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Abstract: The present study aimed at characterizing the flow characteristics and workability of an
as-extruded magnesium alloy ZK61 by isothermal compression tests performed at temperatures of
523-673K and strain rates of 0.001-1s™. The flow stress curves were analyzed via considering the
mechanism of microstructure evolution. Using the obtained flow stress data, both of the
conventional and improved Arrhenius constitutive equations were developed to predict the flow
characteristics, and the 3D activation energy maps were constructed to propose the optimal
deformation conditions and reveal the effects of deformation parameters on microstructure
evolution. It can be found that the strain factor plays an important role in determining the shapes of
the flow stress curves, which exhibit three types of variation tendencies due to the flow softening
and hardening behaviour as the strain increases. The improved constitutive equations resulted in
excellent predictability of the peak flow stress within all the deformation conditions. Combining
with the activation energy maps, the dominant deformation mechanisms, i.e., dynamic
recrystallization and flow localization in different deformation regions were identified, and the
optimal processing window of the alloy can be obtained at strain rate and temperature range of

0.001-0.01s? and 623 ~ 673K under a certain strain of 0.9.
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Nomenclature s yield stress, (MPa)
o flow stress, (MPa) Ei experimental flow stress, (MPa)
K material constant Pi predicted flow stress, (MPa)
£ strain rate, (s?) E experimental mean flow stress, (MPa)
m strain rate sensitivity index P predicted mean flow stress, (MPa)
T deformation temperature, (T) N number of data points
a stress multiplier p density of mobile dislocations, (m)
R ideal gas constant, (J/mol*K) b Burgers vector, (hm)
Qact activation energy, (J/mol) v mean speed of dislocation motion, (m/s)
A A A, v attempt frequency, (s?)
material parameters
n, Ny, S k Boltzmann constant, (J/K)
op peak stress, (MPa) AG(os) free energy of activation, (J/mol)
0 strain hardening rate AF total free energy, (J/mol)
Z Zener-Hollomon parameter, (s2) T external stress, (MPa)

1. Introduction

Owing to their low density, high strength-to-weight ratio, magnesium (Mg) and its alloys are
of great interest for lightweight applications in sectors that include the aeronautics/aerospace and
automotive industries [1]. However, the limited ductility of Mg alloys at room temperature results
from the contrasting critical resolved shear stresses (CRSS) among the basal, prismatic, pyramidal
slip systems [2]. This becomes a major obstacle for large-scale commercial applications of Mg
alloys with hexagonal close-packed crystal structures [3]. The dominant deformation modes in Mg
alloys contain basal <a> slip, prismatic <a> slip, pyramidal <c+a> slip and mechanical twinning [4,
5]. The basal <a> slip with the lowest CRSS is readily activated but has just two independent slip
systems, these are inadequate to fulfill the von Mises criterion. Although the non-basal slips can
offer more independent slip systems and coordinate the deformation along the c-axis, these are
difficult to activate because of high CRSS at room temperature. However, the CRSS decreases

rapidly as temperature increases [6]. Hence, Mg alloys are generally subjected to hot deformations
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(such as rolling, forging, extrusion and spinning) in processing [7]. Because of its influence on the
microstructure refinement, hot deformation is also considered as an effective way of enhancing the
properties of Mg-based products [8].

Since the strain hardening and softening behaviours of materials are remarkably influenced by
deformation parameters, their flow behaviour during hot deformation is complicated and exhibits
obvious differences due to the distinct chemical compositions [9]. These affect the necessary
deformation energy and kinetics of the metallurgical phenomena [10], including the work hardening
(WH), dynamic recovery (DRV) and dynamic recrystallization (DRX) [11]. Therefore a detailed
knowledge on how Mg alloys behave under hot deformation conditions is a prerequisite for
industrial production. An accurate description of flow behaviour is fundamentally important for
developing a proper metal-forming process route. This is also significant for performing the Finite
Element (FE) analysis to obtain the optimal deformation parameters.

The flow behaviour which can be invariably described by the constitutive equations, is
essential for the reliability of FE simulation results [12]. There are three typical constitutive
equations for characterizing the flow behaviour of metallic materials: phenomenological equations,
physical-based equations and artificial neural network (ANN) equations [13]. Among these
available equations, the
phenomenological equations with few material constants are convenient and only a small number of
experimental data are needed, especially the Arrhenius constitutive equation. As well as considering
the micro-mechanisms like dislocation dynamics, lots of material constants are required in the
physical-based equations resulting in complex calculations. The accuracy of the prediction by the
ANN equations may be higher than that of other constitutive equations, but it normally has high
requirement for the availability of extensive, high-quality data and characteristic variables [14].

To date, a series of effort have been made to characterize the hot flow behaviour of Mg alloys
in terms of developing constitutive equations. Due to its accessibility and a wide range of
adaptability, the Arrhenius equation is still the most widely used equation, such as that used in the
study of cast and homogenized AZ91 [15, 16], extruded AE21 [17], hot-rolled and homogenized
AZ31 [18, 19], T5-Treated ZK61 [20], extruded and T4-Treated ZK60 [21, 22], Mg-Zn-Y-Zr alloy
[23], a cast Mg (Mg-Al-Ca) alloy [24]. However, when it comes to the determination of the peak
stress, the material parameters of constitutive equations in most of the aforementioned studies were
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treated as constants which are independent from the deformation conditions. The shortcomings can
lead to an unrealistic prediction of the flow behaviour during hot deformation.

