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Abstract

:

To study the factors that affect the mechanical properties of materials, double-pass hot compression tests were performed under different deformation parameters using a Gleeble-3500 thermo-simulation machine. The static softening behavior of 5754 aluminium alloy during testing was analyzed by the 0.2% offset-stress method. The results show that the static softening fraction was greatly influenced by deformation parameters and rapidly increased with increasing delay time, strain rate and deformation temperature. In addition, a mesoscopic cellular automaton (CA) model was employed to simulate the microstructural evolution of the static recrystallization (SRX) during the double-pass hot compression test of the 5754 aluminium alloy. The results show that the SRX nuclei first formed along the grain boundaries, where the energy was sufficient, and deformation parameters had a significant influence on the SRX of the 5754 aluminium alloy. The recrystallized volume fraction increased with increasing temperature, strain rate, and delay time among deformation stages. The mean recrystallized grain size increased with increasing deformation temperature and delay time. However, the mean grain size was slightly reduced with an increase in the strain rate from 0.1 s−1 to 1 s−1 at constant temperature and delay time.
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1. Introduction


The heating process used to form materials is of remarkable importance, as it affects the quality of the products [1,2]. However, previous studies have shown that complex metallurgical structural changes that occurred during multi-pass hot rolling and hot compression processes resulted from competing work hardening and softening mechanisms [3,4]. In addition, static softening behavior plays a crucial role in the hot compression process, as it has a great influence on the forming load and the microstructural evolution during each pass [5]. Therefore, static softening behavior has received increasing attention in practical manufacturing processes. For example, Llanos et al. [6] and Jiang et al. [7] studied the static softening behavior of vanadium micro-alloyed with high manganese austenitic steel and 7150 aluminium alloy, respectively.



It is well known that static recrystallization may occur during the inter-pass holding intervals between double pass and multi-pass hot compression. The extent of static softening can be quantified by assessing the fraction of static recrystallization [8]. Hence, it is necessary to evaluate the static recrystallization process with different deformation parameters. Recrystallization normally begins at atypical locations in the average microstructure of a deformed material, and the characteristics of the microstructure evolution are related in a complex and nonlinear fashion to the deformation process and the chemistry of the materials [9]. With the continuous improvement of material testing and analysis technology in recent years, an increasing number of scholars have established multiscale grain evolution models for materials during the forming process. Stochastic modeling, which provides the basis for constructing multiscale models, uses probabilistic methods to study grain growth and evolution, including random distribution of grain sizes, grain orientation, and topography, and the energy and structure during tissue evolution owing to random fluctuations in growth conditions. At present, the Monte Carlo (MC) method, phase field method and cellular automata (CA) method are commonly used in mesoscale microstructure evolution simulation. However, because the MC method uses the sampling method for calculation, there are many shortcomings. For example, the real-time and the simulation time are difficult to correspond, the key parameters such as the nucleation position and nucleation rate of the recrystallization process are not necessarily related to the dynamics, and the calculation amount is large and the operation time is long. The phase field method uses the numerical difference method to solve it iteratively, which makes the calculation amount very large and constitutes a certain limitation for the development of the simulation work.



The CA method uses a typical "bottom-up" modeling approach, which is the thinking mode used by most complex systems research methods. In addition, the powerful computing power of cellular automata is a powerful tool for simulating the highly complex phenomena of microstructure evolution. A multiscale phenomenon is first shown by means of a multilevel CA by Beygelzimer and Spuskanyuk [10]. This approach can be useful in simulation, which inherits the microstructure and microstresses from the previous plastic deformation level. Radd et al. [11] proposed a probabilistic CA model and solved the problem of spatiotemporal inhomogeneity of recrystallized grain growth rate. As an important stochastic modeling method, CA has frequently been used to successfully simulate the process of organizational evolution, such as static recrystallization (SRX) [12,13,14,15,16] and dynamic recrystallization (DRX) [17,18,19,20,21,22]. CA combines the advantages of probabilistic statistical and deterministic methods to describe the evolution of more complex microstructures with a clearer physical meaning. In this research, a 2D CA model was used. Compared with the 3D model, it has less computational complexity and is widely used to simulate the microstructure evolution process.



