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Abstract: An internal state variable (ISV) model was established according to the experimental results of hot plane 
strain compression (PSC) to predict the microstructure evolution during hot spinning of ZK61 alloy. The effects of the 
internal variables were considered in this ISV model, and the parameters were optimized by genetic algorithm. After 
validation, the ISV model was used to simulate the evolution of grain size (GS) and dynamic recrystallization (DRX) 
fraction during hot spinning via Abaqus and its subroutine Vumat. By comparing the simulated results with the 
experimental results, the application of the ISV model was proven to be reliable. Meanwhile, the strength of the 
thin-walled spun ZK61 tube increased from 303 to 334 MPa due to grain refinement by DRX and texture strengthening. 
Besides, some ultrafine grains (0.5 μm) that played an important role in mechanical properties were formed due to the 
proliferation, movement, and entanglement of dislocations during the spinning process. 
Key words: internal state variable model; hot spinning; ZK61 alloy; finite element simulation; texture evolution 
                                                                                                             
 
 
1 Introduction 
 

Magnesium alloys are considered to be the 
most potential lightweight alloys in the field of 
aerospace because of their high specific strength 
and increasing demand for energy conservation [1]. 
However, the poor formability of magnesium alloys 
restricts their application, because only a few 
independent slip systems can be activated for    
the hexagonal close-packed (HCP) structure of 
magnesium at room temperature [2,3]. To overcome 
the poor formability, the methods of magnesium 
alloys processing are usually conducted at a 
temperature above 300 °C to activate more non- 
basal slip systems [4]. Moreover, dynamic 
recrystallization (DRX) usually occurs during the 
thermal plastic processing of magnesium alloys, 

which is beneficial to grain refinement and micro- 
structure reconstruction [5]. Unfortunately, CHENG 
et al [6] pointed out that the softening mechanism 
was sensitive to the thermal processing parameters, 
indicating that the microstructure evolution could 
be optimized by controlling the deformation 
parameters. 

At present, the constitutive modeling is 
significant to investigate the deformation 
characteristics of materials during the thermal 
processing [7,8]. Numerous studies have been 
conducted to reveal the flow behavior of the 
materials using the Johnson−Cook model [9]    
and the Arrhenius model [10]. However, these 
phenomenological models always take temperature, 
strain, and strain rate as variables, which makes it 
hard to reveal the physical insight of the material. 
In contrast, physically-based models that involve 
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internal state variables (ISV) can be applied to 
revealing the evolution of the grain size (GS) and 
DRX fraction as well as dislocation density. 
Moreover, the ISV model can accurately describe 
the microstructure and has been conducted to 
predict the microstructure evolution on a finite 
element (FE) platform. HUO et al [11] applied the 
ISV model to cross wedge rolling of 25CrMo4 steel 
and well predicted the GS and recrystallization 
fraction. ALABORT et al [12] established the 
physically-based ISV model to study the evolution 
of GS, void fraction, and dislocation density of  
Ti64 alloy during superplastic forming. The results 
showed that the FE results well matched the test 
results, which confirmed the accuracy of the ISV 
model. 

Since the microstructure of magnesium alloys 
is hard to control during thermal plastic working, 
applying a physically-based ISV model to FE is a 
useful method of simulating the microstructure 
evolution to optimize the deformation conditions. 
XU et al [13] imported the ISV model into FE 
analysis of hot extrusion of the Mg−Gd−Y−Zr  
alloy and successfully predicted the GS and DRX 
distribution, which provided guidance for the 
thermal processing of magnesium alloys. In the 
study of SU et al [14], the unified ISV model was 
verified and embedded in FE software to simulate 
the ECAE (equal channel angular extrusion) of 
AZ80 alloy. The experimental results proved that 
the ISV model could provide a reliable prediction 
for the thermal plastic processing of AZ80 alloy. 
JIN et al [15] and CAO et al [16] demonstrated that 
cracks easily occurred during hot spinning due to 
the difficulty in controlling the microstructure of 
magnesium alloys. To enhance the plastic forming 
capability of magnesium alloys, it is significant to 
predict the microstructure evolution of hot spinning 

via the ISV model. 
In the present study, an ISV model was 

established based on the results of the ZK61 alloy 
during hot plane strain compression (PSC), and its 
reliability was verified by comparing the flow  
stress, GS, and DRX fractions. Next, ISV model 
was used to simulate the microstructure evolution 
of the hot spinning process, and its reliability was 
verified. Finally, the formation mechanism of the 
ultrafine grains was present, and the strengthening 
mechanisms of the spun alloys were revealed. This 
study may provide an efficacious solution for    
the thermal processing of magnesium alloys in 
predicting the microstructure evolution. 
 