As the most important characteristic for hot working, the activation energy (Qact) reflecting the
workability of material, can be closely connected with thermodynamic mechanism of dislocation
motion [25]. The value of Qact influenced by deformation parameters is difficult to remain constant
within a working range, but it can provide additional information on the underlying deformation
mechanism related to the microstructural evolution. Also, improved workability can be achieved
under deformation conditions with a low Qact [26]. It is therefore crucial to understand the influence
of deformation parameters and microstructural evolution on dislocation motion in order to establish
a description of an internal relation between the Qact and workability of the materials.

The activation energy for hot deformation of Mg alloys has been studied intensively in recent
years. For instance, Mei et al. [15] studied the hot deformation of a homogenized AZ91 alloy, and
they found that the Qact decreases linearly with increase of the strain. Su et al. [27] studied the hot
deformation of an extruded AZ80 alloy, and the Qact was estimated as 142 kJ/mol under various
temperatures and strain rates. Schindler et al. [28] studied the evolution of the Qact of rolled AZ31
alloy during hot compression, and found that the Qac is equal to 158 kJ/mol for flow curves with
conventional shape, while the Qact is 146 kJ/mol for the flow curves at the concave initial stage.
Arun and Chakkingal analyzed the hot deformation of the annealed and ECAPed AZ31B alloy, and
they found that the Qact in the annealed condition (161.6 kJ/mol) decreases after ECAP due to the
grain refinement [29]. However, the combined influences of deformation parameters (including
temperature, strain rate and strain) on the evolution of Qact were rarely reported.

The flow characteristics and workability of an as-extruded Mg-Zn-Zr (ZK) series alloy during
hot deformation was characterized in this work. The isothermal compression tests were conducted
at different deformation temperatures and strain rates to investigate the flow characteristics. The
constitutive equations improved were derived to predict the response of the material to hot
deformation and these were compared with conventional ones. The 3D activation energy maps were
developed to propose the optimal hot processing window for the alloy; the microstructural
observation on the compression samples was carried out to reveal the underlying deformation
mechanism and verify the validity of activation energy maps. These results can provide guidelines
for characterizing and optimizing the hot deformation process of Mg alloys.
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2. Experimental methodology

2.1. Material preparation

The studied material in the work is a commercial ZK61 alloy received in as-extruded condition
from an industrial company. With reference to the standard of ASTM E209, the isothermal
compression samples were designed as cylindrical in shape with dimensions of ®8mmx12mm. The
samples were prepared from the hollow extruded billets with a diameter of 60mm and a thickness of
10mm along the extrusion direction (ED) (see Fig. 1). The chemical composition was determined
by an inductively coupled plasma-optical emission spectrometer (ICP-OES) (given in Table 1)

which is in line with the ASTM B951-11.
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Fig. 1. Sampling method for the isothermal compression. The compression samples
were cut from the hollow extruded billets by wire-electrode cutting and ground with
grinding wheel to improve the surface finish of samples.

Table 1 Chemical composition of ZK61 alloy (wt.%).

ZK61 Zn Zr Mn Fe Cu Si Ni Al Be

Wt.% 5.42 0.58 0.0077 0.012 <0.0002 0.0022 <0.0005 0.0098 0.025

2.2. Isothermal compression tests

The experimental scheme and device for the isothermal compression are provided in Fig. 2(a)
and (b), respectively. To eliminate the thermal gradient prior to the deformation, the compression
samples were initially heated to the tested temperature at a heating rate of 10K/s and held for 5 min.
The isothermal compression tests were carried out at deformation temperatures from 523 to 673K
and strain rates from 0.001 to 1s*, with a Gleeble-3500 thermo-mechanical simulator. The total
height reduction of compression samples was set to be 70%, and each compression sample was

water-quenched instantly when the compression test was over to maintain the deformed



microstructure. To reduce the interference of friction, the top and bottom surfaces of samples were
coated with graphite slices, and the interfaces between samples and dies were lubricated by the

HWO014 Ni-based high temperature lubricant.
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Fig. 2. Isothermal compression: (a) experimental scheme, where the real-time temperature
measurement and feedback was realized by thermocouple welded in the center of samples.
(b) experimental device, by which the flow stress data were automatically recorded.

2.3. Microstructure analysis

The samples for microstructural examinations was performed by optical microscope (OM,
Leica DMI5000M). The OM samples were cut along the compression axis and the cut surfaces were
ground with SiC abrasive papers up to a grit of #1200 and polished with Al>O3 suspension solution.
These were etched with a corrosive solution (0.8g picric acid, 2ml acetic acid, and 3ml distilled
water). The average grain size was measured by the mean linear intercept method. Also, the existing
phases of initial microstructure were identified by X-ray diffraction (XRD, Bruker D8 ADVANCE),
and the XRD samples were ground and then polished with the same method adopted by OM.

3. Results and discussion

3.1. Initial microstructure

The initial microstructure of the as-extruded billet is shown in Fig. 3(a). It can be found that
some fine and equiaxed grains can be observed, indicating that the DRX occurs during the hot
extrusion process of the alloy. Further, some grains remarkably elongated along the ED exhibit long
strip shapes, leading to the inhomogeneous microstructure with an average grain size of 2.5um as

assessed by the linear intercept method. Meanwhile, some granular second phases can be observed



in the material. In order to further identify the existence of phases, the X-ray diffraction pattern of
the alloy is given in Fig. 3(b), where the existence of an intermetallic phase with the stoichiometric

composition of Mgo.97Zno.03 Was confirmed, showing that the Zn was dissolved into the matrix [30].
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Flg. 3. Microstructure analy5|s of the as-extruded ZK61 alloy: (a) optical micrograph, where the
elongated grains, fine DRX grains and granular second phases can be observed. (b) XRD pattern,
where the existence of Mgo.e7Znoo3 phase in the a-Mg matrix can be confirmed after extrusion.

