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Abstract: Flow behavior and microstructure of a homogenized ZK60 magnesium alloy were investigated during compression in the
temperature range of 250—400 °C and the strain rate range of 0.1-50 s™'. The results showed that dynamic recrystallization (DRX)
developed mainly at grain boundaries at lower strain rate (0.1—-1 s™'), while in the case of higher strain rate (10-50 s '), DRX
occurred extensively both at twins and grain boundaries at all temperature range, especially at temperature lower than 350 °C, which
resulted in a more homogeneous microstructure than that under other deformation conditions. The DRX extent determines the hot
workability of the workpiece, therefore, hot deformation at the strain rate of 10-50 s ' and in the temperature range of 250-350 °C
was desirable for ZK60 alloy. Twin induced DRX during high strain rate compression included three steps. Firstly, twins with high
dislocation subdivided the initial grain, then dislocation arrays subdivided the twins into subgrains, and after that DRX took place

with a further increase of strain.
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1 Introduction

Magnesium alloys hold great potential for energy
saving and carbon emission reduction from aeroplane
and automobile industry due to a combination of reduced
mass, improved machinability, excellent damping
capacity and recycling capability [1,2]. Presently, most
parts made from magnesium alloys are manufactured by
the die casting process. However, the cast products have
poor mechanical strength because of the casting defects
such as porosity and segregation, which limit the
widespread application of magnesium alloys [3,4].
Compared with cast magnesium alloys, wrought
magnesium alloys have attracted increasing interests due
to their higher mechanical strength and better ductility.
ZK60 alloy is a typical high-strength wrought
magnesium alloy which has been characterized by good
stress corrosion resistance and heat treatability [5,6].

However, owing to the limited slip systems in the
hexagonal close-packed (HCP) lattice, plastic
deformation of magnesium at room temperature is
difficult. Therefore, it is necessary for magnesium alloys
to deform at warm temperatures (>225 °C), at which the
non-basal slip systems can be activated [7]. In order to
optimize the hot processing parameters of ZK60 alloys, it
is important to understand the effect of temperature and
strain rate on flow behavior and microstructure of the
alloys. Therefore, investigation on the hot deformation
behavior of ZK60 alloy has attracted more and more
attention in recent years [8—13]. However, most of them
were conducted at strain rate lower than 10 s™' [8—12],
and only a few studies were operated at strain rate higher
than 10 s™' [13], where the plastic deformation may be
performed. The absence of the related data on the
forming technological factors is still existent, which
limits the widespread use of ZK60 alloy.

In this work, flow stress and microstructure of
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homogenized ZK60 magnesium alloys during high strain
rate compression was investigated to provide a useful
guide for the selection of the hot working processing
(including forging and rolling) parameters.

2 Experimental

Hot compression tests were conducted on a
commercial ZK60 alloy produced by semi-continuous
cast supplied by Winca Corporation with the chemical
compositions of Mg—5.5Zn—0.45Zr (mass fraction, %).
The as-cast billets were homogenized at 330 °C for 30 h
followed by water quenching. Cylindrical specimens
with the diameter of 10 mm and the height of 15 mm
were machined from the homogenized billets and both
ends of each specimen were recessed to the depth of 0.2
mm to entrap the lubricant.

Compression tests were carried out using a
computer servo-controlled Gleeble 1500 machine in the

! and the deformation

strain rate range of 0.1-50 s
temperature range of 250—400 °C with a reduction
ranging from 10% to 50%. The machine oil mixed with
the graphite powders was used as the lubricant at the
interface between the anvil and the specimen. Specimens
were heated to the set temperature at a rate of 200
°C/min and held for 3 min before compression. The
specimens were then water quenched immediately after
compression. No obvious cracks were observed on all the
hot-compressed specimens. The deformed
microstructures perpendicular to the deformation axis
were observed by optical microscope (OM) and

transmission electron microscope (TEM).
3 Results and discussion
3.1 Flow behavior

