are shown in
Figures 9 and 10. The sample tested at room temperature shows a deformed microstructure
with some signs of twinning inside the relatively large unrecrystallized grains. This
is despite the initial texture in which the majority of grains have a basal-type texture.
However, it should be mentioned that the micrograph was taken near the fracture. Thus,
some instabilities due to necking could occur, which could have led to the twinning
behavior (see Figure 9). Moreover, due to the initial texture with some off-basal texture
components, the activation of {1012} extension twins was feasible. At elevated temperatures
(see Figure 10), the micrographs show a fine-grained structure, especially above 200 ◦C. At
a temperature of 150 ◦C, the grain was refined as the strain rate decreased. A very different
behavior was observed at 200 ◦C, since the smallest grain size was found at the highest
strain rate. It is clearly observed that the dynamic recrystallization process was present as
the strain rate decreased, obtaining a homogeneous microstructure at 250 ◦C and 10−4 s−1.
Despite the coarser grain size in comparison to samples deformed at higher strain rates at
250 ◦C, this sample achieved the highest ductility in this study.

Figure 11 exhibits an inverse pole figure map and respective local texture of a sample
deformed at 250 ◦C and a strain rate of 10−4 s−1. Despite the fact that a high elongation
to fracture was reached and that a significant dynamic recrystallization took place, the
deformation texture shared many similarities with the initial texture; i.e., it retained the
majority of grains oriented near the 〈1010〉 pole with no obvious development of the 〈1121〉
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texture component. However, an important texture-weakening was observed, most likely
because of the combined activity of dynamic recrystallization and the activation of grain
boundary sliding (GBS).
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3.4. Zener–Hollomon Parameter

In order to analyze the different values of mechanical properties obtained after the
tensile tests, the Zener–Hollomon parameter was calculated for this alloy. The determina-
tion of this value (Z) was based on the study carried out by Liu et al. [25], according to the
following equation:

Z =
.
ε · exp

(
Q
RT

)
= A · (sinh(ασ))n (1)

where Z is the temperature-compensated strain rate (i.e., the Zener–Hollomon parameter);
.
ε is the strain rate; Q is the activation energy; R is the gas constant; T is the absolute
temperature; and A, α, and n are material constants. It was assumed that the relationship
of the Zener–Hollomon parameter and the steady-rate stress were suitable for Equation
(1). The values of A, y, and n can be obtained from the plot of ln(sinh(ασ)) versus lnZ.
However, the values of α and Q must be determined before the values of A and n are fixed.
The approximate value of α is determined as follows.

The hot working favored the power law at high stress levels, and the equation is
presented as follows:

Z ≈ A1σn′ (2)

The favored equation is the exponent law at low stress levels, which is given by

Z ≈ A2 exp(βσ) (3)

Assuming the value of n′ = n, the approximate value of n can be taken as the slope of
the plot of lnσ versus ln

.
ε at low stress levels. It can be seen by comparing Equation (1) with

Equation (3) that A = A2/2n and the value of α = β/n. The values of A2 and β can be
determined according to the σ versus ln

.
ε plot at high stress levels. It should also be noted

that σ can be referred to as the peak stress σp [26], which is easier to obtain; therefore, it is
the stress used in this study. The value of Q is calculated in the following equation:

Q = R

[
∂ ln
(
sinh

(
ασp
))

∂(1/T)

]
.
ε

·
[

∂ ln
.
ε

∂ ln
(
sinh

(
ασp
))]

T

(4)

On the right-hand side of the above equation, the first term represents the slope of the
ln
(
sinh

(
ασp
))

versus 1/T plot, called q1, while the second term represents the reciprocal
value of inclination of the ln

(
sinh

(
ασp
))

versus ln
.
ε plot, called 1/q2.
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The exact values of A and n are obtained from the plot ln
(
sinh

(
ασp
))

versus lnZ,
being the relationship of σp and Z as follows:

ln(Z) = ln(A) + n · ln
(
sinh

(
ασp
))

(5)

In this way, the approximate values of n and β are estimated from Figure 12a,b,
respectively. So, the value of α is 0.0056. On the other side, q1 and 1/q2 are obtained
from Figure 12c,d, respectively. As a result, the average value of Q is 466.1 kJ/mol. Now,
substituting Q, R, T, and

.
ε in Equation (1), the values of lnZ can be obtained, which are

in the range of 50 to 250. Finally, the exact values of A and n are obtained from the
ln
(
sinh

(
ασp
))

versus lnZ plot (see Figure 12d), where n is 84.81 and ln A is 58.52.
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The calculation of the activation energy allows an estimation of the deformation
mechanism that predominates during the deformation under different conditions of strain
rate and temperature. Based on the obtained average activation energy of 466.1 kJ/mol
through the range of strain rates and temperature, the dominant deformation mechanism
in the present alloy is grain boundary sliding (GBS) [27].

