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Abstract: Cold-rolled AZ31 magnesium alloy tube was used as the research object. Based on the cold-rolling process under 

different rotation angles, the effects of different rotation angles on the characteristics of equivalent stress, equivalent plastic strain 

and node temperature during deformation were investigated. Results shows that increasing the rotation angles can increase the 

equivalent stress, equivalent plastic strain and node temperature. With the aid of the automaton model and experimental means, 

through the contrast analysis of experiment and numerical simulation results, the preliminary structure evolution law of continuous 

recrystallization and refinement in the rolling process was analyzed. The results reveal that a 50° rotation angle can meet the 

technical requirements and provide evidence for the appropriate selection of rotation angles for cold-rolled magnesium alloy tubes. 
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The three-roll cold-rolling seamless pipe processing method, 

as a typical reciprocating multichannel rolling procedure, 

simultaneously achieves multi-pass rolling and small single- 

pass deformation; moreover, this method can extensively 

refine grains and improve the grain orientations to eliminate 

microstructural defects and improve mechanical properties

[1]

. 

Superior-performance seamless metal steel tubes can be 

obtained with high dimensional accuracy in the production of 

high strength and low plasticity of seamless steel tubes, and 

they occupy an irreplaceable position

[2,3]

. Domestic and 

foreign scholars have prepared refractory metals using three- 

roller cold-rolling

[4-7]

. 

Danchenko et al

[8]

 studied metal flow in the Pilger rolling 

process under different process parameters, and proposed a 

new calculation method for the cold Pilger rolling model. 

Montmitonnet

[9]

 simulated the forming process of Pilger 

rolling and studied the influence of process parameters on the 

size of the resulting tube. Abe et al

[10]

 conducted an analytical 

study of rolling conditions, which affects the size accuracy 

and ovality of pipes obtained via the cold Pilger rolling 

process. Huang et al

[11,12]

 studied theoretical and plastic 

deformation behavior, and conducted modeling and validation 

for three-dimensional multi-strokes cold pilgering of TA18 

titanium alloy tube. However, these studies only reveal the 

characteristics and rules of tube formation in two-roll 

cold-rolling and rarely involve the effects of process 

parameters on the forming characteristics of three roll cold- 

rolling tubes. 

In the actual production, rotation angle selection is based on 

the rolling materials and production experience. If the selected 

rotation angle is inappropriate, the resulting pipe will have 

uneven wall thickness and ovality of its outer diameter. Flash 

and rolling cracks may also be generated. Therefore, selection 

of the rotation angle has an important impact on size accuracy 

and product performance of the finished tube. Based on this 

condition, cold-rolled AZ31 magnesium alloy tube was us as 

the research object. Numerical simulation, cellular automaton 

modeling and experimental studies were conducted to 

determine the effect of different rotation angles on the forming 

regularity and microstructural evolution of cold-rolled tubes. 
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The aim of this study is to recommend a reasonable rotation 

angle that meets technical requirements and supports the 

development of cold-rolled AZ31 magnesium alloy pipes. 

1  Three-Roll Cold-Rolling Characteristics 

1.1  Working principle 

Fig.1 shows the three-roll cold-rolling working principle

[13]

. 

The roller performs periodic rotation on a fixed track on the 

roller table. As the roller moves to the end of the track (that is, 

the final position), the pipe is pushed forward for a certain 

distance along the rolling direction and rotated at a certain 

angle (that is, the rotation angle). As the roller moves to the 

front end of the track (that is, the initial position), the tube 

billet moves forward a certain distance and turns at an angle 

until the roller returns to the final position. The process is 

repeated to realize the cycle rolling process of the tube. 

