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Abstract: This study investigated the thermal compression deformability of the low-alloyed Mg-Zn-

Y-Zr magnesium alloy temperatures ranging from 300 to 450 °C, and strain rates between 0.01 s−1 

and 1 s−1. A hot processing map was established using a novel constitutive model. The results 

demonstrate that the flow stress of the low-alloyed Mg-Zn-Y-Zr alloy is markedly affected by the 

deformation temperature and strain rate, predominantly manifesting characteristics of work hard-

ening (WH) and dynamic recrystallization-induced softening. The high-temperature rheological be-

havior of the alloy is accurately portrayed with a constitutive model, with an activation energy 

measured at 287 kJ/mol. The mechanism of dynamic recrystallization (DRX) gradually shifts from 

twinning dynamic recrystallization (TDRX) to continuous dynamic recrystallization (CDRX) and 

discontinuous dynamic recrystallization (DDRX). At 400 °C, as the strain rate decreases, the I-phase 

in the microstructure gradually transforms into the W-phase, weakening the inhibitory effect on 

DRX grain growth. 

Keywords: Mg-Zn-Y-Zr alloy; hot deformation behavior; constitutive equation; phase transfor-

mation; dynamic recrystallization 

 

1. Introduction 

With an elastic modulus similar to human tissue, excellent biodegradability, and bi-

ocompatibility, magnesium alloys are considered to hold significant promise for biomed-

ical applications [1–3]. In recent years, high-strength Mg-Zn-Y-Zr (ZWK) alloys have been 

developed utilizing the age-hardening effect of the Zn element and the strengthening ef-

fect of the quasicrystalline phase (I-Mg3Zn6Y). It has gradually gained widespread atten-

tion in the medical field, such as through hemostatic clips, suturing needles, and cardio-

vascular stents [4–6]. 

Rare-earth elements are one of the important additives in magnesium alloys. The ad-

dition of the rare-earth element Y significantly improves its mechanical properties and 

biocompatibility at room temperature and high temperature. Research on Y-containing 

magnesium alloys has shown that their yield strength can reach up to 400 MPa [7,8]. Cur-

rently, most ZWK alloys use high contents of Zn and Y elements. However, a high content 

of Zn leads to increasing the alloy’s susceptibility to hot cracking and poor processability, 

becoming a major bottleneck in its application. At the same time, the high content of rare-

earth element Y significantly increases the cost of the alloy. On the other hand, low alloy-

ing can effectively weaken the texture of magnesium alloys and hinder grain growth, 
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thereby improving their formability. Therefore, the development of low-alloyed ZWK 

magnesium alloys with good processability has become a new research focus [9,10]. 

There are three equilibrium phases in Mg-Zn-Y magnesium alloys, namely Mg3Zn6Y 

(I-phase), Mg3Zn3Y2 (W-phase), and Mg12ZnY (long-period stacking order, LPSO-Z 

phase). The alloy’s phase composition changes as the Y/Zn atomic ratio increases, transi-

tioning from α-Mg + I, α-Mg + I + W, α-Mg + W, α-Mg + W + Z to α-Mg + Z [11]. Quasi-

crystal I-phase is the main reinforcement phase in Mg-Zn-Y alloys. It has a strong pinning 

effect on the grain boundary, which inhibits grain growth and refines grain size, thus im-

proving the mechanical properties of the alloy [12]. 

The W-phase will form preferentially at the grain boundary and is incoherent with 

the matrix, resulting in weak interface bonding and thus reducing the plasticity and other 

mechanical properties of the alloy [13]. As a new effective strengthening phase, the LPSO 

phase has the functions of grain refinement, coordinated deformation, and dispersion 

strengthening. The continuous network block LPSO phase often causes the alloy plasticity 

to decrease, while the dispersed lamellar LPSO phase can effectively improve the strength 

and plasticity of the alloy [14]. However, the addition of high concentrations of alloying 

elements leads to the formation of more secondary phases in the magnesium alloy. These 

secondary phases tend to cause stress concentration during deformation, which can result 

in crack initiation and propagation, ultimately leading to alloy fracture. As a result, it is 

difficult for traditional high-alloyed magnesium alloys to achieve a balance between high 

strength and excellent plasticity [15,16]. In contrast, low-alloyed ZWK magnesium alloys 

can significantly reduce the formation and precipitation of secondary phases, which helps 

improve the processing performance of the magnesium alloy [16–18]. 

Because of the HCP structure and low stacking fault energy of magnesium alloys, the 

deformation of components at low temperatures poses significant challenges. At elevated 

temperatures, magnesium alloys can obtain additional slip systems, thereby significantly 

improving their processability [19,20]. During thermoplastic processing, Mg-Zn-Y-Zr al-

loys undergo complex processes such as WH, dynamic recovery (DRV), and DRX [21–25]. 

The hot deformation behavior and microstructure evolution are affected by many factors, 

such as deformation degree, deformation temperature, and strain rate. Previous studies 

have found that the precipitate phases in ZWK alloys change under different extrusion 

temperatures [26,27]. 

Additionally, the precipitate phases in ZWK alloys can influence the orientation of 

recrystallized grains by either inhibiting or inducing recrystallization nucleation and 

growth. The formation of precipitate phases has a profound impact on the alloy’s perfor-

mance [28,29]. Xu et al. [30] studied the low-speed extrusion of Mg-Zn-Y-Zr at different 

temperatures. The microstructure of the extruded alloy was composed of fine DRX recrys-

tallized grains and long non-DRX grains. The study found that the broken W-phase after 

extrusion promoted the occurrence of DRX. At the same time, with the decrease in extru-

sion temperature, the average size and volume fraction of DRX grains decreased. The ex-

truded alloy had excellent mechanical properties at 300 °C, with a tensile strength, yield 

strength, and elongation of 347.1MPa, 329.3MPa, and 12.8%, respectively. At the same 

time, Zhang et al. [31] found that DRX at the α-Mg/18R-LPSO phase interface belongs to 

the DDRX mechanism, and DRX at the a-Mg/14H-LPSO interface belongs to the CDRX 

mechanism through the backward extrusion of the Mg-Zn-Y-Zr alloy. With the increase 

in strain, high-density dislocations are easily generated at the a-Mg/18R-LPSO interface, 

which promotes the occurrence of DDRX. With the increase in strain, the kink angle of the 

14H-LPSO layer gradually increases, which promotes the nucleation of CDRX grains at 

the boundary of the kink band. Therefore, it is necessary to investigate the effects of de-

formation conditions on the microstructure evolution and the flow behavior during the 

hot working process of the low-alloyed Mg-Zn-Y-Zr alloy. 