2 Experimental  
 
2.1 PSC tests 

The initial material was Mg−6.03wt.%Zn− 
0.55wt.%Zr alloy (ZK61) extruded tube, which was 
extruded at 450 °C with an extrusion speed of 
0.3 mm/s. The hot PSC experiments were carried 
out by a Gleeble−3500 machine with temperatures 
ranging from 300 to 500 °C and strain rates ranging 
from 0.01 to 10 s−1. To investigate the micro- 
structure evolution and deformation mechanism as 
a function of strain, some hot PSC samples were 
tested with true strains of 0.26, 0.59, and 1.06, 
respectively. The PSC samples were cut from the 
center of the extruded ZK61 tube (RD: radial 
direction, ED: extrusion direction, TD: transverse 
direction) with a dimension of 10 mm (RD) × 
15 mm (ED) × 20 mm (TD). Figure 1 shows the 
schematic diagram and dimension of the hot PSC 
sample. The testing plane was the ED−TD plane 
and the compression direction (CD) was RD. After 
the tests were completed, the samples were cooled 
with water to maintain the hot PSCed microstructure. 

 

 
Fig. 1 Schematic diagram and dimension of hot PSC sample 
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2.2 Hot spinning experiment 
Figure 2(a) shows the hot spinning process of 

ZK61 extruded tube conducted on the SXY−800 
spinning machine, which was made in Bosai CNC 
Machine Tools Co., China. The mandrel rotation 
speed and the roller feed rate were 200 r/min and 
75 mm/min, respectively. Figure 2(b) shows the 
original extruded tube and spun tube. The extruded 
tube was 165 mm in outer diameter and 10 mm in 
thickness. Before the spinning experiment, the 
extruded tube was heated to 350 °C in the furnace 
and then kept at this temperature for 30 min to 
ensure a uniform temperature throughout the   
tube. Moreover, the mandrel and the rollers were 
pre-heated to 200 °C using the spray gun to prevent 
temperature drop of the tube. The spinning process 
was divided into six passes and the thickness 
reduction of each pass was presented in Table 1. 
After the hot spinning experiment, a spun tube with 
1.4 mm in thickness was successfully obtained. 

 
2.3 Microstructure characterization 

The microstructure of the ZK61 alloy was 
characterized by an optical microscope (OM), a 
scanning electron microscope (SEM, Zeiss) 
equipped with electron backscattered diffraction 
(EBSD), and a transmission electron microscope 
(TEM). The OM specimens were corroded in a 
solution of 0.8 g C6H3N3O7 + 4 mL CH3COOH + 
4 mL H2O + 10 mL C2H5OH for 6−8 s. For the 
EBSD test, the specimens were mechanically 
polished with sandpaper and then electrolytically 
polished in an ethanol and phosphoric acid (5:3) 
solution with a current of 0.5 A for 2 min. The 
EBSD test was conducted at a voltage of 20 kV. The 
TEM samples were prepared on a Gatan 691 ion 
beam thinner and then detected with a voltage of 
200 kV. 

 
3 Model establishment and validation 
 
3.1 Establishment of ISV model 

Based on Hooke’s law, YASMEEN et al [17] 
expressed the true stress−strain relation as  
σ=E(εT−εP)                              (1)  
where E is the elastic modulus, εT and εP are total 
strain and plastic strain, respectively, and σ is the 
flow stress. 

The hyperbolic-sine type flow equation can be 
introduced to characterize the relationship between 
flow stress and microstructure characteristics under 
various deformation conditions in LIN’s study [18]:  

0 0
p =

nd H
d K

µ σ σ
ε  

 


− − 






                 (2) 
 
where K is material constants, pε  is the strain rate, 
σ0 is the yield stress, d and d0 are the GS and initial 
GS, μ represents the GS parameter, and n represents 
the index of stress parameter. 

The hardening variable H of the material 
during plastic deformation is related to the 
dislocation density ρ. The hardening stress in  
Eq. (2) can be expressed as [19]  

0.5=H Bρ                                (3) 
 
where B is a temperature-dependent parameter of 
the material, and ρ  is normalized dislocation 
density. It can be simplified as ρ =1−ρ0/ρ [20] 
where ρ0 and ρ are the initial and deformed 
dislocation density. The value of ρ  is in the range 
of 0−1. 

LIN and DEAN [21] suggested that the 
dislocation density ( )ρ  was regarded as an internal 
parameter of the material and it could be quantified 
as 

 

 

Fig. 2 Hot spinning experiment: (a) Hot spinning process; (b) Tubular workpiece; (c) Dimension of samples (Unit: mm) 
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Table 1 Thickness reduction of ZK61 tube under 
different passes 

Pass 
No. 