3.2. Flow behaviour of the alloy

A fundamental understanding of the flow behaviour of the alloy is of critical importance to the
improvements of its performance [16]. The flow stress curves for the alloy at different temperatures
and strain rates obtained from the isothermal compression tests are shown in Fig. 4. It is observed
that the curves display the typical characteristic, i.e., the flow stress increases rapidly in the WH
stage, and then reaches at the peak stress, where the softening mechanisms like DRV and DRX play
an important role; the flow stress decreases gradually with further increase of strain due to the
significant DRX softening. It also can be found that the level of both the peak stress and flow stress
decreases remarkably with increasing temperature and decreasing strain rate.

Considering the effect of strain on flow behaviour, the shapes of the flow stress curves after the
peak stress can be further generalized in three types: (i) the flow stress decreases continuously and
seems to have no steady state (like 523K and 0.1-1s%, 573K and 1s); (ii) the flow stress decreases
to a certain value and remain basically constant (like 523K and 0.001-0.01s?, 573K and
0.001-0.1s?, 623K and 0.1-1s?, 673K and 0.1-1s%); and (iii) the flow stress decreases firstly and
increases again at large strain (like 623K and 0.001-0.01s?, 673K and 0.001-0.01s™). The similar

variations of flow behaviours can be observed in other research [22], but no detailed discussions



were given.
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Fig. 4. Flow stress curves of the as-extruded ZK61 alloy at different temperatures of (a) 523K,
(b) 573K, (c) 623K, (d) 673K. Each curve with various colors corresponds to a fixed strain rate
from 0.001-1s%. The values of flow stress exhibit sensitivity to temperature, strain rate and strain.

The variations of the flow stress curves in Fig. 4 can be understood from the perspective of
microstructural evolution mechanism [26]. The form (i) occurs noticeably at a low temperature and
high strain rate. Meanwhile, the DRX occurs later and is incomplete since some matrix structure
still exists at 523K/0.1s™ (Fig. 5(a)), where many DRX grains nucleate at the original boundaries.
The increase of the strain rate offers DRX more driving energy and greatly facilitates the nucleation
process at 523K/1s, leading to the necklace-type grain distribution and continuous softening of the
flow stress after the peak stress, as shown in Fig. 5(b). In terms of the steady-state flow stress in
form (ii), it can be obtained by a dynamic equilibrium among the WH, DRV and DRX, where the
effects of WH and softening processes of DRV and DRX cancel out, and the dislocation density

remains relatively constant as strain increases.

The form (iii) occurs manifestly at a high temperature and low strain rate. For instance, the



DRX occurs at grain boundaries followed by obvious grain growth at 673K/0.001s (Fig. 5(c)),
where a lot of twins are observed. This is because many original grain boundaries are consumed
during the softening stage, the nucleation sites decrease rapidly and DRX gets slow; the grain
refinement strengthening (GRS) induced by the DRX grains can cause flow hardening, while the
occurrence of twins accommodates the deformation. Also, the intersecting twins appear to segment
and refine the original grains at 673K/0.01s™ (Fig. 5(d)), which not only provides more nucleation
sites but enhance the hardening behaviour. Although the DRX softening still exists when many fine
DRX grains form at grain boundaries as well as twin boundaries, the flow stress continues to
increase due to the GRS. Additionally, the Orowan strengthening (OS) may occur due to the
interaction between dislocations and Mgo.97Zno.03 precipitates as evidenced by XRD analysis (Fig.

3(b)) [31]. These are responsible for the secondary hardening phenomenon at a large strain.

Fig. 5. Optical micrographs of compression samples at different deformation conditions: (a) 523K, 0.1/s,
where the matrix structure and incomplete DRX can be observed. (b) 523K, 1/s, where the uneven grain
distribution exhibits the necklace-type. (c) 673K, 0.001/s, where the DRX grains grow rapidly and twins
occur. (d) 673K, 0.01/s, where the twins interaction increase and grain refinement get obvious.

The flow behaviour of a metallic material which exhibits high strain rate sensitivity is usually
related to the superplasticity [32]. In order to characterize the relationship between the flow stress
(o) of the alloy and strain rate (&) during hot deformation, the strain rate sensitivity index m was

introduced as follows [33]:

o=Kg" 1)
where, K is material constant; the value of m is usually lower than 0.1 for most metallic materials.
For the material in a superplastic state, the m lies in the range of 0.3 ~ 0.9 according to the
Newtonian viscous flow [34]. Hence, high strain rate sensitivity is the most essential criterion of
superplastic deformation. The value of m can be calculated by:

_ log (o, /o)
m log(&,/€,) @

where, o1 and o2 are the flow stresses corresponding to the same strain, & and &, are the

corresponding strain rates of the curves.

The flow stress at the strain of 0.6 under different temperatures and strain rates is shown in



Table 2. Based on the cubic polynomial fitting, the m values of flow stress at the given strain can be
calculated from the curves of In o-1In £ plot (Fig. 6(a)). The variations of m with temperature and
strain rate at a constant strain constitutes the strain rate sensitivity map, as shown in Fig. 6(b). It can
be seen that the m values change obviously as temperature or strain rate increases, which are
remarkably high (m>0.1) at all the given conditions except at the temperature of 523K and strain
rate of 1s™2. And the m value is larger than 0.3 in the temperature range of 560 ~ 600K and at strain
rate of 0.001s?, indicating that the alloy exhibits superplastic behaviour during the isothermal
compression. This is consistent with the superplasticity of Mg-Zn-Zr alloys reported by Malik et al.
[19] and Li et al. [21]. Since the hot workability cannot be completely determined by the shapes of
flow stress curves [35], the constitutive behaviour and evolution of activation energy were

discussed in the following sections.