In this paper, the low-alloyed ZWK alloy was selected, and an examination was con-

ducted on its thermal deformation characteristics using hot compression trials within the 

temperature range of 300 to 450 °C and strain rates varying from 0.01 to 1 s⁻1. The effects 
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of the temperature and strain rate on the microstructure and DRX behavior of this alloy 

were investigated by optical microscopy (OM), transmission electron microscopy (TEM), 

and electron backscatter diffraction (EBSD) techniques. Through the utilization of an Ar-

rhenius equation and Zener–Hollomon parameters, a constitutive equation was formu-

lated. 

2. Materials and Methods 

2.1. Materials Preparation 

Alloy ingots of Mg-3Zn-0.5Y-0.5Zr (ZW305K) were prepared in an electric resistance 

furnace with lumpy pure Mg (99.5 wt.%), pure Zn (99.5 wt.%), Mg-Y (25 wt.%) master 

alloy, and Mg-Zr (30 wt.%) master alloy. The mixed protective gas (1 vol.% SF6 + 99 vol.% 

CO2) needed to be introduced during the smelting process to prevent combustion. The 

chemical composition of ZW305K used in the test measured by ICP-AES (7300DV, Perki-

nElmer, MA, USA) is shown in Table 1. At 480 °C, the ZW305K ingots underwent solid 

solution treatment for a duration of 10 h, followed by a water-cooling process. 

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

Element Mg Zn Y Zr Fe 

Content Bal 2.80 0.32 0.65 0.0081 

2.2. Thermal Compression Test 

With the use of athermal simulation test machine (Gleeble-3800,DSI, NY, USA), a 

thermal compression test was conducted. After undergoing a solution treatment, the 

ZW305K magnesium alloy was transformed through wire cutting into a cylindrical sam-

ple measuring Ø8 × 12 mm. Before the experiment, the surface of the specimen was pol-

ished clean with sandpaper, and then a heating resistance wire was welded onto the cy-

lindrical surface of the specimen. To reduce some uneven deformations of the sample 

caused by friction factors and the occurrence of severe deformation, graphite lubricant 

was evenly applied at the contact position between the indenter and both ends of the sam-

ple before the experiment to reduce friction. Finally, the sample was installed on the ther-

mal simulation testing machine device, and the resistance wire was connected. Thermal 

compression deformations were performed at temperatures of 300 °C, 350 °C, 400 °C, and 

450 °C, with strain rates of 0.01 s−1, 0.1 s⁻1, and 1 s⁻1. The strain was set at 0.5. Prior to 

compression, the sample was heated at a rate of 10 °C/s. Upon reaching the compression 

temperature, a 3 min warm-holding period was conducted. Immediate water quenching 

was performed post thermal deformation to maintain the microstructure. The thermal 

compression process illustration can be referred to in Figure 1. 

 

Figure 1. Schematic of hot compression process. 
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2.3. Characterization 

The microstructures of the as-cast and solution-treated samples were observed using 

an optical microscope (OM, Leica Dmi-8, Wetzlar, Germany) and a scanning electron mi-

croscope (SEM, Quanta 450, FEI, Hillsboro, OR, USA). The samples were mechanically 

polished using #240 to #7000 SiC sandpaper and a diamond polishing agent with a particle 

size of 0.25 μm. Subsequently, they were etched for 40 s using an etchant composed of 

29.4 g of picric acid, 41 mL of distilled water, 50 mL of acetic acid, and 350 mL of anhy-

drous ethanol. X-ray diffraction patterns were obtained from the polished specimen sur-

faces at room temperature using an X-ray diffractometer (XRD, D8 Advance, Bruker, 

Karlsruhe, Germany) with Cu Kα radiation, operating at 40 kV and 40 mA, a scanning 

speed of 2°/min, and a scanning range of 20–90 °C. 

For electron backscatter diffraction (EBSD), the samples were electrolytically pol-

ished at room temperature using a solution of 60% methanol, 30% n-butanol, and 10% 

perchloric acid. After polishing, the samples were rinsed with anhydrous ethanol. The 

polishing process was carried out at a current of 0.05 A and a voltage of 15 V for 90 s. The 

polished samples were analyzed using a SEM (Nova NanoSEM 450, FEI, Hillsboro, OR, 

USA) equipped with a fast EBSD detector (NordlysMax3, Oxford Instruments, Oxford, 

UK). The acceleration voltage was set to 20 kV, the sample tilt angle to 70°, and the scan-

ning step size to 0.5 μm. 

The alloy’s second phase and micromorphology were analyzed using a high-resolu-

tion transmission electron microscope (TEM, TECHAIG2S-TWIN, FEI, Hillsboro, OR, 

USA) equipped with an energy-dispersive X-ray spectroscopy detector (EDS, Super-X, 

FEI, Hillsboro, OR, USA). TEM samples were prepared by polishing and ion milling. 

Coarse grinding was performed using 400#–3000# sandpaper to reduce the thickness to 1 

mm, followed by fine grinding with 5000#–7000# sandpaper to achieve a thickness of ap-

proximately 50 μm while ensuring uniform pressure to prevent warping. Finally, the sam-

ples were punched into three circular disks, each 3 mm in diameter, and further thinned 

using an ion milling instrument, completing the preparation process. 

