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Hot shear deformation constitutive analysis of fine-grained ZK60 Mg
alloy sheet fabricated via dual equal channel lateral extrusion and
sheet extrusion
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Abstract: Dual equal channel lateral extrusion (DECLE) process with various passes followed by sheet extrusion
process was performed to produce fine-grained ZK60 alloy sheets. The coarse grain structure of the annealed sample
after applying sheet extrusion (size: 68 pm) changed to fine grains of 6.0 and 5.2 pm after 3 and 5 passes of DECLE
and following extrusion. The hot shear deformation behavior of samples was studied by developing constitutive
equations based on shear punch test (SPT) results. SPT was carried out in the temperature range of 200—300 °C and
strain rate range of 0.003—0.33 s”!. The activation energy of 125139 kJ/mol and the stress exponent of 3.5-4.2 were
calculated for all conditions, which indicated that dislocation creep, controlled by dislocation climb and solute drag
mechanism, acted as the main hot deformation mechanism. It was concluded that material constants of n and Q are
dependent on the microstructural factors such as grain size and second phase particle fraction, and the relationship of
which was anticipated using a 3D surface curve. Moreover, the similar strong basal texture of extruded sheets gave rise
to the same deformation mechanisms during SPT and similar » and Q values for ZK60 alloy.
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formability of the Mg alloys.

1 Introduction

Magnesium alloys have low density (1.7—
2.0 g/lem®), good castability, machinability, and
high specific strength that make them promising
candidates to develop structural parts to be used in
automotive and aerospace industries [1] . The main
challenge for expanding use of Mg alloys is their
low formability, especially in the wrought
condition at room temperature that is caused by the
limited number of slip systems in the hexagonal
close-packed (HCP) crystal structure [1]. Several
approaches such as deformation at -elevated
temperatures [2], using alloying elements [3] and
grain refinement by the thermomechanical
processes [4—6] are considered to enhance the

In Mg alloys, low-temperature deformation
depends on slip on basal systems [7]. To activate
non-basal slip planes such as pyramidal and
prismatic planes, the temperature could be
increased [8]. Besides, grain boundary sliding
(GBS), as one of the effective deformation
mechanisms activated in the fine-grained (FQG)
Mg alloys, could be obtained generally at high
temperatures [9]. On the other hand, texture
weakening occurs during the hot deformation of
Mg alloys and improves the formability of the
processed parts [8]. To refine the microstructure of
Mg alloys and consequently facilitate some
mechanisms such as GBS, severe plastic
deformation (SPD) techniques like equal channel
angular pressing (ECAP) [10] attracted significant
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attention recently in comparison to other traditional
processes, such as extrusion. By conducting these
processes, grain size would be reduced, and second
phase particles’ state (size, shape, distribution, and
even volume fraction) would be altered [4,11]. As
another achievement, the texture component will
evolve after the SPD process [12,13].

An SPD method known as dual equal channel
lateral extrusion (DECLE) that is suitable for grain
refinement of thick samples, has been recently
introduced to produce a fine grain microstructure in
magnesium alloys [14]. In this technique, a
rectangular cube is severely deformed into a closed
T-shaped die, such as a couple of back-to-back 90°
ECAP procedure [15]. The main privilege of the
DECLE method compared with the ECAP is
performing a larger effective strain (~1.4) through
each pass. FERESHTEH-SANIEE et al [16] have
shown that the sheet extrusion process can be
performed on the DECLEed plates and FG Mg
sheet with enhanced strength, and desirable
ductility could be produced [9]. Hence, these
modified Mg sheet alloys are suitable candidates for
sheet forming processes to fabricate different
industrial parts.

To develop a sound and defect-free wrought Mg
sheet part for utilizing in automotive or aerospace
industries, it is necessary to investigate the alloy
flow stress behavior at elevated temperatures. To
assess such behavior, researchers usually use
compression test [17,18], sometimes tensile testing
methods [19] at various temperatures and strain
rates, and drive constitutive equations to predict the

N. FAKHAR, M. SABBAGHIAN/Trans. Nonferrous Met. Soc. China 32(2022) 2541-2556

flow procedure under other deformation conditions.
Recently, the shear punch test (SPT) has been
introduced as a suitable miniature method to assess
mechanical properties such as shear yield stress
(SYS) and ultimate shear strength (USS) of both
cast and wrought alloys at room and high
temperatures [4,11,20]. In this test, a flat-ended
cylindrical punch is driven through a securely
clamped sheet sample, punching a circular disk
from it [21]. SPT was used to investigate the hot
deformation behavior of different Mg alloys such as
Mg—Gd alloys [22,23], and it was suggested that
the developed constitutive relations are completely
reasonable.