Table 2 Flow stress of the ZK61 Mg alloy at a strain of 0.6.

i Temperature/K
Strain rate/s
523 573 623 673
0.001 46.8 28.5 19.7 11.2
0.01 65.6 475 329 19.8
0.1 100.9 62.5 48.4 34.8
1 136.0 95.2 69.7 56.8
5.5
(2) Ino=c, +c,In&+c,(In s’)2 +c,(In s')3 (b) = 033
5.0F 0.30 0.31
m=c, +2¢, In £+3c, (In £)’ 0.28
45t 0.25
S 4o 0.23
e 40r 0.20
2 0.17
2357 0.15
0.12
3.0t 0,00
25+ 0.07
20— R

7 6 5 4 3 2 1 0 1
Ing/st
Fig. 6. Calculation and characterization of m value (a) fitting plots of In o-against In £, where the
third-order nonlinear relationship between stress and strain rate under different temperatures was fitted
in logarithmic operation. (b) strain rate sensitivity map at a constant strain of 0.6, where the response
of m value to temperature and strain rate was obtained based on the slopes of cubic spline curves.

3.3. Analysis of constitutive behaviour
3.3.1. Conventional constitutive equations
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The hot deformation of metals and alloys can be treated as a thermally activated process,
while the Arrhenius equation considering the activation energy for deformation is now widely used
to demonstrate the simultaneous effects of both deformation temperature, strain rate on the flow
stress of materials [36, 37]. Their relationship under all level of flow stress can be mathematically
described as follows:

i 1= exp( St
Alsinh(ao)]" = exp( =T (3)

where, A and n are the material parameters, « is the stress multiplier, R is the ideal gas constant
(8.314J/mol*K), and Qa is the activation energy (J/mol). The flow stress under a low-stress level
(00<<0.8) increases as a power function, while that under a high-stress level (aoc>1.2) increases

exponentially [38]. Thus, the Eq. (3) can be further generalized as follows:

n - Qact

or=gexp(=t 4
A P @

P Qac
A, exp(Bo)=¢exp(=%") (5)

RT
where, A1, Az, ni, £ are material parameters. The stress multiplier a can be defined as a=%.

Taking the natural logarithm on both sides of Egs. (4-5), the equations can be derived as follows:

: Q }
Iné=nlIno+|InA —=& 6
W ino { A RT (6)
Iné:ﬂa+[lnAz——Qa“} )

RT

Normally, the peak flow stress data is adopted to calculate the material parameters in
constitutive modelling of metals and alloys [39], and the peak stress o, referring to a dynamic
equilibrium between the hardening influence and the dynamic restoration occurred when the strain

hardening rate 9:2—Z=O[40]. According to Egs. (6-7), the plots of Iné—Ino, and |né—6p

under various temperatures are given, as shown in Fig. 7(a) and (b). The values of n; and f can be
obtained via the mean slopes of the lines, which were calculated as 4.531 and 0.081 MPa?,

respectively. And then the value of « can be obtained as 0.018 MPa™.
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Fig. 7. Fitting plots of (a) Iné against Inoy,, where the n; value can be calculated by the mean
slopes of the lines. (b) Iné against Pp, where the £ value can be calculated by the mean slopes
of the lines. The ratio of ny value to § value was calculated to obtain the o value.

Taking the natural logarithm on both sides of Eq. (3) gives:
 _nInfsi _Qu
In& =nlin[sinh(ao)]+| In A T (8)

Then, the value of Qat can be determined by differentiating Eq. (8) at given temperature and

strain rate, respectively. The corresponding equations are derived as follows:

n:[ oIné } o
oIn[sinh(ac)] !

__ | ém[sinh(ac)]|
Quu =R {Wl =Rns (10)

The relationships of In & -Insinh(aop) and In[sinh(aop)]-1000/T can be plotted on the basis of
the experimental data of flow stress, as shown in Fig. 8(a) and (b), where the mean slopes of these
parallel straight lines can give the approximate values of n and s at specific temperature and strain

rate, respectively. And thus the average Qact value was calculated as 120.11 kJ/mol according to the

Egs. (9-10). Combining the Zener-Holloman parameter (z :éexp(%j) [41] with the Eq. (3), the

following expression can be obtained as follows:
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Fig. 8. Fitting plots of (a) In& against In [sinh(aapﬂ , Where the n value can be calculated by
the mean slopes of the lines; (b) In|sinh(ao)| against T, where the s value can be calculated
by the mean slopes of the lines. The product of n, s and R was calculated to obtain the Qac: value.

Z = Alsinh (aa)]" (11)
Taking the natural logarithm on both sides of Eq. (11) gives:
InZ =In A+nIn[sinh(ac)| (12)

Based on the obtained values of a and Qact above, the relationship between InZ and In[sinh(ao)]
was plotted in Fig. 9, where the slope and intercept of the straight line offers the values of n and InA,
respectively. It can be seen that the calculated stress exponent n=3.137 and material parameter
A=5.621x108. The rate controlling mechanisms during hot deformation of the alloy can be deduced
from the values of Qact and n [42]. The obtained Qact is smaller than the lattice self-diffusion
activation energy of Mg (135 kJ/mol) and the n is within the range of 3 ~ 3.5, which implies that the
hot deformation of the alloy relating to the gliding and climbing of dislocations is gliding-controlled
(i.e., viscous gliding) [43,44]. Thus, the conventional Arrhenius equations used for predicting the

peak flow stress can be obtained which is expressed as follows:
30

25t

S 20t
Q,4,~120.11kJ/mol
15+ 1n7=19.988+3.025In[sinh(ao)]
R>=0.972
10 1 1 L | .
-2 -1 0 1 2 3

ln[sinh(oucp)]
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Fig. 9. Fitting plot of In[sinh(ac)] against InZ, where the n value can be obtained from
the slope of the line and the InA value can be obtained from the intercept of the line.