1.2  Metal flow rule in the forming process 

Fig.2 shows the schematic of the simulated periodic rolling 

tube forming movement. The displacement of the tube 

increases gradually along the rolling direction. The pipe 

rolling along the direction of displacement increases gradually, 

the node (target point) on the pipe moves in a spiral motion 

under the action of the roller, and the spiral radius decreases 

gradually because the friction among the tube, the roller and 

the mandrel cause the metal to flow in the rolling direction, 

circumferential force causes the metal to flow in the circum- 

ferential direction, and radial pressure causes the metal to flow 

in the center of the pipe. These all illustrate the evenness of 

multi-pass cycle cold rolling deformation

[14]

.  

1.3  Cellular automaton model 

Cellular automata discretize the complex process of grain 

change in continuous time and space. Specifically, cell was 

used to realize the discretization of space, and time step was 

used to realize the discretization of time by adopting 

deterministic or probabilistic transition rules between time 

steps and cells, and the complex grain change process was 

simulated

[15]

. 

The cellular automata consist of five main parts, namely, 

cell, cell space, cell state, cell neighbor type and transition 

rules. The relationship between these five parts is shown in 

Fig.3

[16]

. 

1.4  Dynamic recrystallization model based on cellular 

automata 

Based on dynamic recrystallization theory

[17]

, a cellular 

model was established to simulate the dynamic 

recrystallization of magnesium alloys. This model combines 

the dislocation density model, critical dislocation density 

model, nucleation rate model and grain growth model. 

The dislocation density model is a function used to 

calculate the internal dislocation and strain of grains and 

introduce the Kocks and Mecking models

[18]

, as shown in 

Eq.(1) and Eq.(2). 

 = bσ αµ ρ                                    (1) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  Working principle diagram of three-roll cold-rolling 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  Schematic of the simulated periodic rolling tube forming movement: (a) node displacement cloud map of the deformation zone, (b) node 

movement in the forming process, and (c) the pipe movement amplitude
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Fig.3  Main components of cellular automata 
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where 

c

ρ  is the critical dislocation density, 

i

γ  is the grain 

boundary energy, l is the mean free length of dislocation, τ is 

unit dislocation energy and M is the grain boundary mobility. 

The number of new nuclei created is calculated according to 

the nucleation rate model, expressed by Eq.(4): 

act

( , ) exp( )

m

Q

n T C

RT

= −ε ε

� �

�

                        (4) 

where n(ε,T) is the nucleation rate and C and m are material 

parameters. Methods to determine C include the experimental 

method

[19]

 and the inverse analysis method

[20]

. The present 

research used the inverse analysis method to determine C. 

New nuclei continue to grow under the influence of heat 

and strain deformation, and the migration speed can be 

calculated according to Eq.(5): 

V=MP                                        (5) 

where V is the grain growth rate and P is the driving force of 

grain growth per unit area. 

2  Numerical Simulation Results 

Fig.4 shows a schematic of selected measurement point for 

different deformation sections. The three sections of the 

rolling process are symmetrical to the centre of the tube, and 

each part is 120°. Therefore, based on the circumferential 

direction of the pipe and contact position of the roller, the data 

of seven points are intercepted and then analyzed corre- 

sponding to other two parts. The rolling direction is taken 

according to the position of the analysis step corresponding to 

the characteristic section. In the present research, three sets of 

numerical models under different rotation angles are simulated; 

 

 

 

 

 

 

 

 

 

Fig.4  Location of the numerical simulation model 

 

rolling process parameters obtained from the actual production 

of an enterprise in Jiangsu province are shown in Table 1. 

2.1  Effect of equal force distribution under different 

rotation angles 

Fig.5 shows the equivalent stress distribution curves of each 

characteristic deformation section at different rotation angles, 

revealing the equivalent stress distribution curves of the 

reducing, wall thickness reducing and finishing sections. 

Comparison of the equivalent stress distribution curves of 

different positions demonstrates that the maximum equivalent 

stress inside and outside the reducing section and wall 

thickness reducing section appears at the ridge of the pass, 

whereas the maximum equivalent stress of the finishing 

section occurs at the opening of the pass during rolling. 