ZK60, as one of the most commercial Mg
alloys, has attracted numerous attentions [24,25].
Several researchers investigated hot deformation
behavior of this alloy under wrought condition, the
summary of which is present in Table 1. In these
researches, different concepts such as the derivation
of some constitutive equations to predict flow
behavior, and evaluation of the influences of texture
or addition of alloying elements on the properties of
ZK60 alloy were considered. On the other hand, the
investigation of the hot deformation behavior of
ZK60 alloy after processing via SPD techniques is
scant. Besides, to the best of the author’s
knowledge, SPT has not yet been used for
estimating the hot shear deformation behavior of
ZK60 alloy thin sheets by constitutive analysis. In
this work, the hot shear behavior of ZK60 alloy
sheet processed by a combination of DECLE as an
SPD method and consequently sheet extrusion was

Table 1 Literature review on hot deformation behavior of ZK60 alloy

Processing route  Testing method Temperature/°C

Strain rate/s™! Main objective Ref.

Extruded Compression 300—450
Rolled sheet Tensile 100—-300
Extruded Compression 250—450
ECAPed Tensile 200, 225
Extruded Compression 250—400
ECAPed Tensile 200250
Cast + Homogenized Compression 300—450
extruded
Extruded plate Compression 200-500

Effect of direction on flow

-3

1071 behavior and DRX [1]

6x10-4 Effect of texture Weakenlng on 8]

strength anisotropy

11010 Driving constltut'lve equation and [26]
processing maps

3.3x107°-1x1072 Superplastic behavior [27]

1101 Driving constltut'lve equation and (28]
processing maps

1.67x1073 Superplastic behavior [29]

1x1073-1 Driving constitutive equation ~ [30]

3x10--10 Effect of sample direction on flow 31]

behavior; Driving processing maps
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modeled by using the Arrhenius equation. To
achieve the material constants of the equation, shear
punch test results at high temperatures were
obtained.

2 Experimental

Cast ZK60 Mg alloy with a composition of
6 wt.% Zn, 0.6 wt% Zr, and remained Mg was
prepared in the form of 20 mm-thick billets. To
enhance the homogeneity of the as-cast structure,
the billets were annealed at 400 °C for 12 h.
Hot-rolling was performed to reduce the thickness
of each plate to 10 mm before conducting DECLE.
Afterward, the plates were machined to 50 mm %
50 mm X 10 mm specimens for the DECLE process.
Prepared samples for DECLE were annealed at
400 °C for 1h (hereafter called the annealed
sample).

The DECLE experiments were performed
using a hydraulic press with a constant ram velocity
of 1 mm/min. To reduce the friction in hot
compression, MoS, was used as the lubricant. To
heat the die-set and billets, several heating elements
were located in the die. The temperature during the
process was controlled using a thermocouple. All
the DECLE experiments were performed at 250 °C
and through Route B [9]. The DECLE process was
conducted up to 5 passes. To produce ZK60 Mg
sheets, the sheet extrusion process was carried out
with the 1-, 3-, and 5-pass DECLEed samples. All

DECLE process

T | —

Sheet extrusion process

the sheet extrusion experiments were conducted at
220 °C using an extrusion speed of 0.3 mm/min and
ZK60 sheets were produced with a thickness of
1.3 mm. Figure 1 exhibits the schematic illustration
of the processes used to fabricate ZK60 sheets.
Hereafter, the sheet extruded from the annealed
material was denoted as AE, from the I1-passed
DECLE process as AIDE, from the 3-passed
DECLE process as A3DE, and finally from the
5-passed DECLE process as ASDE. These
abbreviations specify the processing histories of
each sample and are explained more in Table 2.