1 Z %.025 Z %.025
Op= In 5 il —=—=—= +1
0.018 4.795x%10 4.795x10 (13)
) 120110
Z=gexp
RT

The values of material parameters including Qact Obtained in this Section are average values
and independent from deformation parameters due to simplifications. It is worth noting that the
values of n, i.e., the slopes of the Iné&-Insinh(aop) curve at specific temperature, are obviously
different in the isothermal compression test (Fig. 8(a)), and thus n is dependent on the temperature
[14, 15, 18, 19, 22, 23]. Similarly, the value of s, i.e., the slopes of the In[sinh(acp)]- T-4/10° curve
at specific strain rate, varies in the experimental data (Fig. 8(b)), indicating that s is strain rate
dependent [14, 15, 16, 18, 19, 22, 23]. Meanwhile, it is well known that hot deformation of metallic
materials occurs mainly by dislocation motion which is a thermally activated mechanism. The
increase of temperature and applied external stress both can make dislocation move with faster
kinetics, making the deformation easy and the Qact reduced [45]. Therefore, the conventional

constitutive equations cannot adequately describe the hot flow behaviour of the alloy.

3.3.2. Improved constitutive equations

Considering the effects of deformation parameters on flow behaviour, the n was assumed as a
function of temperature and Qait was regarded as a material variable that is dependent on
temperature and strain rate, while the A was supposed as a function of temperature and strain rate.

The Arrhenius-type equation can be thus written as follows:
T,
A(T, &)[sinh(ao)]""=¢ exp(w) (14)
By applying natural logarithm on both sides of Eq. (14) gives:

In& =n(T)In[sinh(ao)]+| In A(T,é)—%} (15)

Consequently, the n(T) values can be calculated from the slopes of Ing‘—ln[sinh(aa)] plots
at a given temperature (Fig.8 (a)), and an excellent polynomial relationship between n and the
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temperature can be obtained by regression fitting, as shown in Fig. 10(a). It is clear that n is not a
material constant, which increases firstly and then decreases with the increase of temperature. This
indicates that n has high temperature sensitivity.

The Q,, (Tg) values can be determined by taking partial derivatives of both sides of Eq. (15)

at a constant strain rate, and corresponding equation can be derived as follows:

oIn[sinh(ao)]

- eiannae 0] g[2mAT.E)] _1[a(T.2)
Q“‘(T"g)‘””{ o) ] {R'[ " ”Lﬂ(wi F{ 2T } T{aw) H (19)

In general, the term P={Rln[sinh(aa)]{6n(T)}+RF'”'A‘(T’°&)}—EFQ(T’E')}} can be

8(J/T) 8(J/T) T 8(J/T)
regarded as zero [46], so the P = 0 in this study and the validity of this assumption will be verified

later. Therefore, the Eq. (16) can be simplified and expressed as follows:

Qu (T.é)= Rn(T)FIn[Sinh(w)w =Rn(T)s (&) (17)

a(L/T)
According to the values of s(¢) calculated from the slopes of In&—In[sinh(ac)] plots at
a constant strain rate (Fig. 8(b)), a good polynomial relationship between s(£) and strain rate can
be obtained by regression fitting, as shown in Fig. 10(b). Substituting the values of n(T) and s(¢) in
Fig. 10 into Eq. (17), and the activation energy of deformation Q,,(T,£) as function of the natural

logarithm of strain rate and temperature can be expressed as follows:

(8) 3.6 . (b) 6.01 5(£)=-30.08+0.11T —8.43x10°T?
33 /-\ R* =0.988 /
: 55+ /
//. ,//
300/ 5.0} /
/ (%] Vs
21/ 45} ~
/n(T)=-30.08+0.11T —8.43x10°T* /
241 R? =0.985 a0l
520 560 600 640 680 -8 % 4 2 0
T/K Iné/s!

Fig. 10. Relationships between (a) n and T, where the n value exhibits obvious dependency on
temperature and the response of n value to temperature is obtained. (b) s and In &, where the s
value exhibits dependency on strain rate and the response of s value to strain rate is obtained.
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Qu (T,€)=-175.97-19.24(In£)~1.70(In £)° +0.62T +0.07T (In£) +

(18)
6.01x107T (In¢)* —4.93x10°T? -5.39x10°T? (In §) - 4.76x10°T?(In £)°

Combining with the Eq. (15), the value of [INA(T,£)-Q,(T,£)/RT] can be calculated using
the intercepts of Iné&—In[sinh(ac)] plots at a constant temperature. Furthermore, the values of

Q. (T,£) can be calculated from Eqg. (18), thus the response of InA(T,¢) to temperature and strain

rate is expected to be similar to that of Q. (T,&). Accordingly, the values of InA at different
temperature and strain rate are shown in Fig. 11, the InA tends to increase as strain rate increase,
while it increases firstly and decreases as temperature increases. To extract a formula for InA(T,¢),
a polynomial fitting is successfully applied between InA and T, with a correlation coefficient of

R?=0.997, and the expression of InA can be described as follows:

29 ¢! Experimental

< o1 LR data

- EEEEE

Fitted surface
data

/ - - =4
Mg 47
O

Fig. 11. Evolution of InA value as a function of T,&, where the InA value exhibits high

dependency on temperature and strain rate, and a 3D polynomial surface fit was used to
parameterize experimental data with R?=0.997.