Wall 
thickness/mm 

Total thickness 
reduction/% 

0 10 0 
1 7.5 25 
2 6.3 37 
3 4.9 51 
4 3.3 67 
5 2.5 75 
6 1.4 86 

 

1 2
p p 1 p p 2 3·| | | |

1
SA k k k

S
δ δδρ ε ε ρε ε ρ ρ= − − −

−



 



   

(4) 
where A, k1, k2, k3, δ1 and δ2 are temperature- 
dependent parameters of the material. The first item 
reveals the dislocation storage induced by plastic 
strain. The second and third items are the reduced 
dislocation density caused by dynamic recovery and 
static recovery. The final item is to explain the 
reduction in dislocation density due to dynamic 
recrystallization (DRX), and the S represents the 
fraction of DRXed grains. 

During the plastic deformation of materials, 
the material will undergo a DRX process when the 
temperature exceeds recrystallization temperature. 
The occurrence of DRX will consume a large 
amount of the generated dislocations during the 
plastic deformation. In the work of JI et al [22], the 
rate of DRX ( S ) is defined as  

[ ] 32
1 c (1 ) (1 ) /qqS q x S S dρ ρ ε= − − −

         (5) 
 

0 (1 )x A x ρ= −                            (6) 
 
where x is put forward to represent in cubation 
fraction. A0, q1, q2 and q3 are temperature- 
dependent parameters of the material. 

In the work of CHO et al [23], the sub-grains 
grow through aggregation and annexation of the 
surrounding smaller sub-grains driven by the 
thermal effect during plastic deformation, and the 
plastic deformation-induced grain growth rate ( 1d ) 
can be expressed as  

1
1 1d d γα −=                              (7) 

 
α1 in Eq. (7) is given by α1=Mbσsurf, where Mb 

and σsurf represent the mobility and energy density 
of the grain boundary, respectively. The static grain 
growth rate is considered to be an atomic diffusion 

process influenced by temperature, which is related 
to the mobility and energy density of the grain 
boundary. SANDSTRÖM and LAGNEBORG [24] 
proposed that the static grain growth rate ( 2d ) was 
characterized by  

2
2 2 p

γd dα ε −=

                           (8) 
 
where α2, γ1 and γ2 are temperature-dependent 
parameters of the material. 

In the study of LIN and LIU [25], the DRX 
behavior of the material during plastic deformation 
at high temperatures will promote the size change, 
and the resulting GS change rate ( 3d ) is simplified 
as  

3 4
3 3

γ γd S dα= −                           (9) 
 
where α3, γ3 and γ4 are temperature-dependent 
parameters of the material. 

After comprehensive consideration of the 
effects of static grain growth, plastic deformation- 
induced grain growth, and dynamic recrystallization 
behavior on GS, the relative GS change rate of the 
material ( d ) can be expressed as  

31 2 4
1 2 p 3

γγ γ γd d d S dα α ε α− −= + − 



          (10) 
 

During plastic deformation, distortion energy 
and thermal energy occur within the material. Most 
of the energy is converted into heat, leading to an 
increase in the temperature of the material, which in 
turn affects the dislocation density, recrystallization 
ratio, grain size, etc., and reduces the plastic 
deformation resistance of the material. The effect of 
plastic deformation on the material temperature can 
be expressed as  

p

p0
n

Δ d
V

T
C d

εη σ ε= ∫                     (11) 
 
where η, CV and dn are heat dissipation fraction 
(0.9), specific heat capacity and density of the 
material, respectively. 

Therefore, the constitutive equations are as 
follows:  

0 0
p =

nd H
d K

µ σ σ
ε

− −   
   
   

  

0.5H Bρ=  

[ ] 32
1 c (1 ) (1 ) /qqS q x S S dρ ρ ε= − − −

  
 

1 2
p p 1 p p 2 3·| | | |

1
SA k k k

S
δ δδρ ε ε ρε ε ρ ρ= − − −

−



 



   



Jin-qi PAN, et al/Trans. Nonferrous Met. Soc. China 35(2025) 126−142 

 

130 

0 (1 )x A x ρ= −   
31 2 4

1 2 p 3+ γγ γ γd α d α d α S dε− −= − 



  
 

The corresponding parameters of the material 
in the constitutive equations took the form of 
Arrhenius equations and were calculated using the 
genetic algorithm optimization method, as shown in 
Fig. 3, Tables 2 and 3. 

 
3.2 Validation of ISV model 

Figure 4 presents the comparison between the 
true stress−strain curves and the calculated results 
using the ISV model of the ZK61 alloy during hot 
PSC at strain rates of 10, 1, 0.1 and 0.01 s−1. It was 
found that most of the calculated results of the ISV 
model were consistent with experimental results, 
while part of the flow stress deviated slightly from 

the fitting curve at 300 °C which might be 
attributed to the dynamic balance between the  
work hardening and the thermal softening at low 
temperatures. These results revealed the fact that 
the ISV model could predict the work hardening 
and thermal softening trends of the ZK61 alloy. 