To reveal the microstructure of processed
samples, Union Versamet optical microscope (OM)
and a Qunta 450 scanning electron microscope
(SEM) were used. Before the microstructural
observations, the samples were polished and
consequently etched by an acetic picral solution.
The second phase particles were analyzed by
energy dispersive spectroscopy (EDS).

To assess the hot shear deformation behavior
of the ZK60 sheets, SPT was used. The samples
prepared for SPT had a dimension of 10 mm x
10 mm X 1.3 mm. The sampling position for SPT is
demonstrated in Fig. 1. By polishing both sides of
the sheet, the thickness of SPT specimens was
reduced to about 0.7 mm with a tolerance of £0.05.
SPT was carried out using a 50 kN universal testing
machine equipped with a chamber furnace. A
temperature range of 200—300 °C and a shear strain
rate range of 0.003—-0.33 s! were selected for SPT

SPT method

Cutting SPT samples

Fig. 1 Scheme of investigated material forming and sampling method for shear punch testing

Table 2 Processing histories of ZK60 sheets and notations

Notation Processing route
AE Hot rolled + annealed at 400 °C + sheet extrusion at 220 °C
A1DE Hot rolled + annealed at 400 °C + 1-pass DECLE at 250 °C + sheet extrusion at 220 °C
A3DE Hot rolled + annealed at 400 °C + 3-pass DECLE at 250 °C + sheet extrusion at 220 °C
AS5DE Hot rolled + annealed at 400 °C + 5-pass DECLE at 250 °C + sheet extrusion at 220 °C
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experiments. Every SPT was conducted twice to
ensure the repeatability of the results. The following
equations were used to calculate the shear stress (7)

and shear strain rate (p) from the load—
displacement data obtained via SPT:
P
T=—ov 1
ndt )
1(z
=—| — 2
’=3 ( Wj )

where P is the punch load, d is the average value of
the punch and die diameters, ¢ is the specimen
thickness, Z is the punch speed, and W is the
punch—die clearance. The SPT results were plotted
as the shear stress versus normalized displacement
curves. The normalized displacement values are
defined as the ratio of the shear punch displacement
to the sample thickness.

3 Results and discussion

3.1 Microstructure

Since the microstructure of the ZK60 alloy
sheets depends on the initial microstructure before
extrusion, Fig. 2 reveals OM images of the ZK60

alloy for annealed and the DECLE processed
samples. A coarse grain structure (average grain
size ~68 pm) was obtained after hot rolling
(Fig. 2(a)). This type of microstructure has been
reported previously in hot rolled Mg alloys [2]. It
can be inferred from Figs. 2(b—d) that straining via
1, 3, and 5 passes of the DECLE process leads to
gradual grain refinement in the ZK60 alloy, which
can be attributed to the dynamic recrystallization
(DRX) phenomenon [25]. It is evident that in the
1-pass processed sample a bimodal microstructure
known as the necklace structure including fine
DRXed grains (average grain size ~2 um) around
coarse un-DRXed grains (grain size 20—80 pm) was
developed that is indicative of the partial DRX [32].
Partial DRX can be a sign of insufficient applied
strain (about 1.4) through the first pass of DECLE.
Similar results were observed for ZK60 alloy
deformed by other SPD techniques such as 1 pass
of MDF [13], and 1 and 2 passes of ECAP [33].
These results could be explained by the limited
number of slip systems in Mg alloys, which means
that the number of grains having favorable
orientations for DRX was small during the first pass
of the SPD process. Further deformation by 3 and 5

Fig. 2 Optical images of annealed (a), 1-pass DECLEed (b), 3-pass DECLEed (c), and 5-pass DECLEed (d) samples
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passes of DECLE resulted in a more uniform grain
structure with smaller average grain size and
decreased volume fraction of coarse-grained
regions. It is in agreement with the results reported
for ZK60 alloy fabricated by other SPD procedures
such as ECAP [34]. A more detailed analysis of
second phase particles and texture evolution can be
found in our previous research [25].