INA(T, £) = -350.23—34.57(Ing ) — 3.33(In&)° +1.22T +0.13T (Ing) +

(19)
0.01T (Ing)” ~9.86x10"T2 ~1.05x10“T? (In&) ~1.01x10°T 2 (In¢)’

According to the performed calculations above, the peak flow stress of this alloy under
different strain rates and deformation temperatures can be described by the improved Arrhenius

constitutive equations, which can be calculated as follows:
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1 {e exp(Qu (T, £)/RT )Tnm

=_gj h_l
T A(T.£)

a =0.02
n(T)=-30.08+0.11T —8.43x10°T? (20)

Qu (T,6)=-175.97-19.24(In £)~1.70(In £)* +0.62T +0.07T (In &)+
6.01x107°T (In )’ —4.93x107*T2 ~5.39x10°T?(In £) - 4.76x10°T?(In &)’
INA(T , £) = -350.23—-34.57(In¢) - 3.33(Ing )’ +1.22T +0.13T (Iné) +

0.01T (In£)” —9.86x10*T? ~1.05x10"T 2 (Ing ) —1.01x10°T? (In )’

Noticeably, the value of P term in Eq. (16) can be calculated on the basis of Eq. (20) and
compared with the experimental data within the deformation conditions, and the ratios of
obtained values of P to those of Qact are in the ranges of 0.007 ~ 0.0385, which are quite small.

It is therefore acceptable to treat the term P as zero to simplify the calculation of Qact.

3.3.3 Verification of the developed equations

To verify the validity of conventional and improved Arrhenius constitutive equations, the
experimental peak stress and predicted results obtained by two kinds of equations at different
deformation parameters were compared in Fig. 12. It can be observed that the conformity between
the peak stresses predicted by conventional equations and those of experiment is not desirable (Fig.
12(a)). More specifically, the maximum peak stress in experiment reaches 199.3 MPa, while that
obtained by conventional equations is only 178.8 MPa. Meanwhile, a good excellent agreement can
be found between the experimental results and the peak stress values predicted by the improved
constitutive equations, and the predicted maximum peak stress of 193.1 MPa is quite close to the
experimental value (Fig. 12(b)). This indicates that the improved constitutive equations proposed in

this study are more reliable for characterizing the flow behaviour of the alloy.
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Fig. 12. Comparison between the experimental and predicted peak flow stress values:

(a) Conventional constitutive equations, the predicted results of which cannot conform

well with the experimental data points. (b) Improved constitutive equations, by which
the experimental data points can be accurately predicted.

For quantitative characterization of their prediction performance, the correlation coefficient
(R?), root mean square error (RMSE) and average absolute relative error (AARE) are used for
quantitatively characterizing the accuracy of the flow behaviour. The R? is applied for reflecting the
strength of the linear relationship between the experimental and predicted results [47], but a large R?
value may not represent a good performance since the trend of the constitutive modelling can be
affected by larger or smaller R? [11]. Also, the low RMSE and AARE are commonly used to indicate
that the prediction accuracy of the constitutive equations is acceptable.
oo SU(E-E)(R-P)
(Xl -E) X h(r-P)

RMSE= /%i(a -P) (22)
1 N
AARE(%):WZ

(21)

%‘xm% (23)

where, Ei and P; are the experimental and predicted flow stresses at a certain strain, respectively. E
and P are the average experimental and predicted flow stress within the studied conditions. N is
the total number of data points.

The correlation between the experimental and predicted peak stress values can be seen from
Fig. 13 (a) and (b), respectively. The R?>, RMSE and AARE(%) for the conventional constitutive
modelling are 0.967, 8.806MPa and 9.706%. It can be explained by the fact that the variations of
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material parameters under the applied deformation conditions are inevitable and cannot be regarded
as constants. While the R?, RMSE and AARE(%) for the improved constitutive equations are 0.993,
4.172Mpa and 4.686%, respectively. This means that the improved constitutive equations have a
higher prediction accuracy. Meanwhile, new compression tests were conducted under strain rates of
0.001, 0.01, 0.1, 1s* at temperature of 598K to further verify the predictability of the developed
constitutive equations. The experimental data which have not been used to calibrate the equations
were obtained and compared with the predicted peak flow stress, as shown in Fig. 14. Combining
with the Egs. (22) and (23), the RMSE and AARE(%) for the improved constitutive equations are
1.532MPa and 7.778%, while those for the conventional constitutive equations are 7.488MPa and
7.835%. Therefore, the efficiency of the improved constitutive equations proposed in this study is

quite acceptable and it has a better predictability for the flow behaviour.
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Fig. 13. Correlation between the experimental and predicted peak flow stress values:
(a) Conventional constitutive equations, which has large R? but high RMSE and AARE(%),
indicating an undesirable modelling. (b) Improved constitutive equations, which has
larger R? as well as lower RMSE and AARE (%), indicating an excellent modelling.
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Fig. 14. Comparison between experimental and predicted peak stress under strain rates from 0.001
to 1s™ at temperature of 598K, where the deviations between predicted and experimental results for
conventional constitutive equations are largers than those for improved constitutive equations.
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3.4 Evolution of activation energy

3.4.1. Activation energy at the peak strain

It is well known that the activation energy Qact obtained by the kinetic analysis describes the
energy barrier for dislocation motion and indicates the deformation resistance of materials [48]. The
Qactcan be thus used as an indicator for selecting proper deformation parameters and optimizing hot
deformation process [49]. Based on the improved constitutive equations in Eq. (20), the activation
energy map of the alloy at the peak strain under different strain rate and temperature can be
obtained, as shown in Fig. 15. It can be seen that the average Qact vValue under all the deformation
conditions (123.23 kJ/mol) is quite close to that obtained by conventional constitutive equation in
Eq. (13), but the Qact value at the peak strains change greatly with increase of temperatures and
strain rates. The Qact can reach 170.81 kJ/mol at the deformation condition of 623K/1s?, while it
decreases to 86.23 kJ/mol at 523K/0.001s™. This further verifies that Qac is sensitive to the
thermo-mechanical parameters. Also, the experimental data were superposed on the map in Fig.15,
which exhibits a good agreement between the experimental results and those predicted by the

improved constitutive equations.