3. Results and Discussion 

3.1. Microstructure of Initial State 

The microstructures of the as-cast and solid solution states are shown in Figure 2. It 

can be observed from Figure 2a,c that the grains of the as-cast alloy are equiaxed, with an 

uneven size distribution. This structure mainly consists of an α-Mg matrix, with a second-

ary phase dispersed intermittently around the grain boundaries, accompanied by Zr cores 

that are heterogeneously nucleated within the matrix. After solid solution treatment, there 

is minimal change in the morphology of the alloy structure, which remains equiaxed 

grains. However, the grain size becomes more uniform, and the continuous network-like 

second phase along grain boundaries has decomposed into fine particle phases. From Fig-

ure 2b,d, we can see that after solution treatment at 480 °C, rose-like patches appear within 

the matrix, which are the Zn-Zr phases precipitated from the matrix [32]. XRD analysis 

reveals that the microstructure of the alloy, both as-cast and in solid solution, primarily 

consists of an α-Mg matrix and the I-phase, with the I-phase serving as an intermediary 

phase, as depicted in Figure 2e. 
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Figure 2. Microstructures and XRD patterns of ZW305K magnesium alloy: (a,c) as-cast; (b,d) T4 

state; (e) XRD. 

3.2. True Stress–Strain Curves 

Stress–strain data for the ZW305K alloy are depicted in Figure 3. As shown in Figure 

3a, the true stress–true strain curve of the ZW305K magnesium alloy at 300 °C and a strain 

rate of 0.01 s⁻1 illustrates DRX behavior. Initially, WH is primarily observed, causing a 

continuous rise in flow stress as deformation progresses. This is attributed to the accumu-

lation and entanglement of dislocations inside the crystal, which hinders dislocation mo-

tion, resulting in a gradual increase in work hardening, far exceeding the softening effect, 

and causing rapid stress rise [33]. As strain increases, the dislocation density gradually 

rises. Upon reaching a certain level of compression, the energy necessary for DRX is at-

tained and the alloy undergoes dynamic recovery (DRV). During DRV, the consumption 

of dislocations begins, leading to a gradual slowdown in the rate of stress increase. When 

the effects of DRV and DRX counterbalance the WH effect, the flow stress peaks and then 

stabilizes. When softening greatly exceeds WH, the flow stress decreases rapidly, showing 

a distinct DRX-type curve [34–36]. 

Figure 3 displays noticeable impacts of the deformation temperature and strain rate 

on the material’s flow characteristics. Lowering the deformation temperature and raising 

the strain rate results in higher peak stress levels for the ZW305K magnesium alloy. At a 

constant temperature, the flow stress increases markedly with rising strain rates. Specifi-

cally, with the increase in strain rate from 0.01 to 1 s−1, the peak stress gradually rises. This 

is attributed to the fact that the rise in strain rate results in the accumulation of numerous 

dislocations in the material. These dislocations are unable to move promptly and eventu-

ally become tangled, thereby hindering the dislocation movement. This boosts the WH 

effect, resulting in increased flow stress. Meanwhile, at a consistent strain rate, the flow 

stress diminishes as temperature rises. This appearance occurs due to the rise in defor-

mation temperature, which boosts the efficiency of atomic diffusion, augments the quan-

tity of active slip systems, hastens the movement of dislocations, and intensifies the im-

pacts of DRV and DRX, ultimately resulting in heightened softening [37]. 
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Figure 3. True stress–strain curves of ZW305K at various temperatures with different strain rates: 

(a) 0.01 s−1; (b) 0.1 s−1; (c) 1 s−1. 

3.3. Constitutive Strain-Dependent Equation 

At elevated temperatures, the ZW305K alloy exhibits high sensitivity to stress, show-

ing complex nonlinear flow behavior, especially under high deformation temperatures 

and strain rates. The modified Arrhenius equation replaces the simple stress exponent 

with a hyperbolic sine term, making it more suitable for describing this nonlinearity under 

high-stress conditions and thus enhancing the predictive accuracy. Equation (1) illustrates 

this relationship [38]: 

𝜀̇ = 𝐴 [sinh(𝛼𝜎)]𝑛 exp  [-Q/RT]] (1) 

In Equations (1)–(3), 𝜀̇ is the strain rate, unit s−1; σ is flow stress, unit MPa; R is the 

gas constant: 8.314 kJ//mol; T is the deformation temperature; Q is the thermal defor-

mation activation energy; and A, α, β, n, and n1 are all material constants, where α = β/n1; 

There are different functional relationships under different high- and low-stress con-

ditions. The σ and 𝜀̇ under different conditions follow different functional relationships, 

respectively [39]: 

Under low-stress conditions, the exponential model is used as shown in Equation (2): 

𝜀̇ = 𝐴1𝜎𝑛1              ασ < 0.8                     (2) 

Under high-stress conditions, the power exponential model is used as shown in 

Equation (3): 

𝜀̇ = 𝐴2 exp(𝛽𝜎)          0.8 < ασ < 1.2                 (3) 

By applying the natural logarithm to the aforementioned three equations, we obtain 

Equation (4): 

In𝜀̇ = lnA + nln[sinh(𝛼𝜎)] −  Q/RT (4) 

ln𝜀̇ = 𝑛1ln𝜎 + ln𝐴1 (5) 
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ln𝜀̇ = 𝛽𝜎 + ln𝐴2  (6) 

From Equations (5) and (6), it can be seen that ln𝜀̇ and σ are linearly related. Take the 

peak flow stress σ of the alloy material under different deformation temperatures and 

strain rates, draw the ln𝜀̇ − lnσ and ln𝜀̇ -σ diagrams, and perform a linear regression on 

them. After fitting, as shown in Figure 4, the average slope of the two low-stress straight 

lines in Figure 4a is n1 = 6.625. In taking the average value of the slope of the two high-

stress straight lines in Figure 4b, where β = 0.1135, it can be determined that α = β/n1 = 

0.0147. 

 

Figure 4. Linear relationship fitting: (a) ln𝜎 − ln𝜀̇; (b) 𝜎 − ln𝜀̇. 

The expression of the deformation activation energy Q can be obtained by taking the 

partial derivatives of 1/T on both sides of Equation (4) at the same time. 