The OM and SEM images of extruded
sheets of ZK60 alloy are exhibited in Figs. 3—5.
Performing the extrusion process at 220 °C on the
annealed and DECLE processed samples resulted in
more grain refinement via DRX. However, the
microstructure of the AE sample still comprises

large elongated un-DRXed grains along extrusion
direction (ED), and the volume fraction of
fine-grain regions was significantly increased in
comparison to the initial microstructure of annealed
sample. The average grain size of fine regions was
determined as 2.8 pm, and the length of elongated
grains (with an aspect ratio greater than 2) was in
the range of 150-350 um. Contrary to the AE
sample, extrusion completely modified the micro-
structure of DECLE samples, and a relatively
homogeneous fine grain structure with an average
grain size of 7.1, 6.0, and 5.2 um was produced in
AI1DE, A3DE, and ASDE specimens, respectively.
During DRX, the processes of nucleation and




2546 N. FAKHAR, M. SABBAGHIAN/Trans. Nonferrous Met. Soc. China 32(2022) 2541-2556

Fig. 5 SEM micrographs of AE (a), A1DE (b), A3DE (c), and ASDE (d) samples

growth of new strain-free grains occur in Mg alloys
via various mechanisms such as continuous DRX
(CDRX), discontinuous DRX (DDRX) or particle
stimulated nucleation (PSN) depending on the alloy
chemical composition and temperature, and mode
of deformation [2,17,35]. The partial DRX in the
AE sample can be attributed to the preferential
nucleation on grain boundaries in the -early
deformation stage, and then it expands into grain
through the evolution of sub-grain boundaries. It is
in agreement with the results reported for extruded
ZK60 alloy [36], and cast AMS0 alloy [37]
deformed at high temperatures. To confirm this
phenomenon, optical images of the AE sample
indicating more details in this specimen are shown
in Fig. 4.

Fine and coarse grain size regions are visible
in Figs. 4(a, b). Clearly, fine grains are located next
to the boundaries of the elongated grains indicated
by black arrows. Hence, it can be concluded that
grain boundary nucleation followed by grain
growth towards inside the elongated grains leads to
the formation of a necklace structure after extrusion
at 220°C [17]. According to AL-SAMMAN

et al [38], grain boundary bulging of new DRXed
grains along initial grain boundaries or
continuously via gradual transformation of subgrain
boundaries into high angle boundaries is
responsible for this type of microstructural
evolution. Regarding A1DE, A3DE, and ASDE
samples, the grain boundaries of DECLE processed
specimens (Figs. 2(b—d)) act as the preferred
nucleation sites for the formation of DRXed grains.
Besides, a larger volume fraction of grain
boundaries in the DECLEed samples resulted in the
complete DRX and finer grain sizes of extruded
sheets.

It has been proposed that second phase
compounds are effective factors on the high-
temperature strength and workability of Mg
alloys [39]. According to the SEM results, fine
second phase particles are distributed in the matrix
of the AE sample (Fig. 5(a)), and their volume
fraction is about 1.4%. According to our previous
researches [9,40], the particles are mainly MgZn,
and MgsZn; [9]. Moreover, some Zr-containing
particles were also detected by EDS in this
sample, and their chemical composition (Fig. 6) is
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1 ) R YR

2 4 6 8 10 12 14 16 18
E/keV

Fig. 6 EDS analysis result of Zr-rich second phase
particles

Mgss2Zr105Zn; 3. FATEMI et al [41] proposed that
Zr-rich particles caused crack initiation during
deformation at temperatures of 225 and 300 °C, and
reduced the workability of WE43 alloy [41]. It is
clear in Figs. 5(b, c) that in the A1DE and A3DE
samples, the volume fraction of second phase
particles (indicated by yellow arrows) decreased to
the amount of 0.3% and 0.5%, respectively. This
can be explained by the dissolution of alloying
elements inside the Mg matrix due to the larger
volume fraction of grain boundaries that acted as
the fast diffusion paths. Contrary to the A1DE and
A3DE specimens, the volume fraction of second
phase particles increased in the ASDE counterpart
and reached to 2.6%. XRD analysis in our previous
report suggested that the particles are MgZn, and
MgZn in this sample [9]. It has been reported that in
Mg—Zn system, the MgZn phase is thermo-
dynamically stable and formed through deformation
in high-temperature regimes. This phase formation
can occur according to the sequence of MgsZn; —
MgZn, — MgZn [42,43].