According to the equivalent stress distribution curves of 

different deformation stages, under changes in rotation angle, 

the change trend of the equivalent stress at the ridge of the 

pass is larger than that of the opening area of the pass when 

the pipe and roll are not in contact. According to the 

equivalent stress distribution curves of different deformation 

stages, it can be concluded that under the same turning angle, 

the overall equivalent stress of the outer wall is larger than 

that of the inner wall, and the overall equivalent stress of the 

wall thickness reducing section is larger than that of the 

reducing and finishing sections, regardless of the pass type. 

The equivalent stress increases with increasing the rotation 

angle. Therefore, choosing an appropriate rotation angle is 

vital in ensuring production efficiency and saving cost and 

energy. 

Fig.6 shows the cross-sectional stress nephograms and dis- 

tribution diagrams of the reducing (Fig.6a), wall reducing 

(Fig.6b) and finishing sections (Fig.6c). During cold rolling 

deformation, the stress state at the ridge of the pass is com- 

posed of axial tensile stress σ

l

, circumferential compressive 

stress σ

θ

, and free radial stress σ

r

 into axial compressive stress σ

l

, 

circumferential compressive stress σ

θ

 and radial compressive 

 

Table 1  Rolling process parameters 
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Fig.5  Equivalent stress distribution curves of the outer wall (a, c, e) and inner wall (b, d, f) of different sections at different rotation angles:    

(a, b) diameter reducing section, (c, d) wall thickness reducing section, and (e, f) finishing section 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6  Stress nephograms and distribution diagrams of different deformation sections: (a) reducing section, (b) wall thickness reducing section, 

and (c) finishing section 

 

stress σ

r

. At the opening of the pass, the stress state is 

composed of axial tensile stress σ

l

, circumferential tensile 

stress σ

θ

, and free radial stress σ

r

 into axial tensile stress σ

l

, 

circumferential compressive stress σ

θ

 and radial compressive 

stress σ

r

. The stress nephogram distribution can be 

characterized by the following comprehensive analysis. The 

reducing section has the least stress, and its maximum stress is 

distributed at the ridge of the groove. The maximum stress is 

observed in the wall thickness reducing section and mainly 

distributed evenly around the ridge of the pass. The stress 

distribution in the finishing section is uneven, and the 

maximum stress is distributed at the opening of the pass. The 

overall stress variation law is in accordance with the 

distribution curve of the equivalent stress during cold rolling 

forming. 

2.2  Strain distribution under different rotation angles 

Fig.7 reveals the equivalent plastic strain distribution curves 

of the reducing section, wall thickness reducing section and 
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Fig.7  Equivalent plastic strain distribution curves of the outer wall (a, c, e) and inner wall (b, d, f) of different sections at different rotation 

angles: (a, b) diameter reducing section, (c, d) wall thickness reducing section, and (e, f) finishing section 

 

finishing sections at different rotation angles. The equivalent 

plastic strain of the reducing section is small, and extensive 

plastic deformation does not occur. In addition, the 

distribution is relatively uniform. During rolling, the 

equivalent plastic strain of the wall thickness reducing section 

increases, but the strain distribution is not uniform in each 

area of the pass. After entering the finishing section, the strain 

reaches the maximum value and becomes more uniform. 

Comparison of the equivalent plastic strain distribution curves 

in different deformation stages demonstrates that the 

equivalent plastic strain increases as rotation angle is 

increased in any area of the pass, and the increasing trend of 

reducing and finishing section is relatively uniform as a whole 

compared to the wall thickness reducing section. Due to the 

accumulation of equivalent plastic strain, the equivalent 

plastic strain of the finishing section is larger than that of the 

wall thickness reducing section and reducing section. 

Furthermore, the equivalent plastic strain of the finishing 

section is gradually converged. 