𝑄 = 𝑅 {
∂ln𝜀̇

∂ln [sin (𝛼𝜎)]
}

𝑇

{
∂ln [sin (ασ)]

∂(1/T)
}

�̇�

 (7) 

𝑛 = {
∂ln𝜀̇

∂ln [sin (ασ)]
}

T

 (8) 

𝑏 = {
𝜕𝑙𝑛 [sin (𝛼𝜎)]

𝜕(1/𝑇)
}

�̇�

 (9) 

Similarly, take the peak flow stress σ under various conditions, drawing the relation-

ship diagram of ln [sinh(ασ)] − 1/T, ln𝜀̇ −ln [sinh(ασ)] and perform a univariate linear re-

gression analysis, as shown in Figure 5. From the slope of the straight lines 

ln𝜀̇ −ln[sinh(ασ)] in Figure 5, the stress index n value at different strain rates and the ma-

terial constant b at different deformation temperatures can be determined and averaged, 

where n is 6.625 and b is 5.223. Through substituting these averages into Equation (7), the 

deformation activation energy Q is obtained as 287.7 kJ/mol. Due to the inclusion of the 

rare-earth element Y in the ZW305K alloy and the presence of a precipitated second phase, 

the alloy elements and the second phase are pinned and obstructed during deformation, 

resulting in higher activation energy. 
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Figure 5. Linear relationship fitting: (a) ln 𝜀̇−ln[sinh(ασ)]; (b) ln[sinh(ασ)]-1/T. 

Zener and Hollomon introduced the parameter Z representation by verifying the in-

fluence of the strain rate and deformation temperature on flow stress during the plastic 

deformation of materials at high temperatures: 

𝑍 = ε̇ exp(
𝑄

𝑅𝑇
) = 𝐴[sinh(𝛼𝜎)]𝑛 (10) 

Taking the logarithm of both sides of Equation (10), we can obtain 

ln Z = ln𝐴 + 𝑛ln[sinh(𝛼𝜎)] (11) 

The Z value can be obtained by bringing in different deformation parameters and 

thermal deformation activation energy through Equation (10). A linear regression analysis 

was performed on the relationship between lnZ and ln [sinh(ασ)], as illustrated in Figure 

6. Through fitting the slope of the line, the stress exponent n is determined to be 6.79, and 

the material constant A is obtained as 1.42 × 1020 from the intercept of the line. It can be 

seen from Figure 6 that the fitting coefficient reaches 98.8%, indicating that the hyperbolic 

sine constitutive equation accurately predicts the deformation behavior of ZW305K. 

 

Figure 6. Relationship between ln Z and ln (sinh(𝛼𝜎)). 

In substituting the material constants A, Q, n, and α into Equation (1), the flow stress 

equation of the alloy expressed by the Amhenius relation can be obtained as shown in 

Equation (12): 

𝜀̇ = 1.42 × 1020[sinh( 0.0147𝜎)]6.79 exp( −
287,703

𝑅𝑇
)  (12) 
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3.4. Thermal Processing Maps 

A thermal processing diagram can effectively assess the performance of alloys during 

the processing. A technique developed by Prasad et al. utilizing the dynamic material 

model (DMM) constructs a thermal processing map through the superimposition of the 

power dissipation map and instability map [40]. It is widely used in the design and opti-

mization of material processing processes to avoid the occurrence of unstable regions dur-

ing the process of selecting appropriate processing conditions and optimizing processing 

parameters, thereby achieving the required microstructure and performance goals. This 

study used DMM processing diagrams to investigate the hot working properties of the 

ZW305K alloy. 

During thermal plastic processing, the workpiece consumes energy in two directions: 

firstly, energy stored within the material due to the plastic deformation of the workpiece, 

represented by dissipation quantity G; secondly, energy dissipated due to the change in 

microstructure during deformation and processing. It is also called the dissipative co-var-

iant and is represented by J; the expression is Equation (13). 

𝑃 = 𝜎𝜀̇ = 𝐺 + 𝐽 = ∫ 𝜎𝑑𝜀̇ + ∫ 𝜀̇𝑑𝜎
𝜎

0

�̇�

0

 (13) 

The ratio of power dissipation quantity G to power dissipation corollary J is deter-

mined using the material’s strain rate sensitivity index, denoted by m: 

m =
∂J

∂G
=

𝜀̇ ∂σ

σ ∂𝜀̇
=

∂ ln σ

∂ ln 𝜀̇
 (14) 

When the deformation conditions are constant, the flow stress of material defor-

mation can be represented by the strain rate: 

𝜎 = 𝐾𝜀̇𝑚 (15) 

In the equation, K is the material constant. Substituting Equation (15) into Equation 

(13), we can obtain Equation (16): 

𝐽 = ∫ 𝜀̇
𝜎

0

𝑑𝜎 =
𝑚

𝑚 + 1
𝜎𝜀̇ (16) 

Generally speaking, energy dissipation changes nonlinearly during thermal pro-

cessing. When m = 0, no energy is consumed; when m is between 0 and 1, the material is 

in a stable state; when m = 1, the energy dissipation of the material achieves an ideal state, 

and the maximum power dissipation of the material is Jmax, as shown in Equation (17): 

𝐽𝑀𝐴𝑋 =
ε̇σ

2
 (17) 

Since there is energy dissipation in material deformation, the power dissipation fac-

tor η is introduced. It represents the ratio of the energy J consumed by the microstructure 

during material deformation to the maximum dissipated energy Jmax: 

𝜂 =
𝐽

𝐽𝑚𝑎𝑥
=

2𝑚

𝑚 + 1
 (18) 

The efficiency map of power dissipation was obtained by calculating the variation in 

power dissipation efficiency with the temperature and strain rate. The efficiency map of 

power dissipation exhibits domains in which the efficiency shows a local maximum cor-

responding to each of the microstructural mechanisms. 

Instability phenomena such as strain failure may also occur in materials during pro-

cessing. The instability map is developed based on the extremum principles of irreversible 

thermodynamics applied for a large plastic flow body. Based on the dynamic material 

model, it is also necessary to determine the instability area through the instability criterion 

proposed by Prasad [40]: 
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ξ(𝜀̇) =
∂ln (

𝑚
𝑚 + 1

)

∂lnε̇
+ 𝑚 < 0 (19) 

The processing instability of the material is influenced by temperature and strain rate. 