To verify the microstructure evolution during 
the PSC, Fig. 5 exhibits the inverse pole figure  
(IPF) maps of the extruded (Fig. 5(a)) and hot PSC 
specimens deformed at 450 °C and 1 s−1 with the 
true strains of 0.26, 0.59, and 1.06, respectively 
(Figs. 5(b−d)). The extruded ZK61 alloy consisted 
of equiaxed grains and some un-extruded grains 
with a mean diameter (dm) of 31.62 μm. At a    
low strain of 0.26 as shown in Fig. 5(b), the 
microstructure consisted of DRX grains and  
initial large grains whose dm was 24.2 μm. As the  

 

 
Fig. 3 Genetic algorithm optimization method of ISV parameters 
 
Table 2 Temperature-dependent parameters of material 

Equation Equation Equation 

σ0=σ0,0exp[Qσ0/(RT)] q2=q2,0exp[−Qq2/(RT)] α1=α1,0exp[−Qα1/(RT)] 
E=E0exp[QE/(RT)] q3=q3,0exp[Qq3/(RT)] α2=α2,0exp[−Qα2/(RT)] 
K=K0exp[QK/(RT)] A=A0exp[QA/(RT)] α3=α3,0exp[Qα3/(RT)] 
n=n0exp[Qn/(RT)] δ=δ0exp[−Qδ /(RT)] γ1=γ1,0exp[−Qγ1/(RT)] 
μ=μ0exp[Qμ/(RT)] δ1=δ1,0exp[−Qδ1/(RT)] γ2=γ2,0exp[Qγ2/(RT)] 

d1=d1,0exp[Qd1/(RT)] δ2=δ2,0exp[Qδ2/(RT)] γ3=γ3,0exp[Qγ3/(RT)] 
d2=d2,0exp[−Qd2/(RT)] k1=k1,0exp[Qk1/(RT)] γ4=γ4,0exp[Qγ4/(RT)] 

B=B0exp[QB/(RT)] k2=k2,0exp[Qk2/(RT)]  

q1=q1,0exp[Qq1/(RT)] k3=k3,0exp[−Qk3/(RT)]  
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Table 3 Determined constants in unified constitution equations 

Material constant Value Material constant Value Material constant Value 

E0/MPa 2.553×104 Qq1/(J·mol−1) 6.6758×103 k3,0 2.02342×10−4 

QE/(J·mol−1) 6.12925×104 q2,0 1.62005 Qk3/(J·mol−1) 3.7871×104 

σ0,0 9.834×10−6 Qq2/(J·mol−1) 3.5198×102 α1,0 2.71×10−2 

Qσ0/(J·mol−1) 6.682×104 q3,0 8.8261×10−1 Qα1/(J·mol−1) 3.56125×104 

K0 1.32834 Qq3/(J·mol−1) 2.001×102 α2,0 3.091×10−2 

QK/(J·mol−1) 1.8243×104 A0 1.601×10−2 Qα2/(J·mol−1) 5.00182×103 

n0 1.83321 QA/(J·mol−1) 3.8603×104 α3,0 1.641×10−1 

Qn/(J·mol−1) 3.14762×103 δ0 2.12126 Qα3/(J·mol−1) 8.83044×103 

μ0 4.12792 Qδ/(J·mol−1) 1.403×104 γ1,0 9.801×10−1 

Qμ/(J·mol−1) 6.399×103 δ1,0 3.13641 Qγ1/(J·mol−1) 7.0281×102 

B0,0 0.51237 Qδ1/(J·mol−1) 1.134×104 γ2,0 2.0688 

QB0/(J·mol−1) 2.5692×104 δ2,0 2.34017 Qγ2/(J·mol−1) 5.34039×101 

d1,0 1.12403 Qδ2/(J·mol−1) 1.661×103 γ3,0 1.00213 

Qd1/(J·mol−1) 7.0012×102 k1,0 5.69003 Qγ3/(J·mol−1) 6.7784×101 

d2,0 2.50112 Qk1/(J·mol−1) 8.0202×103 γ4,0 1.1801×10−1 

Qd2/(J·mol−1) 3.2365×103 k2,0 2.31376 Qγ4 8.27034×101 

q1,0 8.4393×10−1 Qk2/(J·mol−1) 4.1128×104   

 

 
Fig. 4 Comparison between prediction results of ISV and true stress−strain curves during high temperature plane strain 
compression: (a) 0.01 s−1; (b) 0.1 s−1; (c) 1 s−1; (d) 10 s−1 
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Fig. 5 IPF maps of extruded (a) and hot PSC specimens deformed at 450 °C and 1 s−1 with true strains of 0.26 (b),  
0.59 (c) and 1.06 (d) 
 
deformation proceeded, the microstructure showed 
a “necklace” structure that consisted of fine DRX 
grains, and the grain refinement effect was    
more pronounced. The comparison between the 
calculated GS results and the experimental GS 
results at 450 °C during the PSC is presented in 
Fig. 6. The calculated results showed that the GS 
decreased rapidly and then tended to be stable. The 
experimental GS matched well with the calculated 
results, where the correlation coefficient (r) was 
0.9968. 