3.2 Flow behavior and constitutive model

SPT curves of the AE, A1DE, A3DE, and
ASDE samples at temperatures of 200, 250, and
300 °C, and initial strain rates of 0.003—0.33 s ! are
illustrated in Figs. 7 and 8. It is obvious that the
nature of these curves is similar to that of traditional
tensile testing results, including a linear elastic part
that deviated to a plastic deformation region at the
yield point (SYS), and was followed by a work
hardening part to reach the maximum point (USS).
After the USS point, the strength continuously
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Fig. 7 SPT curves of AE sample at different shear
strain rates and temperatures: (a) 200 °C; (b) 250 °C;
(c) 300 °C

decreased until fracture happened. It can be seen in
all of these curves that by increasing the
temperature and decreasing the initial strain rate,
the strength level of all samples was reduced.
Besides, it is evident that at 300 °C, the post
uniform region is near steady state in low strain rate
conditions, attributed to the
equilibrium conditions between strain hardening
and strain softening [22]. The strength reduction
can be explained by easier dislocation movement at

which can be
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Fig. 8 SPT curves of DECLE samples at different temperatures and shear strain rates: (a—c) A1DE sample; (d—f) A3DE

sample; (g—1) ASDE sample

higher temperatures due to the activation of
non-basal slip systems, climbing and cross slip, and
maybe due to annihilation and/or rearrangement of
dislocations [22,44]. Similar results have been
reported for other SPD-processed Mg alloys
such as GZ31 [2], Mg—6Gd—-3Y-0.5Ag [45], and
Mg—2Gd [11]. The hardening phenomenon can be
attributed to some microstructural evolutions such
as dislocation formation and interaction [32,44].
The softening part occurred due to the dislocation
rearrangement and/or annihilation caused by DRX
at high temperatures [30,32,44]. It is worth
mentioning that by increasing the temperature and
decreasing the strain rate, the SPT curves reached
the USS point at a smaller critical normalized
displacement (9).

The constitutive equations are attractive
relationships among flow stress, temperature, and

strain rate, and can be utilized to predict the flow
behavior of materials in different practical
situations for industrial applications. They are also
used to construct computer simulations of flow
behavior which aims at predicting flow curves
under different deformation conditions. This broad
applicability has triggered many research works to
develop various types of constitutive equations [46].
As is mentioned earlier, the SPT curves (Figs. 7 and
8) could be used to develop a constitutive equation
among shear stress (7), shear strain rate (y), and
temperature (7) [22,44]. The effect of strain rate
and temperature on hot deformation can be
expressed by the Zener—Hollomon parameter (2) in
an exponent type equation (Eq. (3)) [47]. On the
other hand, the relationship among temperature,
flow stress, and strain rate could be described by
the Arrhenius type equation (Egs. (4)—(6)) [48].
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According to previous researches [22,44,49], it is
reasonable to modify equations to a shear state by
considering the von-Mises criterion ¢ = 7v/3 and

£ = y/3.

Z=jexplQ/(RT)] 3)
7=A7" exp[-Q/(RT)] (4)
j= 4, exp(S7)exp[-Q/(RT)] )
j = Alsinh(a/D)] exp[~Q/(RT)] ©

where y is the shear strain rate, Q is the activation
energy, 7 is the thermodynamic temperature, R is
the molar gas constant (8.314 J/(mol-K)), 7 is the
shear flow stress, n, ni, a, and f are material
constants, and a'=f/ni. It has been reported from
experimental results that »; in Eq. (4) is
independent of temperature and is constant for the
low stress regimes. Similarly, f in Eq. (5) is
constant but at the higher stress ranges. According
to the previous findings in the literature, it has been
proven that Eq.(6) is able to make a better
connection among j, 7, and 7 in a wide range of
temperatures and strain rates [22,48,50]. Based on
Taylor series expansion, at high stresses, sinh(a'7) is
almost equal to exp(a'r)/2 and Eq.(6) can be
substituted by Eq. (5), with A>=2"Aexp(—n;). At
low-stress levels, sinh(a'r) is reduced to (a'r) and
therefore Eq. (6) can be approximated by Eq. (4)
with 41=Aa'".

By taking the logarithm type of both sides,
Egs. (4)—(6) can be transformed into

Inj=nInz+InA4 —Q/(RT) (7)
Iny=pr+In4, —Q/(RT) ®)
Iny = nn[sinh(a'7)]+ In 4 — Q/(RT) ©)

Substituting the experimental values of 7 and
7 into the above equations, the material constants
of nm and f could be obtained from the average
slopes of every single line in the Iny—Int and
Iny —7 plots at a constant temperature by linear fit
method, respectively. Thus, in this step, an
approximate value of o’ can be calculated.