When ξ (𝜀̇) is less than 0, the material will become unstable during plastic deformation 

processing, leading to defects and other phenomena. 
Figure 7a illustrates the power dissipation diagram of the ZW305K magnesium alloy 

plotted under 0.5 strain. The contour lines in the figure represent the dissipation factor, 

highlighting the distinct influence of temperature and strain rate on this coefficient [41]. 

At 300 °C and 350 °C, the power dissipation coefficient is relatively low and diminishes 

gradually with an increasing strain rate. Above 350 °C, however, the coefficient exceeds 

30%, and DRX begins to occur inside the material. As temperature rises and the strain rate 

decreases, dislocations are progressively consumed, promoting the formation of DRX. The 

power dissipation coefficient gradually increases. The power dissipation coefficient is 

larger at 400 °C, 0.01 s−1 and 450 °C, 0.1 s−1, so the degree of recrystallization is higher in 

this region. The larger the dissipation coefficient, the higher the proportion of microstruc-

ture dissipated energy, thereby increasing the possibility of DRX, which helps to promote 

the deformation process of the material and provides more favorable conditions for plastic 

deformation. However, at high temperatures and high strain rates such as 450 °C and 0.01 

s−1, the power dissipation coefficient decreases, the degree of recrystallization in the struc-

ture is relatively sufficient, and the fine grains gradually grow into equiaxed grains, which 

is not suitable for hot deformation processing [41,42]. The darker the color in the instabil-

ity diagram, the more likely it is that instability will occur. Figure 7b shows the ZW305K 

alloy suffering from instability at a low temperature and high strain rate (300 °C, 1 s−1). 

Due to the lower temperature, the magnesium alloy material has limited activated slip 

systems and reduced plasticity. Higher strain rates accelerate dislocation accumulation at 

grain boundaries, which leads to rheological instability in the material. 

 

Figure 7. Power dissipation diagram (a) and flow instability diagram (b) of ZW305K magnesium 

alloy at 0.5 strain. 

Figure 8 is a thermal processing diagram, where red region I denotes the instability 

area, whereas region II, highlighted in green, indicates where DRX occurs. At high tem-

peratures, a higher degree of DRX is typically achieved, and the power dissipation coeffi-

cient is increased, which is beneficial for deformation processing. However, a lower strain 

rate promotes the growth of recrystallized grains, which inhibits the nucleation of recrys-

tallization and results in a decrease in the power dissipation coefficient. Therefore, increas-

ing the strain rate or lowering the temperature can help form fine recrystallized grains 

and improve the mechanical properties of the material. 
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Figure 8. Processing map of ZW305K magnesium alloy at 0.5 strain. 

3.5. Microstructure Evolution 

3.5.1. Degree of Deformation 

Figure 9 depicts the true stress–strain relationship of the ZW305K alloy under 1 s−1 

and 400 °C, and a strain value of 0.9. Following the yielding of the ZW305K magnesium 

alloy, there is a swift increase in stress. As the strain surpasses 0.2, the rate of stress aug-

mentation decreases with escalating deformation. Upon reaching a strain of 0.5, the rate 

of stress rise decelerates, eventually leveling off as the strain nears 0.9. 

 

Figure 9. The true stress–strain curve with a strain rate of 1 s−1, a deformation temperature of 400 

°C, and a strain of 0.9. 

Figure 10 shows the metallographic microstructure at 400 °C and 1 s−1, and the strains 

are 0.2, 0.5, and 0.9, respectively. When the strain is 0.2, the deformation of the alloy is 

small, and the grains in the structure are still equiaxed, but there are some twins. When 

the strain rises to 0.5, the original grains are compacted due to compressive forces. How-

ever, the outlines of the grain boundaries remain distinct. Numerous twin structures are 

formed within the grains, and recrystallized grains are initiated along the twin bounda-

ries. Once the strain hits 0.9, the grains undergo compression into flat shapes, and evident 

streamlines of compression can be observed within the structure, along with numerous 

small, recrystallized grains emerging at the boundaries of the grains. This observation 

showcases that with the rise in deformation intensity, the structure experiences significant 

distortion, leading to heightened dislocation density at the grain boundaries, subse-

quently elevating the rate of recrystallization nucleation. 
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Figure 10. The microstructure of ZW305K magnesium alloy at different strains with a strain rate of 

1 s⁻1 and a deformation temperature of 400 °C: (a) ε = 0.2; (b) ε = 0.5; (c) ε = 0.9. 

3.5.2. Deformation Temperature 

At a strain rate of 1 s−1, the EBSD findings for the ZW305K alloy at 350 °C and 400 °C 

can be observed in Figure 11. When the deformation temperature is 350 °C and the strain 

rate is 1 s⁻1, a large number of elongated deformed grains can be observed in the micro-

structure in Figure 11a,b compared to the original structure. There are many twin struc-

tures inside, and a minimal amount of fine DRX grains appear near the grain boundaries 

of some elongated grains. The difference in lattice orientation between dynamic recrystal-

lized grains and original grains after thermal deformation is obvious. When the tempera-

ture reaches 400 °C, the rate of atomic diffusion escalates, resulting in decreased twinning 

and the start of dislocation mechanisms. Elongated deformed grains are gradually substi-

tuted by coarse DRX grains, while many fine DRX grains emerge in proximity to the grain 

boundaries. As the deformation temperature rises, the energy needed for atomic diffusion 

and migration along grain boundaries also increases, facilitating the formation of DRX 

grains. Consequently, the average grain size shifts from 1.54 μm to 0.77 μm, as illustrated 

in the grain size distribution chart depicted in Figure 11c,g. 

 



Metals 2024, 14, 1332 13 of 22 
 

 

Figure 11. EBSD results of ZW305K magnesium alloy at 350 °C (a–d) and 400° C (e–h) with strain 

rate of 1 s⁻1: (a,e) IPF maps; (b,f) grain boundary images; (c,g) grain size distribution diagrams; (d,h) 

orientation difference angle distribution diagrams. 