To better verify the DRX fraction during the 
hot PSC, the grain orientation spread (GOS) value 
distributions under different strains were calculated, 
as shown in Fig. 7. The GOS value was used to 
evaluate the average misorientations of the 
surrounding pixel points, and grains with a GOS 
value lower than 2 were considered DRXed grains 
(marked in blue). It was shown that the DRX 
fraction increased from 38.7% to 51.5% as the 
strain increased from 0.26 to 1.06, indicating that 
the severe plastic deformation promoted the DRX 
process due to more lattice distortion energy and 
sufficient DRX time. With the proceeding of    
hot PSC, more extruded coarse grains (in red) 
experienced plastic deformation, and occurred during 

 
Fig. 6 Plots of calculated GS results (a) and fitting  
results (b) at 450 °C 
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the DRX process, resulting in a large decrease in 
the lattice distortion energy. The comparison 
between the calculated DRX fractions and the 
experimental DRX fractions under various 
deformation conditions is presented in Fig. 8. The 
experimental results matched the calculated ones 
with a relatively low deviation, indicating that the 
ISV model could be used to predict microstructure 
evolution. 
 
4 Results and discussion 
 
4.1 Microstructure prediction during hot 

spinning using ISV model 
4.1.1 FE simulation of hot spinning 

In the process of power spinning the tube 
workpiece, compression deformation occurred in 

the radial direction (RD) and tensile deformation 
occurred in the axial direction (AD), while the flow 
of material in the TD was hindered. Based on the 
ISV constitutive model during hot PSC, this study 
simulated the hot spinning of the ZK61 alloy via  
the FE software Abaqus and its subroutine Vumat, 
which coupled the fields of heat, stress, and 
microstructure to reflect the microstructure 
evolution during hot spinning. The FE model     
of the ZK61 alloy is presented in Fig. 9. The 
element mesh of the deformable workpiece was  
set to be C3D8R [26]. The friction coefficient 
between dies and workpiece was set at 0.15 using 
the Coulomb friction model [27,28]. The spinning 
process was divided into three passes, and the 
thickness reduction was 10, 7, 5 and 4 mm at 
350 °C. The spinning rotational speed of the mandrel  

 

 
Fig. 7 GOS distributions of hot PSC specimens deformed at 450 °C and 1 s−1 with true strains of 0.26 (a), 0.59 (b) and 
1.06 (c) 
 

 

Fig. 8 Comparison between calculated DRX fraction and experimental DRX fraction at 1 s−1 (a) and 450 °C (b), and 
fitting result (c) 
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Fig. 9 FE model of ZK61 alloy during hot spinning 
 
was set at 200 r/min, and the feed rate of the rollers 
along AD was 75 mm/min. 

4.1.2 ISV distribution of hot spinning 
Figure 10 shows the simulated ISV distribution 

of the relative GS and the DRX fraction after 
different passes of hot spinning. At the beginning  
of spinning (Pass 0), the rollers were embedded   
in the workpiece, and the deformation was mainly 
concentrated in the contact area between the rollers 
and the workpiece. From Figs. 10(a, b), the grains 
in the contact area were partially refined due to the 
DRX process, while the DRX did not occur in the 
un-deformed area. As shown in Figs. 10(c, d), when 
the first pass of spinning was completed, the GS of 
the outer layer material was about 46% that of the 
initial grain, and the DRX fraction was as high as  

 

 
Fig. 10 Simulated distributions of relative GS (a, c, e, g) and DRX fraction (b, d, f, h) during hot spinning 



Jin-qi PAN, et al/Trans. Nonferrous Met. Soc. China 35(2025) 126−142 135 

89%. However, the DRX fraction of the inner layer 
was at a lower degree of DRX due to the smaller 
amount of plastic deformation. As shown in 
Figs. 10(e, f), after two passes of spinning, the 
grains were further refined, but at a reduced rate 
due to the constant heating of the spray gun, while 
the DRX fraction was nearly stabilized. When the 
third pass of spinning was completed, the GS 
distribution on the outer surface of the tube was 
uniform, and the maximum DRX fraction reached 
94%, indicating that the DRX process was nearly 
complete. 
 
4.2 Microstructure characteristics during hot 

spinning 
Figure 11 shows the microstructure of the 

ZK61 alloy after different hot spinning passes. 
From Figs. 11(a, b), the coarse grains in the 
extruded tube were greatly refined with some 
aggregate colonies of fine grains after 1 pass of 
spinning. With increasing the hot spinning passes, 
as shown in Figs. 11(c−g), the aggregate colonies  
of fine grains gradually combined and formed 
strip-like structures. After 6 passes of spinning,  
the microstructure was composed of stripe-like 
ultrafine grains aggregation and equiaxed DRXed 
grains, which was consistent with the report of XIA 
et al [29]. 