Based on Eq. (9), the stress exponent, n, is
determined from the average of the line slopes in
In y —In[sinh(a'7)] plots at different temperatures.
The activation energy (Q) can be obtained by
differentiating Eq. (9) with respect to 1/7:

B dIn[sinh(a'7)]
O=Rn {—B(I/T) }1; (10)

Combining Eq. (3) with Eq. (6) and taking
natural logarithm give:
In Z = nIn[sinh(a’7)] +In 4 (11)

Finally, In4 can be estimated using the
intercept of the linear relationship of InZ—
In[sinh(a'7)]. Using the USS as t and the shear
strain rate as 9 , while using the described
calculation sequence, the material constants of n, o',
0, and In 4 have been obtained by curve fitting of
plots such as Figs. 9 and 10 for AE and A5SDE
samples, respectively. The linear curves in Fig. 9
and Figs. 10(a, b) give the values of f’ and ny,
respectively, and the value of a'is determined based
on a'=f/n;. To assess the average sine hyperbolic
stress exponent, #, the slopes of Figs. 9(c) and 10(c)
were used for each condition of ZK60 alloy. All of
the calculated » and a' values are shown in Table 3.

It is clear that the n values of 3.5-4.2 are
obtained for all conditions, and «' is in the range of
0.021—-0.025. The calculated n values are in the
ranges that suggest dislocation creep as the
predominant deformation mechanism in the
temperature range of 200—300 °C in the extruded
ZK60 alloy sheets [51]. Similar results have been
reported for the shear deformation procedure of
extruded Mg—3Gd—1Zn alloy in a temperature
range of 300—500 °C [22]. By using Eq. (10) and
Figs. 9(d) and 10(d), the mean amount of activation
energy for hot shear deformation of all ZK60
samples can be obtained, as given in Table 3.
Accordingly, the Q values are in the range of
125-139 kJ/mol, which is close to that of
135 kJ/mol for magnesium volume self-diffusion,
indicating that the deformation of ZK60 alloy
sheets is diffusion-controlled [26,51]. BARNETT
[52] reported a Q value of 147 kJ/mol for an
extruded AZ31 alloy. In addition, similar Q values
are reported in other SPD-processed Mg alloys. For
instance, ARUN and CHAKKINGAL [53] reported
O values in the range of 125—140 kJ/mol for AZ31
alloy deformed by different routes and passes of the
ECAP method. Generally, according to the O values
close to 135 kJ/mol, dislocation creep in Mg alloys
can be controlled by various mechanisms such as
solute drag creep (n=3.3) or dislocation climb
(n=5) [51]. Hence, considering the » and Q values
in Table 3, it can be concluded that the main hot
deformation mechanism for extruded ZK60 alloy
sheets is dislocation creep controlled by dislocation
climb and solute drag mechanism.
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Table 3 Microstructural features and #, o, O, and In 4 values for all processing conditions
Processing condition  Grain size/um Second phase particles content/% n o' O/(kJ'mol™") 1nA4’
AE 68 1.4 4.12 0.0218 139 27.6
AIDE 7.1 0.3 4.1 0.0221 137 26.93
A3DE 6 0.5 3.535 0.0249 125 24.24
ASDE 52 2.6 4.193 0.0214 130 25.33

It can be inferred from the results that while
there is a significant grain refinement, and change
in the secondary phase content, the mechanism of
high-temperature deformation was not changed.
This is indicated by the negligible differences
between the stress—strain curves for all processed
samples in Figs. 7 and 8, and also n and Q values in
Table 3. It has been proposed that different
parameters such as grain size, second phase
particles, dislocation density, DRX volume fraction,
and texture evolution affect the hot deformation
behavior of Mg alloys, in other words, O and n
values [2,9]. Hence, the small difference among Q
values in the present study can be explained by the
microstructural characteristics shown in Table 3. As
an example, the larger Q value of the AE sample in
comparison to the A3DE specimen can be explained
by the larger grain size (68 um) and the greater
volume fraction of second phase particles (1.4%) in
the former sample in comparison to the latter one
(grain size of 6 um, second phase particles fraction
of 0.5%). But, according to Table 3, it is clear that
while the fraction of second phase particles is
almost similar in A1DE and A3DE samples, the O
value was dropped in the latter sample which can be
attributed to finer grain size (6.0 um). Moreover, it
can be seen that although the ASDE sample has a
finer grain size compared to A3DE sample, the O
value of ASDE slightly increased compared to the
A3DE. This can be deduced from higher second
phase particles amount (2.6%) in this sample.
Smaller » and Q values of the A3DE sample
provide significant formability the
temperature range of 200—300 °C in comparison to
other samples.