From Figure 11b,f, we can see that in the grain boundary diagram, different colors 

represent grain boundaries with different angles, the thick blue lines represent high-angle 

grain boundaries (HAGBs) from 15° to 180°, the green line represents low-angle grain 

boundaries (LAGBs) ranging from 5° to 15°, and 1° to 5° corresponds to a very low-angle 

grain boundary (VLAGBs). As the temperature increases, dislocations gradually form 

sub-grains through movement and reorganization, and the sub-grains rotate, causing the 

LAGBs to gradually transform into HAGBs. The percentage of LAGBs decreases from 

0.079 to 0.052, while the proportion of HAGBs increases slightly. This is because TDRX 

mainly occurs at 350 °C. The HAGBs in the structure are mainly distributed around the 

twin boundaries. Twin interactions serve to impede the motion of dislocations, leading to 

entanglement and intersection among dislocations. This process promotes the formation 

of recrystallized grains at twin boundaries, leading to the development of smaller recrys-

tallized grains and a rise in the abundance of HAGBs. With rising temperatures, the 

twinned areas reduce gradually, and the prevalence of HAGBs shifts toward the initial 

grain boundaries, resulting in the generation of numerous smaller recrystallized grains. 

3.5.3. Strain Rate 

Figure 12 displays EBSD mappings of the ZW305K magnesium alloy that underwent 

deformation at 400 °C with strain rates of 0.01 s−1 and 0.1 s−1. The structure of the material 

reveals different levels of recrystallized grains formed at 400 °C. At 0.1 s−1, there is a nota-

ble presence of numerous small, recrystallized grains surrounding the boundaries of the 

original grains. At 0.01 s⁻1, the crystal grain size has grown noticeably. Additionally, the 

grain size distribution diagram shows that the average grain size at this strain rate is 2.55 

μm. In contrast, when the strain rate is increased to 0.1 s⁻1, the average grain size decreases 

to 1.53 μm. These findings suggest that decreasing the strain rate results in a decrease in 

the number of grains ranging from approximately 1 to 10 μm, while the proportion of 

grains around 10 μm in size increases. 

Upon comparison, it was observed that as the strain rate decreases, the size of DRX 

grains increases gradually. This phenomenon is because a lower deformation rate results 

in an extended period of grain deformation. Additionally, at a temperature of 400 °C, the 

increase in atomic diffusion leads to the accelerated migration of grain boundaries, pro-

moting grain growth. Grain growth can more fully consume the accumulated disloca-

tions, so the recrystallization volume fraction gradually increases. At higher strain rates, 

the alloy does not have sufficient time for DRX, which inhibits the growth of recrystallized 

grains. Consequently, more sub-grains begin to transform into recrystallized grains, form-

ing smaller recrystallized grains under the effect of thermal deformation. This is also why 

there are more fine recrystallized particles at a strain rate of 1 s⁻1 compared to 0.1 s⁻1. 
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Figure 12. EBSD results of ZW305K magnesium alloy at 400 °C with strain rates of 0.01 s⁻1 (a–d) and 

0.1 s⁻1 (e–h): (a,e) IPF maps; (b,f) grain boundary images; (c,g) grain size distribution diagrams; (d,h) 

orientation difference angle distribution diagrams. 

At different strain rates, Figure 12b–f depict grain boundary maps and plots showing 

orientation deviation angles. At 400 °C, the number of slip systems in the alloy that can 

participate in slip gradually increases, and the movement of dislocations proceeds more 

easily, thereby promoting the occurrence of DRX. As the strain rate increases from 0.01 s−1 

to 0.1 s−1, the percentage of HAGBs increases from 23.6% to 26.3%. This increase in strain 

rate accelerates the proliferation and movement of dislocations, thereby rapidly accumu-

lating the energy necessary for recrystallization within a short period. As LAGBs gradu-

ally absorb energy and transform into HAGBs, they promote the nucleation of recrystal-

lized grains. However, the recrystallized grains do not have sufficient time to grow, so the 

number of recrystallized grains increases with the increase in strain rate. The average 

grain size gradually decreases, which is also confirmed in the grain size distribution dia-

gram. 

To investigate the effect of the strain rate on DRX and precipitation of secondary 

phases in the microstructure, TEM morphology was observed at different strain rates at 

400 °C, as shown in Figure 13. At high strain rates, the alloy contains fine recrystallized 

grains with a significant accumulation of dislocations inside the grains [43]. As the strain 

rate decreases, the size of the recrystallized grains grows to a certain extent, and the dis-

location density within the structure gradually decreases, and the degree of dislocation 

entanglement and deposition also decreases [44]. 
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Figure 13. TEM morphology of ZW305K magnesium alloy at 400 °C under different strain rates: (a,d) 

0.01 s−1 (b,e) 0.1 s−1; (c,f) 1 s−1. 

To investigate the precipitation behavior of the second phase during the DRX of the 

ZW305K magnesium alloy, TEM analysis was performed on samples at different strain 

rates. Figure 14 shows the TEM images of the precipitated phases in the microstructure 

under different strain rates. It can be observed that the morphology of the precipitated 

phases varies under different conditions, including rod-like, granular, and elongated 

shapes. At a strain rate of 1 s⁻1, a large number of rod-like second phases are dispersed 

throughout the matrix. EDS analysis revealed a Zn/Y atomic ratio of 2.5:1, which is inter-

mediate between the I-phase and W-phase. This may be due to the transformation of the 

I-phase into the W-phase in the microstructure. In the literature [45], it is mentioned that 

at 400 °C, the increase in atomic diffusion rate leads to the transformation of the I-phase 

into the W-phase. Wang et al. [46] observed that in a friction stir processed Mg-6Zn-1Y-

0.5Zr alloy, the eutectic I-phase was decomposed into small particles. These particles un-

derwent accelerated diffusion through pipe diffusion, promoting the transformation into 

the W-phase, forming dispersed particles with a core–shell structure. This transformation 

resulted in an Zn/Y ratio higher than 1.5. In Figure 14b, as shown in the blue box, fine 

nano-sized particles can be seen nucleating near larger particles. The diffraction pattern 

obtained from the region marked by the red circle identified the phase as face-centered 

cubic, confirming it as the ZnZr phase. The precipitates attached to both sides of the ZnZr 

phase were analyzed by EDS, revealing a Zn-Y atomic ratio of 45:28, close to 3:2, indicating 

the presence of the W-phase. Therefore, the W-phase can be formed not only through the 

transformation of the I-phase but also via heterogeneous nucleation on the ZnZr phase. 