To validate the reliability of the ISV model in 
predicting the GS during the hot spinning process, 

the simulated distribution of GS using the ISV 
model and the experimental results are presented in 
Fig. 11(h). The experimental GS was calculated by 
Nano Measurer software, and the simulated results 
were calculated by Abaqus software. As shown   
in Fig. 11(h), the GS was rapidly refined from  
32.4 to 15.1 μm after 1 pass of spinning and then 
gradually refined as the spinning pass increased. 
The comparison between the simulated and 
experimental results indicated the reliability of the 
ISV model in predicting the GS evolution during 
the hot spinning process. 

Figure 12 presents the GOS distributions after 
1 pass and 6 passes of hot spinning. The GOS value 
lower than 2 (in blue) was considered to be DRXed 
grains. From Fig. 12(a), the DRX fraction could 
reach 87.3% after 1 pass of spinning. With the 
strain accumulation during hot spinning, the DRX 
fraction gradually increased. After 6 passes of 
spinning, the DRX fraction was 95.3%, indicating 
that the DRX process was nearly complete. 
Compared with hot PSC, the DRX fractions of hot 
spinning were much higher owing to the larger 
plastic deformation of the material at the same 
thickness reduction during the spinning process. 
Under the driving force of the rollers, the outer 
surface material of the ZK61 tube continuously  
took part in plastic deformation under the compression 
of the surrounding material and the rollers, resulting in 
a nearly complete DRX process during hot spinning. 

 

 
Fig. 11 Microstructures of ZK61 alloy after different hot spinning passes: (a) Original microstructure (reduction 0%);  
(b) 1 pass (reduction 25%); (c) 2 passes (reduction 37%); (d) 3 passes (reduction 51%); (e) 4 passes (reduction 67%);  
(f) 5 passes (reduction 75%); (g) 6 passes (reduction 86%); (h) GS validation result 
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Fig. 12 GOS distributions of ZK61 alloy after different passes of spinning: (a) 1; (b) 2; (c) 3; (d) 4; (e) 5; (f) 6 
 

Figure 13 depicts the simulated and 
experimental DRX fractions under different    
total thickness reductions of spinning. The DRX 
fractions were all at a high level during the hot 
spinning process. Moreover, the simulated values 
based on the ISV model matched well with the 
experimental values with little deviation, indicating 
that the ISV model was reliable in predicting the 
DRX process during hot spinning. 

In the process of hot spinning, the grains 
rotated due to the activation of slip systems, and the 
basal texture was susceptible to forming. Figure 14 
shows the texture evolution during hot spinning. 
The as-extruded ZK61 alloys presented a fiber 
(0002) texture where the c-axes of the grains were 
perpendicular to AD and were randomly distributed 
in RD (Fig. 14(a)). After 1 pass of spinning, the 
(0002) basal still presented a fiber state, but the 
c-axes of the grains were slightly deflected in AD 
with an angle of ∼10° (Fig. 14(b)). Moreover, the 
maximum intensity increased from 5.81 to 10.24. 
With the spinning pass increased, the (0002) fiber 
texture was replaced by plane texture with the 
maximum intensity increasing to 15.44 (Fig. 14(c)). 
After 6 passes of spinning, the basal texture  
became more concentrated and the texture 
maximum intensity increased to 19.72, indicating 
that the spinning process greatly modified the grain 
orientation and most of the grains shared the same 
orientation (Fig. 14(d)). Compared with the (0002) 
texture, there was no significant change in the 

 
Fig. 13 Experimental and simulated DRX fraction during 
hot spinning 
 
(1120)  and (1010)  textures except for a certain 
angular deflection, and (1120)  and (1010)
textures were randomly distributed along AD. 

Figure 15 shows the forces during the  
spinning process. Spinning workpieces within the 
forming area were subjected to different stresses in 
three main directions: the compressive stress in the 
radial direction (FR), the shear stress in the axial 
direction (FA) and the circumferential stress in the 
tangential direction (FT). The tilt of the grains was 
related to the combined force of FR and FA that 
caused the shear deformation in the AD. As 
reported, the shear strain could promote the rotation 
of the grains to form a tilted texture component in 
Mg alloy [30,31]. After spinning, the grains 
exhibited the preferred orientation and their 
schematic diagram is shown in Fig. 15. 



Jin-qi PAN, et al/Trans. Nonferrous Met. Soc. China 35(2025) 126−142 

 

137 

 

 
Fig. 14 Texture evolution during hot spinning:        
(a) Extruded texture; (b) After 1 pass; (c) After 3 passes; 
(d) After 6 passes 
 

 
Fig. 15 Diagram of forces and grain orientation of ZK61 
tube during spinning 
 
4.3 Formation mechanism of ultrafine grains 

Figure 16 shows the SEM images of the   
spun ZK61 alloy. In addition to a large number of 
equiaxed DRXed grains, some of the deformed 
grains were replaced by ultrafine grain aggregation. 
Figure 16(b) presents the magnified microstructure 
of the grain aggregation and the aggregate colonies 
consisting of ultrafine grains with a dm of 0.5 μm 
which were generated by the uneven plastic 
deformation during hot spinning. 