It is well accepted that fine grain size reduces
the activation energy for hot deformation of Mg
alloys [2,9,53]. ARUN and CHAKKINGA [53]
reported the decreasing of O value in an AZ31B
alloy due to the grain size reduction by applying
ECAP passes. This could be ascribed to the
presence of faster diffusion paths, i.e., grain

more in

boundaries, especially HAGBs, inside the micro-
structure. However, the large deformed un-DRXed
grains, such as those present in the microstructure
of the AE sample (Figs. 3(a) and 5(a)), can hinder
the mobility of dislocations due to high density of
dislocation networks [54] that interact with the
moving dislocations at high temperatures, or the
fact that non-equilibrium boundaries of the
deformed grains induce long-range stresses and
restrict dislocation motion during high-temperature
deformation [55]. In addition, WANG et al [26]
reported that the fine MgZn and MgZn, second
phase particles, which are also detected in ZK60
alloy sheets in the present study (Fig. 5), can act as
obstacles against dislocation movement during hot
deformation of ZK60 alloy. It has been reported by
MALIK et al [56] that the MgZn, particles are
stable even at temperatures higher than 377 °C [56].
Moreover, HADADZADEH et al [39] reported that
nano-sized particles in the Mg—5.4Zn-0.6Zr alloy
lead to pinning of the migrating dislocations inside
the un-DRXed grains.

As is obvious, although the mentioned micro-
structural characteristics affect the QO values, all of
the ZK60 sheets still demonstrated almost similar #
and Q values in the ranges of 3.5-4.2 and
125-139 kJ/mol, respectively, which indicate
similar deformation mechanism. It also can be
explained by textural evolution. Moreover, it is
logically accepted that the slip
predominant mechanism at low temperatures, while
at higher temperatures, non-basal slip systems are
activated during the plastic deformation [2,8].
According to our previous studies [9,40], all of the
extruded ZK60 alloy sheets demonstrate a strong
basal texture, i.e., the hexagonal c-axis of the HCP
crystals is orientated parallel to the sheet surface
normal direction (ND). The schematic illustration
of the texture component of extruded sheets is
shown in Fig. 11. This means that during SPT, the
loading direction (Fig. 1) is parallel to the c-axis of
each HCP crystal. As we proposed in our previous

basal s a
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X

Fig. 11 Schematic illustration of predominant texture
component of all extruded ZK60 alloy samples

research, in such asituation, slip in the basal (0001)
and prismatic (101 planes are not easy because
the _stress is applied almost perpendicular to the
(1120) directions [40]. Similar results have been
reported for the ZK60 alloy plate during
compression loading parallel to ND where the
(0001) and (1010) planes were perpendicular and
parallel to the compression axis, i.e., ND [31]. In
this texture and loading configuration, it is expected
that the second-order pyramidal slip system will be
activated in the temperature range of 200—400 °C
during SPT of the ZK60 alloy sheet [31].
BARNETT [52] suggested that the influence of
texture on the flow stress of Mg alloys can persist
even up to 450 °C. Accordingly, it can be concluded
that in the present study the deformation
mechanism, i.e., dislocation creep, competitively
depends on microstructural characteristics; among
them, basal texture in extruded ZK60 alloy sheets
significantly controlled the deformation mechanism
in the temperature range of 200-300°C and
resulted in similar # and Q values for all samples.
Figure 12 shows the variations of material