Qu(kI/Mol)
170
160
151
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; 124
\_1‘ 115
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S
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data point

Fig. 15. Activation energy of the as-extruded ZK61 alloy at the peak strain, where the variations
of Qact value are greatly influenced by the applied thermomechanical factors, like temperature
and strain rate, and the predicted values of Qa.: agree well with experimental data.

According to the concept of activation energy, Malas proposed that the activation energy map
can be established to verify the processing window for hot working, and the region where the Qact
value remains steady can be regarded as the desirable region for safe working [50]. It can be also
observed from Fig. 15 that a plateau of Qact exhibits when the alloy is deformed in the region A with
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high temperature (610 ~ 650K) and low strain rate (0.001-0.02s?), the Qact only varies within a
small range of 115 ~ 124 kJ/mol. The microstructure deformed at 623K/0.001s™ in region A was
given in Fig. 16(a), where the complete DRX is realized and the microstructure with uniform and
equiaxed DRX grains can be observed. This indicates that the alloy under safe region has a good
workability. Meanwhile, the variations of Qact ranging from 79 ~ 170 kJ/mol is remarkable in other
deformation conditions, which could probably correspond to the instability region [25]. For
example, the microstructure in region B with low temperature (523 ~ 573K) and high strain rate
(0.1-1s1) exhibits flow localization (Fig. 16(b)), which tends to be the preferential places for

microcracking and not beneficial for the plastic deformation [51].

Fig. 16. Optical micrographs for the deformed samples at different deformation conditions:
(a) 623K, 0.001/s (safe region), where microstructure associated with the region confirmed
the occurrence of DRX. (b) 573K, 1/s (instability region), where the formation of flow
localisation corresponding to the region can be observed.

3.4.2. Effect of strain rate on activation energy

The flow behaviour of Mg alloys changes remarkably with strains based on the analysis in
Section 3.2. Hence, it is of significance to develop the activation energy maps involving the strain,
strain rate and temperature for materials with high strain sensitivity. A series of Qact values at
different temperatures (523 ~ 673K), strain rates (0.001-1s?) and strains (from 0.1 to 1 with an
interval of 0.1) was obtained using the method in Section 3.3. In addition, the relationship of Qact
and strain can be also polynomial fitted [52,53], and a corresponding constitutive equation of the
alloy with strain compensation was developed based on the flow stress data from the previous work
[54]. The 3D activation energy maps were thus developed on the basis of these values to analyze the
evolution of Qact under different deformation conditions comprehensively.

It is worth noting that the Qact is related to the interaction of potentially mobile dislocations
with other dislocations, solute or precipitates, grain boundaries, or the periodic friction of the lattice
which the rate flow, and the yield strength at a constant rate [55]. The relationship between the

strain rate and density of mobile dislocations p during deformation can be described as follows [56]:
&=Kpbv (24)
where, K is the material constant, b is the Burgers’ vector of dislocation and V is the mean speed of

dislocations motion through a field of obstacles.
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Combining the Eqgs. (17) and (24), it can be known that the Qact is associated with dislocation
density. The evolution of Qact under different strain rates is shown in Fig. 17. It can be seen that the
Qact decreases firstly and increases rapidly with the increase of strain rate, and the minimum value
of Qact tends to occur at the strain rate of 0.01s™. It is because that the dynamic restoration (DRV
and DRX) can be accelerated and even become dominant as strain rates increase, which is helpful to
decrease the dislocation density. Also, the applied external stress as well as the resolved shear stress
can be augmented via the increase of strain rate, resulting in the enhancement of dislocation motion
and reduction of thermal energy for overcoming the energy barrier. Thus the slight decrease of Quact
occurs at strain rates of 0.001-0.01s™. And the dislocation tanglement can be aggravated by a further
increase of strain rates, which increases the energy barrier. Also, increasing strain rate provides little
time for dynamic restoration and makes dislocation motion difficult since the dislocations can be
severely multiplied, and an incremental trend in Qact can be observed from 0.01-1s. Therefore, the

lower strain rates (0.001-0.01s™) are beneficial for the decrease of Qact and the occurrence of DRX.
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Fig. 17. 3D activation energy maps of the as-extruded ZK61 alloy at strain rates of 0.001s™,
0.01s%, 0.1s and 1s%, where the Qac tends to decrease and then increase with increasing
strain rate, and values of Qa¢: under different temperatures and strains at lower strain rate
(0.001-0.01s) are obviously smaller than those under higher strain rate (0.1-1s?).