The true
homogenized ZK60 alloy hot compressed at various

stress—true  strain curves of the
strain rates and temperatures are shown in Fig. 1. At the
strain rate lower than 1 s, the curves were characteristic
of initial work hardening followed by the flow softening.
At the strain rate higher than 10 s™', work hardening was
more rapid and discontinuous yielding occurred at the
true strain less than 0.05 and then continuous softening
appeared after the peak stress with the strain increasing,
and the flow softening extents were more pronounced for
samples compressed at higher strain rates (>10 s ') than
lower strain rates (<1 s'). Flow softening could be
ascribed to the dynamic recrystallization (DRX), the
dynamic recovery (DRV), the temperature rise of the
specimen and grain coarsening during hot compression
[14]. Therefore, it is difficult to determine the optimum

hot working processing only according to the shape of
the true stress—true strain curves.
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Fig. 1 True stress—true strain curves of ZK60 hot compressed at
different conditions: (a) At 300 °C for various strain rates;
(b) With strain rate 50 s ' at various temperatures

The flow stress of ZK60 increased with the increase
of the strain rate at certain temperature since the increase
in the strain rate led to a higher dislocation density. On
the other hand, the flow stress decreased with the
increase of temperature at a fixed strain rate. It could be
ascribed to the reduced critical resolved shear stress for
the non-basal slip at a higher temperature and the more
readily operable non-basal slip at a higher deformation
temperature.

3.2 Microstructures

The microstructures of the as-cast and homogenized
ZK60 magnesium alloys are shown in Figs. 2(a) and (b),
respectively. As seen from Fig. 2(a), the as-cast
microstructure consisted of uneven a-Mg matrix and
discontinuous distributed eutectic compounds at the
grain boundaries. After it was homogenized, the alloy
had an average grain size of ~100 pm and few eutectic
compounds distributed at grain boundaries, as shown in
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Fig. 2(b). For the present samples with coarse-grain
microstructures, grain boundary sliding could hardly be
expected to play an important role in plastic deformation.
The deformation behavior was likely to be implemented
by other mechanisms such as twinning and DRX, which
was clarified by the microstructure observation in this
study.

Microstructures of the samples compressed to a true
strain of 0.69 at the strain rate of 0.1 s ' are shown in
Figs. 3(a) and (b). The as-compressed microstructures
were composed of twins in the grain interior and DRX
grains at grain boundaries. Even necklace DRX grains at
grain boundaries and twins inside the initial grains were
observed at 250 °C. With increasing the temperature,

owing to the operation of non-basal slip, fewer twins and
more DRX grains were formed in the grain interior and
along grain boundaries, respectively. Almost no twins
were observed with the hot compression temperature up
to 350 °C. As indicated in Figs. 3(c) and (d), the
microstructure evolution of the as-compressed samples at
the strain rate of 1 s was similar to that at the strain rate
of 0.1 s™', but twinning was more extensively with the
strain rate increasing to 1 s 'at 250 °C.

Because of the HCP lattice and limited slip system,
twinning plays a significant role in magnesium
deformation at low temperature to help this material to
which requires

satisfy the von Mises criterion,

five independent deformation systems for an arbitrary

Fig. 2 OM images of ZK60 magnesium alloy in as-cast (a), homogenized (b) states

Fig. 3 OM images of ZK60 compressed to strain of 0.69 at different conditions: (a) 250 °C, 0.1 s™'; (b) 350 °C, 0.1 s '; (¢) 250 °C,

1s ' (d)350°C, 15"
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homogeneous straining. Twinning was reported to be the
main mechanism for ZK21 alloy deformed at low
temperatures (250—-300 °C) and low strain rates (<1 s ')
in the previous work [15], and almost no DRX grain can
be observed. Different from ZK21 alloy, DRX developed
extensively at grain boundaries associated with fewer
twins in ZK60 alloy deformed at the same conditions as
seen from Figs. 1(a) and (c). Higher Zn content in ZK60
alloy may make the difference ascribe to the following
factors. Firstly, the solid solution atom of Zn plays more
significant role in dragging dislocation. Secondly, the
precipitated second phase formed during hot deformation
should block the movement of dislocation. Thirdly,
lower stacking fault energy (SFE) reduces the tendency
for dislocation pile-up to cross-slip [9,16]. As
temperature increases, few twins were formed due to the
operation of the non-basal slip and necklace DRX
microstructure was formed. The necklace DRX occurred
in other magnesium alloys during compression and the
mechanism was reported in Refs. [17,18]. DRX sets in
the position where the high misorientations are created
by the accumulation of dislocations, i.e., grain
boundaries. Later, new fine grains are formed as a
necklace along grain boundaries. As shown in Figs. 3(b)
and (d), DRX at the grain boundaries was the dominant
deformation mechanism for ZK60 deformed at the higher
temperature (350—400 °C) and the lower strain rate

(<1 s7"). In the correlation with Fig. 1, DRX at the grain
boundaries was ascribed to the flow softening.