Figure 17 shows the TEM images of the spun 
ZK61 alloy after hot spinning. During the spinning  

 

 

Fig. 16 SEM images of spun ZK61 alloy: (a) In low 
magnification; (b) In high magnification 
 
process, the outer surface material was subjected to 
plastic deformation by the action of the spinning 
pressure, which was manifested on a microscopic 
scale by proliferation, movement and entanglement 
of dislocations, as shown in Fig. 17(a). As a result, 
the dislocation wall was formed, which refined  
the original grains into a cellular shape. To reduce 
the stored energy, dislocations were entangled in 
each other to form dislocation interfaces by 
climbing. However, the dislocation climbing was 
hindered at the grain boundaries, which restricted 
the dislocation movement to nearby grains.     
The dislocation interfaces were divided into 
geometrically necessary boundaries (GNDs) and 
incidental dislocation boundaries (IDBs). The 
GNDs were relatively straight and had some 
macroscopic orientation. With the increase of the 
spinning passes, thin lamellar boundaries that  
were parallel to the AD could be observed in the 
microstructure, as can be seen in Fig. 11. The 
fragmentation of the coarse grains into ultrafine 
subgrains was necessary for the coordination of 
deformation and the boundaries of the subgrains 
were GNDs (Fig. 17(d)). The IDBs were mainly the 
walls of the dislocation cells, which were caused by 
the interaction of dislocations during the hot 
spinning. 
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Fig. 17 TEM images of spun alloy (a−d) and formation schematic diagram of ultrafine grains (e) 
 

From Fig. 17(b), the dislocation density within 
the dislocation cells was low, indicating that the 
formation of cellar structures was the result of the 
low energy dislocations. Moreover, the dislocations 
were randomly distributed in the cell wall and the 
slips within the cell were similar for all dislocated 
cellular structures, so the orientation differences 
between cellular structures were small. As the strain 
accumulated, the dislocation density in the cell wall 
increased to such an extent that the dislocation slips 
of each cell within the coarse grains were no longer 
the same and they became new cells. Therefore, the 
cell wall changed from IDBs to GNBs, which 
greatly refined the coarse grains. 

Figure 17(e) shows the formation diagram of 
the ultrafine grains within the coarse deformed 
grains. At the beginning of spinning, the differences 

in the activation of deformation slips in various 
regions of the grain led to grain fragmentation. The 
fragmentation of the regions was separated by 
dislocation walls. As the hot spinning proceeded, 
the dislocation density inside the dislocation wall 
increased further and dislocation cells were formed. 
The cellar structure continued to proliferate, and the 
cell walls transformed into grain boundaries as the 
spinning passes increased. Finally, the coarse grains 
were replaced by ultrafine grains. 
 
4.4 Mechanical properties and strengthening 

mechanisms 
Figure 18(a) shows the mechanical property of 

the extruded and spun ZK61 tube tested along   
the AD with a strain rate of 1.0×10−2 s−1 at room 
temperature. The extruded ZK61 tube exhibited 
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excellent strength with the yield stress and the 
ultimate strength of 226 and 303 MPa, respectively, 
and the elongation was 12.7%. After hot spinning, 
the yield stress increased to 243 MPa and the 
ultimate strength was improved to 334 MPa. 
Moreover, the elongation increased significantly up 
to 21.1%. Figure 18(b) exhibits the strain-hardening 
behavior of the ZK61 alloy. The hardening curves 
before and after hot spinning showed a similar 
feature. The strain hardening rate of the spun alloy 
was higher than that of the extruded alloy, and the 
decrease in the hardening rate after yielding was 
mainly attributed to slip-dominated softening [32]. 
WANG and CHOO [33] reported that the 
improvement in yield strength and plasticity was 
attributed to grain refinement according to the 
Hall−Petch relationship. After spinning, the GS 
reduction reached 71% and grain refinement could 
promote plastic deformation by coordinating more 
grains to participate in deformation. Moreover, the 
length of the dislocation slip was shortened and the 
dislocation pile-up at the grain boundary was 
released owing to grain refinement. 

It was accepted that the modification of texture 
was important to the mechanical properties of Mg 
alloys. In this study, the texture of the spun ZK61 
alloy with a strong preferential orientation was 
another important factor in strengthening the spun 
alloy. The improvement in yield strength could be 
achieved in Mg alloys with a strong basal texture by 
affecting the critical resolved shear stress (CRSS) 
ratios among slips and twinning. In the study of 
LOU et al [34], the textural hardening in yield 
strength was 10−45 MPa. Compared with the 
extruded ZK61 alloy, the random distribution of 
grain orientation in RD was greatly eliminated. 