3.4.3. Effect of temperature on activation energy

The evolution of Qact under different deformation temperatures is shown in Fig. 18. The Quac
initially increases and then decreases rapidly with increasing temperature, and the maximum value
IS prone to appear at the temperature of 623K. This is because the extended dislocation with large
width can hardly extricate from the dislocation net due to the low stacking-fault energy of Mg
alloys [57]. This makes the dislocation slipping and climbing limited and the occurrence of DRV

difficult. Since the DRX can be induced more easily with the increase of temperature, the thermal
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energy required for overcoming energy barrier increases. Accordingly, the Qact tends to increase at

temperatures of 523 ~ 623K accompanying with inadequate dynamic restoration.
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Fig. 18. 3D activation energy maps of the as-extruded ZK61 alloy at temperatures of 523K,
573K, 623K and 673K, where the Qa increases and then decrease as temperature increases.

The peak area of Qac: can be observed at temperature of 623K, and the sensitivity of Qa to
temperature increases with the further increase of temperature at higher temperatures (623 ~ 673K).

As is commonly recognized, the dislocation motion is a thermal activation process where the
atomic activity and dislocation slipping can be promoted under high temperature. The mean speed
of dislocation motion which is influenced by multiple factors can be expressed as follows [42]:

MJ 25)

v =ﬂbvexp(— =

where, f is the dimensionless constant, k is the Boltzmann constant and k =1.3807 X 102J/K, v is

the attempt frequency, and the free energy of activation AG(ss) can be calculated by:

AG(c,)=AF (1-%) (26)
where, AF is the total free energy used for overcoming the obstacle without aid from external stress,
os 1S the yield stress and 7 is the external stress forcing the dislocation through the obstacle without
aid from thermal energy.

According to the Egs. (24-25), the dislocation density can be reduced with the increase of
temperature at a given strain rate. This is consistent with variations of Qact at temperatures of
623-673K in Fig. 18. This is because the level of dynamic restoration can be improved via the

increase of temperature, which is helpful to decrease the dislocation density. And thus the resistance

of dislocation motion can be reduced. The decreasing trend of Qact exhibits with further increase of
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temperature due to the facilitated dislocation motion. Therefore, higher temperatures (623 ~ 673K)

are efficient to reduce the Qact and improve the workability.

3.4.4. Effect of strain on activation energy

The evolution of Qat under different strains is shown in Fig. 19. The Qact increases firstly
before the strain of 0.2 and decreases rapidly with increasing strains. This is because that the energy
barrier increases due to the significant WH at the initial stage where the dislocation density
increases rapidly and dislocation pile-up tends to occur. The dynamic restoration appears and the
stored energy is consumed as strain increases, which accelerated the formation of new grains. Thus,
the deformation becomes easier and the Qact decreases quickly when the strain is higher than 0.2.
The Qact tends to increase slightly again and the minimum value occur at strain of 0.9. It is because
a number of original boundaries are consumed by DRX, and the nucleation sites decrease and the
level of dynamic restoration is thus weakened. The twins are also induced to coordinate
deformation at large strains, but the original grains are segmented and refined because of the twin
intersections, which can enhance the hardening behaviour. Despite of the existed DRX softening,
the dislocation can still be multiplied with the increase of the energy barrier for dislocation motion
due to the influence of GRS and OS. These make the Qact continue to slight increase after the strain
of 0.9. As a consequence, a considerable decrease of Qact can be resulted from the increase of

deformation and the lower Qact can be obtained at a certain level of strain.
Q.ct (kI/mol)

180

0.8 160

0.6
140
0.4

120
0.2

523
573

/lz- ' " 623
s 0 673 TI% 0

Fig. 19. 3D activation energy maps of the as-extruded ZK61 alloy at strains of 0.1-1, where the

Qact initially increases and then decreases quickly as strain increases, while Qa increases slowly
with the further increase of strain. The peak area of Qi can be observed at the strain of 0.2, and
the sensitivity of Qac: to strain tends to increase and then decrease with the increase of strain.
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4. Conclusions

The isothermal compression tests of an as-extruded magnesium alloy ZK61 were carried out
in the temperature range of 523 ~ 673K and strain rate range of 0.001-1s%. The flow characteristics
and workability of this alloy during hot deformation was investigated and characterized by using the
improved constitutive equations and the developed activation energy maps. The main conclusions
can be obtained as follows:

(1) The shapes of flow stress curves after the peak stress vary with increasing strain. These curves
decrease continuously at 523 ~ 573K and 0.1-1s™ owing to flow softening caused by incomplete
DRX, while they initially decrease and gradually increase at 623 ~ 673K and 0.001-0.01s™ due
to secondary hardening resulted from fine DRX grains, intersecting twins and precipitates. The
calculated strain rate sensitivity values indicate that the alloy exhibits superplasticity in the
temperature range of 560 ~ 600K and at strain rate of 0.001s™.

(2) Considering the effects of thermo-mechanical parameters on the flow behaviour, the improved
Arrhenius constitutive equations were presented, which treat material parameters A, n and Qact
as functions of temperature and strain rate. The peak flow stress of this alloy can be better
predicted by the improved Arrhenius constitutive equations, compared with conventional ones at
temperatures between 523 ~ 673K and strain rates within 0.001-1s.

(3) The activation energy map at the peak strain, which describes the correlation of Qact values,
temperature and strain rate, was constructed on the basis of the improved constitutive equations.
Combining with microstructural observations, the safe region where the Qact varies in a quite
small range of 115 ~ 124 kJ/mol tends to occur in the low strain rate and high temperature,
which is conducive to the occurrence of DRX and plastic deformation.

(4) The evolution of Qact values is highly sensitive to strain as well as temperature and strain rate,
revealing that workability of the alloy can be changed with deformation parameters. According
to the constructed 3D activation energy maps, this alloy shows lower Qact at the strain rates
ranging from 0.001-0.01s™, temperatures ranging from 623 ~ 673K and a certain level strain of

0.9, which can be considered as the optimal hot processing window.
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