As seen from Fig. 4, the microstructures of the
sample compressed at the strain rate of 10 s ' were
obviously different from those at lower strain rates (<1
s ). Moreover, more twins were observed with the
increasing strain rate, which can be seen even at high
temperatures, although the twin density decreased with
the increase of temperature, and DRX developed both at
initial grain boundaries and twins. Microstructures of the
samples compressed to a true strain of 0.69 at the strain
rate of 20 s and 50 s are shown in Fig. 5. Twins were
observed in the samples at all the temperatures and the
DRX was more extensive than that at the lower strain
rates. The DRX grains were observed both at the grain
boundaries and twins, and fewer twins were formed with
the temperature increasing. In the combination with
Figs. 5(c) and (d), the microstructure evolution of the
as-compressed samples at the strain rate of 20 s~ or 50
s ' with the temperature increasing was similar to that at
the strain rate of 10 s '. Therefore, DRX developed
extensively at the grain boundaries and twins was the
main deformation mechanism at all the temperature
ranges (250—400 °C) and the higher strain rate (>10 s "),
resulting in a more homogeneous microstructure. In the
correlation with Fig. 1, twinning was thus ascribed to the
high strain hardening rate of the specimens deformed at

Fig. 4 OM images of ZK60 compressed to strain of 0.69 at different temperatures with strain rate of 10 s ': (a) 250 °C; (b) 300 °C;

(¢) 350 °C; (d) 400 °C
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Fig. 5 OM images of ZK60 compressed to strain of 0.69 at different conditions: (a) 250 °C, 20 s '; (b) 400 °C, 20 s '; (c) 250 °C,

505" (d) 400 °C, 50 s

higher strain rate, and a large content of DRX probably
resulted in the evident flow softening at higher strain rate
deformation.

During the high-strain rate deformation, there was
limited time for the movement of dislocation and thus a
large number of twins were formed to accommodate the
deformation process even at the higher temperatures,
which was similar to the high strain rate deformation
behavior of ZK21 and ZK40 alloys [15,19]. DRX
occurred both at grain boundaries and twins. However,
the twin boundary plays a more significant role than the
grain boundary in the samples deformed at the higher
strain rate. Therefore, the DRX development was
controlled by the formation of DRX grains at the twins in
ZK60 alloys during high strain rate hot compression.

The large DRX extent is chosen for the hot working
of materials since this process yields good workability
and microstructure free from failure [20]. In this study,
DRX occurred mainly at grain boundaries and twins, and
thus the DRX extent at grain boundaries and twins
played determinant role in the hot workability of ZK60.
For the samples compressed at the lower strain rate (<1
s "), DRX was developed at grain boundaries, resulting
in the necklace DRX grains. At the higher-strain rate(>10
), a large number of twins were generated due to the
high strain rate deformation and DRX was extensively

developed at the grain boundaries and twins especially at
temperature lower than 350 °C, resulting in a more
homogeneous microstructure. Therefore, hot deformation
at the strain rate of 10-50 s™' in the temperature range of
250—350 °C was desirable and feasible for the ZK60
alloys. Obviously, twin induced DRX plays an important
role in the high-strain rate deformation and the DRX
mechanism is worthy of further research.

The micrographs of ZK60 alloys compressed at
strain rate of 20 s~ under 300 °C with different reduction
amounts were shown in Fig. 6. Twins with high
dislocation density were observed and divided the initial
grain into fine twin lamellas at the initial stage of high-
strain rate compression as seen in Figs. 6(a) and (D),
which imply that the twin boundaries should pile up
dislocations as grain boundaries. The twin density
increased with increasing strain and DRX took place at
some twins as illustrated in Fig. 6(c), meanwhile, the
dislocation arrays subdivided the un-DRX twins into
subgrains with storage of high strain energy as shown in
Fig. 6(d). With a further increasing in strain, DRX took
place at twin extensively and the subgrains with high
dislocation density were replaced by DRX grain with
rather low dislocation density as shown in Figs. 6(e) and
(f). As indicated in Figs. 6(b), (d) and (f), the twin
induced DRX during high-strain rate compression of
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Fig. 6 OM (a, ¢, ¢) and TEM (b, d, f) images of ZK60 compressed at strain rate of 20 s ' under 300 °C with reduction amounts of

10% (a, b), 30% (c, d) and 50% (e, f)

ZK60 alloy was consistent with that of AZ91 alloy
deformed at rather high strain in Ref. [21]. Twins were
extensively developed at initial grain, and then
dislocation arrays subdivided the twins into subgrains,
after that DRX took place with a further increase in
strain.