Another way to establish the dominant deformation mechanism involved in this alloy
is through the method developed by Kim et al. [3,4].

Several criteria must be met to expect the material to behave superplastically [28],
and this alloy meets some of the requirements. For example, it has a fine and stable
microstructure at the end of the tensile test at 250 ◦C and 10−4 s−1 with an average grain
size of ~4 µm, and there is the presence of second-phase particles that inhibit grain growth.
On the other hand, superplastic materials generally exhibit high values of strain rate
sensitivity “m” during stress–strain tests [27–29], which is expressed by the following
equation [8,28,30]:

σ = k
.
ε

m (6)

where σ is the true flow stress, k is a constant, and
.
ε is the strain rate. Metals normally

exhibit m < 0.2 and superplastic alloys commonly have values of m > 0.33. However, the
commercial ZK60 alloy of this study that obtained 464% elongation atfracture has a value
of m = 0.29.

Bussiba et al. [31] reported an elongation of 220% at a strain rate of 1 × 10−5 s−1 in a
ZK60 alloy with a value of m = 0.2; they concluded that grain boundary sliding (GBS) was
the dominant deformation mechanism.

H. Watanabe [24] demonstrated a superplastic behavior in a conventional ZK60 alloy
by reporting an elongation greater than 400% during tension in the temperature range from
200 to 225 ◦C and strain rates from 2.6 × 10−6 to 3 × 10−5 s−1 with values of m = 0.5.

For the determination of the deformation mechanism that predominates during defor-
mation, a deformation mechanism map (DMM) created by Kim et al. [3] was used, since
this is valid for magnesium alloys in general, according to the author mentioned. The
calculation of the activation energy allows for an estimation of the deformation mecha-
nism that predominates during the deformation under different conditions of strain rate
and temperature.

It was observed that the deformation mechanisms that were activated during tensile
tests for ZK60 alloys were dislocation glide and grain boundary sliding (GBS), depending
on the test conditions. As the stress decreased (at lower strain rates), the grain boundary
sliding (GBS) was activated.

Although the DMM created by Kim et al. [3] did not correspond to that of the ZK
series alloys, it provided a close estimate for magnesium-based alloys in general.

It can be established that as ln Z decreases, the elongation to fracture will increase
with a concomitant decrease of the peak stress (see Figure 13). A similar case was reported
by Victoria-Hernández et al. [32]. For an AZ31 alloy with a ductility above ~400%, ln Z
was 19, while for an AZ61 alloy with a ductility above 500%, ln Z had a value of 28—much
lower values when compared to the alloys studied in this work. On the other hand, the
maximum stress values are much higher in this work when compared to the study by
Victoria-Hernández et al. [32], due to the strengthening effect of the alloying elements
where Zr played an important role in controlling the grain size even after the occurrence of
dynamic recrystallization.
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4. Conclusions

A homogeneous and refined microstructure with a grain size of 4± 2 µm was obtained
after conventional thermomechanical treatment and attributed to the amount of zirconium.
The overall texture results show the development of the conventional basal texture where
most of the basal planes are aligned parallel to ED. The texture component

〈
1211

〉
was

observed parallel to the extrusion direction; this type of texture is commonly observed in
Mg alloys with rare earth (RE) additions. However, it did not seem to play a significant role
during further tensile deformation at room temperature and after tensile tests at elevated
temperatures. There was no strengthening of the aforementioned pole, even in the case of
a sample deformed under a superplastic regime.

The commercial ZK60 alloy showed excellent ductility at 250 ◦C at three different
strain rates, especially at the slowest strain rate (10−4 s−1). This alloy was able to present a
superplastic behavior, as it achieved a peak elongation of 464%, which is explained due
to the combined effect of dynamic recrystallization and the likely activation of GBS. The
latter mechanism was believed to be dominant during tests at 250 ◦C temperature and
slow strain rates. As calculated, the activation energy indicates the feasible activation of
this mechanism. Furthermore, the texture-weakening effect found in the sample deformed
under a superplastic regime suggests the dominant activation of this deformation mecha-
nism. By increasing the strain rate or reducing the temperature, the dominant deformation
mechanism seemed to change to dislocation glide.
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