N n
SRR

SRR — 2
ORI

S
SRR

&
AR — 30
AR 3

R
- 6.0

AR —
RIS 25

Q/(kJ-mol™)

constants (n and Q) with the grain size and second
phase particles fraction (%) of ZK60 Mg alloy
obtained under different conditions. To predict the
material constant values within the range of our
data, a surface was fitted to n and Q variations. It
can be seen that decreasing the grain size to <10 um
and also the presence of near 1% second phase
fraction leads to the least n and Q values and the
superplastic properties (n=2) are expected to be
observed in these regions. One of the most
important factors to achieve superplastic behavior
in Mg alloys is the grain size stability during high-
temperature deformation [2]. This stability can be
obtained when second phase particles are present at
the grain boundaries and forbid their migration.
Hence, in the cases that second phase particles are
scant, about 0.5% in Fig. 12(a), the microstructure
is susceptible to grain growth during hot
deformation followed by a large amount of n (=4).
When a large amount of second phase particles
exists in the microstructure, cracking around them
is a possible phenomenon [40] that restricts high
amounts of formability and consequently higher
values of n are achieved (Fig. 12(a)).

After evaluating material constants for each
sample, a constitutive equation can be developed to
predict the peak shear flow stress. With the
definition of the Zener—Hollomon parameter, Z
(Eq. (3)), and by solving Eq. (11), the peak shear
flow stress can be written as a function of the Z
parameter as shown below:

0.5
r:i,ln{(Z/A’)”” +(1+ (2" } (12)
a

Table 4 shows all the equations used for the
prediction of shear flow stress at various
temperatures and shear strain rates derived for

(b)
180 O/(kJ+mol™)
- 30
160 - 100
— 120
140 = 140
200
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Phase g 20 33710
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Fig. 12 Variation of material parameters, n (a) and Q (b), with second phase fraction and grain size for ZK60 Mg alloy
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Table 4 Constitutive equations developed for prediction of peak shear flow stress for different processing conditions

Processing condition

Peak shear flow stress equation

AE T=45.82In{(Z/4)***7 +[(Z/4")*** +117}

A1DE
A3DE
ASDE

7=4517In{(Z/4")"*° +[(Z/4")*® +11"%}
7=40.07In{(Z/4")"* +[(Z/4")*% +1]"%}
7=46.62In{(Z/4) "% +[(2/4)*T° +11"%}
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Fig. 13 Correlation of predicted and experimental shear flow

(b) A1DE; (c) A3DE; (d) ASDE

annealed and DECLEed specimens. The derived
equations presented in Table 4 were validated to
predict shear flow stress. Hence, the predicted shear
flow stresses were plotted as surfaces, while
experimental shear flow stresses were shown by
points in Fig. 13. As can be seen in this figure, the
conformity between the maximum shear stresses
predicted by equations and those of experiments is
desirable, and the R? values for the constitutive
models are over 0.98 for all conditions.

4 Conclusions
(1) The fine grain and homogeneous

microstructure with the average grain size of 6.0
and 5.2 um after 3 and 5 passes of DECLE and

(b)
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< 80 — ()
- 2(
Q“ =
S 60 =
- 80
0 =i
® Experimental
20 data point
(d)
140
120
7/MPa
100 -
- % =
[ — 0
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® Experimental
data point

20
2%

260280

300
stress of ZK60 Mg alloy for different conditions: (a) AE;

following extrusion could be obtained, respectively.
These fine-grained microstructures compared to the
coarse grain structure obtained after the sheet
extrusion of annealed sample (68 um), prove that
initial microstructure before sheet extrusion could
have a drastic influence on the microstructure of
sheets.

(2) SPT results were successfully used to
develop constitutive equations. The predicted shear
flow stresses using the equations are in good
agreement with the experimentally determined peak
shear flow stress values.

(3) By investigating ZK60 Mg alloy with a
different history of forming, it was concluded that
material constants of n and Q are dependent on the
microstructure parameters such as grain size and
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second phase particle fractions
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and textural

evolution.

(4) The relationship of #» and Q with grain size

and second phase particle fractions was anticipated
using a 3D surface and their variations were
investigated. It was concluded that the presence of
1 vol.% second phase particles and also grain sizes
lower than 10 pm is essential to achieve suitable

low n and Q values for superplastic forming.

(5) The smallest n and Q values were obtained

for the A3DE sample with the grain size of 6.0 um
and presence of 0.5% second phase particles.
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