3.3 Constitutive analysis

During hot working, three constitutive equations
have been proposed to describe the hot deformation
behaviors of metals [22]:

&= Aoc™" exp [%) (1

&= A, exp(fo)exp (%) )

. . n -0

& = A[sinh(ao)] exp(RTj 3)
where A4, Ay, Ay, n, n;, a and S are constants; Q is the
activation energy for deformation; R is the gas constant.
The value of the constant & can be deduced by the
division result of S and n; which are material constants
of the two conventional equations, i.e., the exponential
law (Eq. (2)) and the power law (Eq. (1)).

Utilizing the experimental data, the plots that
describe the relationship between steady state stress and
strain rate according to the power law and exponential
law are given in Figs. 7 (a) and (b), respectively. Based
on the best-fitting lines in the plots, the values of n; and
p are deduced to be 15.41 and 0.074, respectively. Thus
the value of « is calculated to be 0.005 MPa .
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Fig. 7 Relationship between steady state stress and strain rate
according to power law (a), and exponential law (b)

The hot deformation conditions are usually
expressed in terms of temperature compensated strain
rate, namely the Zener—Hollomon (Z) parameter [22]:

: 0 j
Z = e 4
£exp ( RT “4)
Then, O can be expressed as
Olnsinh(ao Olng
0=R @) 12 )
o(1/T) ;L Olnsinh(ao) |,

In order to calculate Q, Ing is plotted versus
In[sinh(ao)] as shown in Fig. 8 (a) and In[sinh(ao)]
versus 1000/T is shown in Fig. 8(b). From the fitting
lines in Fig. (8), the average value of O was calculated to
be 110 kJ/mol. The activation energy was quite close to
the value for self-diffusion (Qy =135 kJ/mol) [23], but
this should not deceive the nature of the controlling
deformation mechanism (for O=Q,y deformation should
be recovery-controlled), since DRX plays a significant
role indicated in microstructure analysis. The value of
activation energy was influenced by temperature, strain
rate and initial microstructure, therefore it is difficult
to compare the results from different research. In the
previous research on ZK21 alloy compressed at the same
conditions, O was reported to be 161 kJ/mol [15]. It can

41 (@)
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2 44— 350°C
v— 400 °C
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|
=
]

-0.4r

_0.6 1 1 1
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T71/1073K™!
Fig. 8 Plots of In[sinh(ao)]— Iné (a) and In[sinh(ao)]-1/T (b)

be found that the activation energy Q decreased with the
increased Zn content in ZK series magnesium alloys,
which was opposite to AZ series alloys reported in Ref.
[24].

By substituting the calculated values of o and Q into
Eq. (3), the relationship between In[sinh(as)] and In Z is
plotted in Fig. 9. From the slope of the fitting line, the
exponential coefficient n was calculated to be 9.7 and
thus Eq. (3) could be written as follows:

& =4.18x10°[sinh(ao)]”” exp[—110000/(RT)] (6)

40
381
36
N34‘
=
32+
301

28

26

-04 -0.2 0 0.2 0.4 0.6
In[sinh(ao)]

Fig. 9 Arrhenius plot of In Z—In[sinh(ao)] of ZK60 alloy during
hot compression
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4 Conclusions

1) At lower strain rate (0.1-1 s™'), DRX developed
mainly at the grain boundaries. Meanwhile, at higher
strain rate (10-50 s '), DRX extensively developed at the
grain boundaries and twins, resulting in a more
homogeneous microstructure.

2) The optimum hot processing parameters for
ZK60 alloys were strain rate of 10-50 s ' and
deformation temperature of 250—350 °C.

3) The evolution of twin induced DRX developed at
high-strain rate compression can be divided into three
stages. Firstly, twins with high dislocation density
subdivided the initial grain, then dislocation arrays
subdivided the twins into subgrains, and after that DRX
took place with a further increase in strain.

4) The activation energy Q and stress exponent 7 for
ZK60 alloys were deduced to be 110 kJ/mol and 9.7 by
constitutive analysis.
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