Noteworthy, the tilt of the basal texture was related 
to the opening of the slip systems. 

Figure 19 shows the grain orientation 
distribution of extruded and spun ZK61 alloy using 
crystal direction maps. The activation of different 
deformation mechanisms was dependent on the 
CRSS and Schmid factors. In Refs. [35,36], the 
main deformation mechanisms within the grains 
were tension twinning (θ=0°−23°, θ is the angle 
between the tension direction and c-axis), basal slip 
(θ=23°−77°) and prismatic slip (θ=77°−90°) when 
the CRSS ratio among basal slip, tension twinning 
and prismatic slip was 1:1:2 at room temperature.  
It was indicated that the activation fractions      
of different deformation mechanisms could be 
calculated based on the relationship between grain 
orientation and tension direction. The tension 
directions of the extruded and spun alloys were ED 
and AD (ED//AD). From Fig. 19(a), in the extruded 
fiber texture, the main deformation mechanism was 
prismatic slip (62.3%, in red) and basal slip was the 
second (37.3%, in green). Although the CRSS of 
prismatic slip was higher than that of basal slip, the 
Schmid factor of prismatic slip was much higher in 
the fiber texture, resulting in a higher activation 
fraction of prismatic slip. Since the c-axes of the 
grains were perpendicular to the tension direction, 
the tension twinning (in blue) was hard to activate 
when stretching along the ED. After spinning 
(Fig. 19(b)), the grain orientation slightly tilted to 
AD with an angle of 10°, which further restricted 
the activation of the basal slip. The fractions of 
basal slip declined to 29.4% and that of the 
prismatic slip increased to 69.8%. The texture 
alteration from extruded fiber texture to spun  
tilted plane texture further suppressed the basal slip.  

 

 
Fig. 18 Mechanical property of ZK61 tube: (a) Room temperature stress−strain curve before and after hot spinning;   
(b) Strain hardening curves 
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Fig. 19 Orientation distribution of ZK61 alloy after extrusion (a) and spinning (b) using crystal direction maps 
 
Noted that the tension twinning was still hard to 
activate. Since the CRSS of prismatic slip was 
nearly twice as much as that of basal slip and 
tension twinning at room temperature, the 
activation of more prismatic slips needed higher 
external stress to coordinate plastic deformation, 
resulting in a higher stress. This was the reason why 
the texture modification of the spun ZK61 alloy 
exhibited higher yield stress. 
 
5 Conclusions 
 

(1) The unified ISV model was established 
including microstructural state variables during hot 
PSC. And the validation results showed that the ISV 
model could well predict the flow stress and the 
microstructure evolution. 

(2) The ISV model was used in the hot 
spinning of ZK61 alloy via the FE software Abaqus 
and its subroutine Vumat. The simulated GS 
distribution and DRX fraction matched well with 
the experimental results under different hot 
spinning passes. 

(3) After six passes of hot spinning, a tube 
with 1.4 mm in thickness was successfully 
fabricated. The yield strength improved from 226 to 
243 MPa and the ultimate tensile strength increased 
from 303 to 334 MPa. Moreover, the fracture 
elongation significantly increased from 12.7% to 

21.1%. 
(4) The extruded (0002) fiber texture was 

replaced by (0002) plane texture after spinning 
which was slightly deflected in AD with an angle  
of ∼10°. Moreover, the texture maximum intensity 
increased to 19.72. 

(5) The formation of the ultrafine grains was 
attributed to the proliferation, movement and 
entanglement of dislocations during hot spinning. 
As the spinning proceeded, the dislocation density 
inside the dislocation wall increased and dislocation 
cells were formed, which further transformed into 
ultrafine grains. 
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采用统一粘塑性本构模型预测 ZK61 镁合金 
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摘  要：基于高温平面应变压缩实验结果建立了统一粘塑性本构模型用以预测 ZK61 镁合金热旋压过程中的组织

演变过程。统一粘塑性本构模型考虑了各种内变量参数的影响并且使用遗传算法对各参数进行了优化计算，随后

利用 Vumat 子程序定义材料属性并嵌入 Abaqus 有限元热旋压仿真模型中，对材料的晶粒尺寸和再结晶分数进行

预测。结合热旋压仿真结果和实验结果，证明了统一粘塑性本构模型对材料旋压过程中的组织演变具有良好的可

预测性。由于动态再结晶细晶强化和织构强化作用，旋压后的 ZK61 合金薄壁筒形件强度从 303 MPa 提升至 334 

MPa；并且，在旋压组织中发现了平均晶粒尺寸为 0.5 μm 的超细晶，这些超细晶是由于旋压成形中位错的增殖、

运动和缠结产生的，对材料的强度具有重要的影响。 

关键词：统一粘塑性本构模型；热旋压；ZK61 合金；有限元仿真；织构演变 
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