At a strain rate of 0.1 s⁻1, a large number of elongated and nano-sized dispersed 

phases were observed in the microstructure, as shown in Figure 14d. Through EDS anal-

ysis, it was found that the dispersed phases in this region contained both Zn and Zr ele-

ments, with the elongated ZnZr phase having an atomic ratio of 2:3, consistent with the 

ZnZr phase structure observed at a strain rate of 1 s⁻1. Near the grain boundaries, a second 

phase with a particle size of approximately 200 nm was observed. Diffraction and EDS 

analysis of this phase revealed a face-centered cubic lattice, with a Mg-Zn-Y atomic ratio 

of 3:3:2, identified as the W-phase. This indicates that compared to a strain rate of 0.1 s⁻1, 

at the slower strain rate, the I-phase in the T4 condition had already transformed into the 

W-phase. Liao et al. [47] studied the precipitate phases and DRX behavior in low-alloyed 

Mg-Zn-Y-Zr magnesium alloys under different extrusion temperatures. Their research 

found that as the Zn/Y atomic ratio increased, the precipitate phases in the alloy changed. 
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At higher extrusion temperatures, the W-phase exhibited a weak inhibitory effect on DRX 

grain growth, while the LPSO phase promoted DRX behavior through the PSN mecha-

nism, resulting in a higher DRX fraction. Additionally, the layered LPSO phase effectively 

hindered grain boundary migration and dislocation movement, thereby impeding the nu-

cleation and growth of DRX grains, and improving the strength and ductility of the alloy. 

Therefore, as the strain rate changes from 1 s−1 to 0.1 s−1, the I-phase changes to the W-

phase. The W-phase has a weak inhibition on the growth of DRX grains, resulting in the 

growth of DRX grains, which has a certain promoting effect on the occurrence of DRX, 

thus further confirming the conclusion drawn by the above EBSD. 

 

Figure 14. TEM morphology of ZW305K magnesium alloy at 400 °C under different strain rates: (a–

c) 1 s⁻1; (d–f) 0.1 s⁻1; (g–i) 0.01 s⁻1. 

At a strain rate of 0.01 s−1, where the strain rate is relatively low, the microstructure 

exhibits dynamic recrystallized grains that sufficiently absorb dislocations for nucleation 

and growth. The diffraction calibration of the orange circled in red in Figure 14g confirms 

it as having a close-packed hexagonal crystal structure, corresponding to the α-Mg matrix 

phase. In the microstructure, elongated and granular Zn-Zr phases can still be observed, 

as shown in Figure 14i. Compared to the strain rate of 0.1 s−1, the quantity of elongated 

Zn-Zr phases has increased significantly, with relatively longer dimensions, approxi-

mately 1–2 μm. Meanwhile, the number of granular phases gradually decreases, and the 

phases are unevenly distributed within the microstructure. This phenomenon may be at-

tributed to the faster deformation rate at 0.1 s−1, which accelerates the fragmentation of 
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elongated second phases into granular nanoscale second phases, leading to their uneven 

distribution within the matrix. The fine and dispersed Zn-Zr precipitates can consume Zn 

dissolved in the Mg matrix, reducing the degree of lattice distortion. This leads to a de-

crease in the number of newly formed recrystallized grains, allowing the already formed 

grains more space to grow, resulting in an increase in the average size of the recrystallized 

grains, which is consistent with the conclusions drawn from the EBSD analysis. 

3.6. Dynamic Recrystallization Mechanism Analysis 

Magnesium alloys are typical hexagonal close-packed (HCP) crystal materials. The 

common dislocation slip systems in magnesium alloys include the (0001)< 1120 > basal 

a-slip, {1010} < 1120 >   prismatic slip, {1010} < 1123 >  first pyramidal slip, and 

{1122} < 1123 > second pyramidal slip. At lower temperatures, the deformation mecha-

nism in magnesium alloys is mainly basal slip and twinning, while at higher tempera-

tures, prismatic and pyramidal slip systems are activated, accompanied by cross-slip and 

dislocation climb. The plastic deformation mechanisms in magnesium alloys have a sig-

nificant impact on dynamic recrystallization [48]. In this study, the TDRX phenomenon 

was observed in the microstructure at 350 °C and 1 s−1. To investigate the DRX behavior 

in ZW305K magnesium alloy, a detailed analysis was conducted on the EBSD orientation 

maps obtained at 400°C and 0.01 s−1. Figure 15a,b present the IPF map and grain boundary 

map, respectively, of the ZW305K magnesium alloy. Two typical regions, region 1 and 

region 2, were selected from Figure 15b for analysis, and the DRX mechanism was dis-

cussed in detail. Figure 15c,d show magnified orientation maps. The white lines represent 

LAGBs (2°~15°), and the black lines represent HAGBs (15°~180°). 