Fig.8 shows the cross-sectional views of the strain 

nephograms and distribution diagrams of the reducing section 

(Fig.8a), wall thickness reducing section (Fig.8b) and 

finishing section (Fig.8c). During cold rolling deformation, at 

the ridge of the pass, the stress state is composed of axial 

tensile strain ε

l

, circumferential compressive strain ε

θ

 

, radial 

tensile strain ε

r

 

into axial tensile strain ε

l

, circumferential 

compressive strain ε

θ

 and radial compressive strain ε

r

. At the 

opening of the pass, the stress state is composed of axial 

tensile strain ε

l

, circumferential tensile strain ε

θ 

, radial tensile 

strain into axial tensile strain ε

r

, circumferential compressive 

strain ε

θ

 and radial compressive strain ε

r

. Comprehensive 

analysis of the strain distribution cloud maps shows that the 

strain of the reducing section is the smallest compared to the 

strains of all sections, nearly zero. The strain in the wall 

thickness reducing section increases significantly and is 

unevenly distributed. The largest strain is observed in the 

finishing section, and the strain in the pass section is evenly 

distributed and the roundness is better. The overall strain 

variation is in accordance with the accumulation character- 

ristics and distribution curve of equivalent plastic strain. 

2.3  Temperature distribution under different rotation 

angles 

Fig.9 reveals the node temperature distribution curves of the 

reducing section, wall thickness reducing section and finishing 

section at different rotation angles. Because no large plastic 

deformation occurs at the beginning of diameter reduction in 

the reducing section, the heat transformation is low. Moreover, 

the temperature difference of each node, which is close to the 

initial rolling temperature of 20 °C, is not significant. The 

node temperature increases gradually as the rolling process 

proceeds. Comparison of the node temperatures in different 

deformation stages demonstrates that the overall node tempe- 

rature of the finishing section is higher than that of the 

reducing and wall thickness reducing sections under the same 

rotation angle during forming. In different deformation stages, 

regardless of the pass area, the node temperature increases as 
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Fig.8  Schematic of the strain distributions in different deformation sections: (a) reducing section, (b) wall thickness reducing section, 

and (c) finishing section 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.9  Temperature distribution curves of the outer wall (a, c, e) and inner wall (b, d, f) of each deformation section node at different rotation 

angles: (a, b) diameter reducing section, (c, d) wall thickness reducing section, and (e, f) finishing section 

 

the rotation angle increases. Furthermore, the overall variation 

trend of the ridge and surroundings of the pass is larger than 

that of the open area of the pass. 

In conclusion, when the rotation angle increases, the equi- 

valent stress, equivalent plastic strain and node temperature of 

the pipe in the reducing, wall thickness reducing and finishing 

sections consistently increase. The maximum stress in the 

entire rolling process with three rotation angles does not 

exceed the strength limit of the AZ31 magnesium alloy tubes. 

The equivalent stress at a rotation angle of 59° is more 

favorable to rolling forming, the equivalent plastic strain in 

the finishing section is relatively uniform and the roundness is 

better. However, at a rotation angle of 59°, the temperature in 

the deformation area is relatively high, and the regional 

temperature difference is relatively large. Therefore, the 

resulting finished tube may have a high forming temperature 
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in the deformation area, leading to a decrease in its ultimate 

strength, cracks and other defects affecting its circumferential 

uniformity. According to the findings above, a 50° return angle 

can meet the technical requirements to ensure pipe quality. 

3  Experimental Verification 

3.1  Comparison of experimental results 

In the current experiment, the LD40 rolling mill from a 

certain enterprise in Jiangsu was used for rolling. Fig.10 

shows the measured and simulated results of the outer 

diameter of the finished tube after rolling (A-raw materials, 

B-reducing section, C-wall thickness reducing section, 

D-finishing section, E-finished section). The measured results 

show that the deformation state of the simulated forming 

process is consistent with the actual situation. In addition, the 

error between the average diameter measured in the 

experiment and the simulated average diameter is no more 

than 0.5 mm, which is within a reasonable range and verifies 

the forming accuracy of the numerical simulation model. 

An infrared temperature sensor is used to conduct non-contact, 

real-time measurement of the temperature of the outer wall of 

the rolling section as a function of the rotation angles (30°, 

50° and 59°) of the reducing, wall thickness reducing and 

finishing sections. The measurement results are shown in Fig.11.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.10  Comparison of experiment and simulated outer diameter 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.11  Comparison of the actual and simulated temperatures of the 

outer wall 

The measured outer wall temperatures are basically consistent 

with the simulated values, and both increase with increasing 

the rotation angle, which verifies the forming accuracy of the 

numerical simulation model to a certain extent. 

3.2  Experiment verification of microstructure  

Fig.12 shows the experimental and simulated results of the 

average grain sizes of reducing section, wall thickness 

reducing section and finishing section. The average grain sizes 

of reducing, wall thickness reducing and finishing sections are 

42.5, 32.5, 31.6 µm (experiment) and 42.88, 33.08, 31.98 µm 

(simulation), respectively, thereby indicating that the grain 

sizes are refined to a large extent during the rolling process. 

Furthermore, the experimental and simulated results are 

generally consistent. 

Fig.13 shows the experimental and simulated microstru- 

ctural results of reducing section, wall thickness reducing 

section and finishing section after rolling. The experimental 

results show that the overall grain distribution in the reducing 

section is relatively uniform. In addition, the grains have a 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.12  Experimental and simulation results of grain size 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.13  Experimental (a) and simulated (b) results of microstructures 

obtained in different deformation sections 
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Fig.14  Dynamic recrystallization simulation results: (a) reducing section, (b) wall thickness reducing section, and (c) finishing section 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.15  Dynamic recrystallized grain volume fraction of different 

sections of material 

 

fairly large size and numerous twins are noted. The overall 

grain distribution in the wall thickness reducing section is 

relatively uneven, and the size and number of twins decrease. 

The finishing section of the whole grain reveals further 

homogenization, small degrees of size reduction and few 

twins. The simulated results show uniform grains and the 

absence of twins. Furthermore, because the initial state is 

idealized, which ignores the energy fluctuation and stacks 

entanglement of some parts of the material, the dislocation 

and energy distributions are uniform. Overall, the experi- 

mental results are consistent with the simulation results. 

Fig.14 shows the simulation results of the dynamic recry- 

stallization of samples reducing section, wall thickness 

reducing section and finishing section. Here, primary grains 

are gradually replaced by fine recrystallized grains as 

deformation proceeds. 

Fig.15 shows the measured dynamic recrystallized grain 

volume fractions of samples. Results show that the volume 

fraction of recrystallized grains in reducing, wall thickness 

reducing and finishing sections is 19.5 vol%, 90.1 vol%, 90.5 

vol% (experiment) and 17.24 vol%, 87.90 vol%, 88.331 vol% 

(simulation), respectively. This phenomenon may be explained 

as the rolling process progresses, the temperature, and the 

thermal activation of recrystallization need can increase, grain 

boundary migration rate is accelerated, and recrystallization 

grain volume fraction increases. The experimental and 

simulation results are basically identical. 

4  Conclusions 

1) The improvement of mechanical properties and 

temperature in the process of metal forming is obtained 

through studies of different rotation angles during three-roll 

cold-rolling. The equivalent stress, equivalent plastic strain 

and node temperature of the pipe increase with increasing the 

rotation angle, and the optimal process parameter, namely, a 

return angle of 50°, is obtained by comprehensive analysis of 

various factors 

2) The cellular automaton model can be used to predict the 

formation of continuous recrystallization grains during the 

rolling process and refinement of the initial structure evolution 

law, through the experiment and simulation results contrast, 

from outside diameter size, the outer wall temperature and 

grain size. The rationality of the selected rotation angle is 

verified. 
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