Throughout thermal deformation, the primary mechanisms of DRX include DDRX 

and CDRX processes [49]. Qi et al. [50] explored the DRX mechanism of Mg-8Gd-3Y-1Nd-

0.5Zr under different deformation conditions and found that as the temperature increased 

from 350 °C to 500 °C, the main DRX occurred inside the alloy. The mechanism is gradu-

ally transformed from TDRX, CDRX, and DDRX. In region 1, typical DDRX characteristics 

can be observed. Due to the variation in dislocation density at the grain boundaries, DDRX 

primarily forms serrated or protruding grain boundaries through strain-induced bound-

ary migration (SIBM), which serve as the main nucleation sites for DRX. As shown in Fig-

ure 15c, irregular protrusions appear near the original grain boundaries, and these pro-

trusions are separated by LAGBs formed by dislocation accumulation. The reason is due 

to the rapid dislocation climb at high temperatures; dislocations tend to accumulate and 

form LAGBs. As deformation progresses, moving dislocations interact with sub-grain 

boundaries and gradually push LAGBs to transform into HAGBs. During deformation, 

the migration of initial HAGBs induces local stress concentration, leading to a significant 

increase in dislocation density on both sides of the grain boundary. The high dislocation 

density provides a driving force for grain boundary protrusion, further promoting the 

transformation of LAGBs into HAGBs. As the grain boundaries protrude, new recrystal-

lized grains begin to nucleate and grow through the migration of original grain bounda-

ries and dislocation elimination mechanisms. Dislocation climb not only plays a critical 

role in plastic deformation but also regulates the formation and development of DRX by 

driving grain boundary migration and nucleation. In analyzing the orientation difference 

from the grain interior to the protruding grain boundaries, the orientation angle along the 

line A-B in Figure 15c does not significantly increase. This may be because, with the con-

tinuous migration of HAGBs, the energy produced by dislocations at the grain boundaries 

is gradually consumed, resulting in a reduced orientation difference. Additionally, the 

hexagonal lattice units of the original grains and the recrystallized grains shown in the 

Figure 15c are different. The original grains exhibit a typical basal texture, while the ma-

jority of DRX grains have a significant deviation in orientation compared to the original 

grains. 

In region 2, a large number of sub-grain boundaries can be observed near the grain 

boundaries, indicating significant CDRX. As the temperature increases and the strain rate 
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decreases, the cross-slip of a dislocations changes from screw to edge dislocation type [51]. 

Additionally, non-basal planes have higher stacking fault energy, making edge disloca-

tions on non-basal planes more prone to climb. The dislocation rearrangement caused by 

cross-slip and climb results in the formation of many small-angle grain boundaries near 

the original grain boundaries. On these small-angle grain boundaries, the continuous ab-

sorption of dislocations triggers CDRX leading to the formation of new grains, as shown 

in Figure 15d. The progressive accumulation of dislocations within grains undergoing de-

formation results in a dislocation density that meets the criteria for DRX initiation. Dislo-

cations then follow the pathway of “dislocation cells—sub-grains—DRX nuclei”, resulting 

in the formation of CDRX grains [52]. 

The sub-grains adjacent to the original grains form HAGBs by continuously absorb-

ing dislocations, leading to the formation of recrystallized grains. In the orientation dif-

ference diagram, movement from the grain center to the sub-grain boundary along line C-

D in Figure 15d is observed, and the orientation deviation from the reference point signif-

icantly increases. A high orientation gradient is the fundamental driving force for the 

transformation of LAGBs into HAGBs [53,54]. The sub-grains achieve the transformation 

into dynamically recrystallized grains through grain misorientation, which is why the ori-

entation of the sub-grains is consistent with that of the original grains in the diagram. The 

formation of DRX grains is primarily due to the continuous increase in the LAGB orienta-

tion difference. From the pole figures in Figure 15c,d, it can be seen that the grain orienta-

tions tend to be more randomly distributed compared to DDRX, indicating that CDRX is 

more favorable for texture weakening in the alloy [55]. 
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Figure 15. Overview of the DRX mechanism of ZW305K magnesium alloy (T = 400 ℃, 𝜀̇  = 0.01 s-1) 

(a) IPF map; (b) grain boundary diagram; (c,d) area enlargement diagram. 

Overall, at 350 °C and a strain rate of 1 s⁻1, DRX nucleation in the microstructure is 

primarily induced by twinning, with recrystallized grains mainly distributed around twin 

boundaries. When the temperature increases to 400 °C and the strain rate decreases to 0.01 

s⁻1, the amount of twinning in the microstructure significantly decreases. At this condition, 

the nucleation of CDRX occurs due to sub-grain rotation near original grain boundaries. 

Additionally, there is also DDRX behavior associated with grain boundary migration near 

these boundaries. The DDRX, CDRX, and TDRX mechanisms contribute to grain refine-

ment, enhancing both strength and ductility. It was also found in the extruded ZM61 alloy 

after hot rolling [56]. 

4. Conclusions 

In the study, isothermal compression tests on the solution-treated ZW305K were con-

ducted at temperatures ranging from 300 to 450 °C and strain rates between 0. 01 s−1 and 

1 s−1. The corresponding constitutive equations and thermal processing diagrams were 

constructed, and the thermal deformation behavior and DRX mechanism were analyzed 

through microstructure observation. The following conclusions were drawn: 

1. As-cast ZW305K alloy is mainly composed of α-Mg matrix and I-phase and Zn-Zr 

phase distributed at the grain boundaries. After solution treatment, most of the I-

phase on the grain boundary is dissolved into the matrix, and the Zn-Zr phase exists 
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in α-Mg matrix in the form of a precipitated phase. After hot compression defor-

mation, a large number of dispersed second phases appear, which hinders disloca-

tion movement and strengthens the alloy. As the strain rate decreases, the I-phase in 

the microstructure gradually transforms into the W-phase, and its inhibitory effect 

on the growth of DRX grains gradually weakens. 

2. The activation energy for deformation of ZW305K was determined to be Q = 287 

kJ/mol. The constitutive equation obtained is as follows: 

𝜀̇ = 1.42 × 1020[sinh( 0.0147𝜎)]6.79 exp( −
287,703

𝑅𝑇
)  

3. Based on the hot processing map, material instability primarily occurs at low tem-

peratures and high strain rates. An increase in temperature or a decrease in strain 

rate is conducive to the occurrence of dynamic recrystallization, leading to improved 

processability of the material. The optimal processing range is 400 °C at 0.01 s⁻1 and 

450 °C at 0.1 s⁻1. 

4. The higher the deformation temperature, the lower the strain rate, and the greater 

the amount of deformation, the higher the degree of recrystallization. At 350 °C and 

1 s⁻1, TDRX nucleation occurs in the microstructure. As the temperature increases and 

the strain rate decreases, CDRX and DDRX, primarily nucleating at grain boundaries, 

become the dominant phenomena in the microstructure. 
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