Al-Mg alloys have been used widely in transportation, electronics, and the aerospace industry owing to their characteristic high specific strength, low density, and high formability [23,24,25]. The 5754 aluminium alloy has high corrosion resistance and has broad application prospects in the manufacture of ship and automobile structures. However, its application is greatly restricted due to formability issues at room temperature [3]. Lohmar et al. [26] and Jiang et al. [27] pointed out that the mechanical properties of materials are closely coupled with the microstructure. Accordingly, it is an important task to study the static softening mechanisms and SRX processes of 5754 aluminium alloy, so that we can maximize the material properties by adjusting the deformation parameters.



In this study, hot compression tests were performed using a Gleeble-3500 thermo-simulation machine at different deformation parameter settings. The static softening behavior of 5754 aluminium alloy was analyzed by the 0.2% offset-stress method. In addition, a two-dimensional probabilistic CA model was employed to analyze the influence of temperature, strain rate, and delay time during the SRX. The main objective of this paper is to establish a mesoscopic, physically based model to predict the evolution of SRX during hot compression to compare with the experimental results. Furthermore, the process parameters for hot compression are optimized by focusing on how static softening and SRX respond to controlled deformation parameters, including: temperature, strain rate, and delay time.




2. Experimental Procedure and Materials


The double-pass hot compression tests were performed using a Gleeble-3500 (Dynamic System Institution, New York, NY, USA). The main chemical components (wt. %) of 5754 aluminium alloy are shown in Table 1. To facilitate testing, specimens were cut into cuboids with geometric shapes and sizes shown in Figure 1.



Samples were heated to 450 °C at a rate of 10 °C/s and insulation for 240 s to eliminate thermal gradients. The samples were then cooled to different deformation temperatures at a speed of 5 °C/s. Two different deformation temperatures (350 and 450 °C) and two strain rates (0.1 and 1.0 s−1) were used. The compression process in the first pass ended when the compression deformation reached 35%. Then, compression continued at 35% until the compression process was finished. The delay times during interrupted compression varied between 5 s, 30 s, and 60 s. The samples were quenched immediately after the tests. The entire test process is shown in Figure 2.



Samples compressed using different deformation parameters were cut along the compressed direction, mounted, polished, and anode-coated using a fluoroboric acid solution (10 mL fluoroboric acid in 400 mL water) for 60 s at 20 V. The microstructure of the specimens was observed by optical microscopy.




3. Results and Discussion


3.1. Static Softening Behavior of 5754 Aluminium Alloy


The flow curves used to study the static softening mechanism of the hot rolling process were obtained from double-pass isothermal compression tests that were conducted for various time intervals and deformation conditions. As shown in Figure 3, the flow curves from the first pass under the same deformation conditions are almost identical and are controlled by work hardening (WH) and dynamic recovery (DRV) as described in Reference [3]. Although the dynamic softening mechanism during the second pass is similar to the first pass, the flow curves of the second pass show a significant difference for various time intervals. Due to the static softening effect, the flow stress decreases as the delay time increases. In addition, it can be seen from Figure 3d that the 5754 aluminium alloy exhibits a typical Portevin-Le Chatelier (PLC) effect at the deformation temperature of 450 °C and strain rate of 1.0 s−1. The stress-strain curves are characterized by the hopping type B bands at the delay time of 5 s and 60 s. The sawteeth oscillates between the upper and lower envelope curves of the stress, and the drop amplitude and density are not large. The feature of the hopping type B bands typically occurs at intermediate strain rates and temperatures. The most recognized microscopic mechanism of the PLC effect is dynamic strain aging, which is the dynamic interaction of solute atoms with movable dislocations. More details about the PLC effect of the aluminium alloy can be found in reference [28,29].



To quantify the static softening fraction (  F s  ) during double pass compression, the 0.2% offset-stress method [30] was employed as follows:


   F s =    σ m  −  σ 2     σ m  −  σ 1      



(1)




where    σ m    is the flow stress before unloading during the first pass, and    σ 1    and    σ 2    are the yield stresses for the first pass and second pass, respectively.



Figure 4 shows the calculated softening fraction. The fraction quickly increases as the delay time increases. However, the growth rate of the softening fraction decreases gradually as the delay time increases. The nucleation and growth of SRX absorb a large number of dislocations generated during the deformation stage, which is the main reason for the softening fraction increasing with the increasing delay time. Then, the driving force for SRX decreases with the increasing delay time due to the decreasing of dislocation density. Thus, the growth rate of SRX decreases as the time increases.



As shown in Figure 4, the static softening fraction increases as the strain rate increases under the specific deformation temperature (350 or 450 °C) and delay time. At the deformation stage, the dislocation is easier to accumulate at high strain rates, which increase the driving force for the static softening fraction. Besides, the static softening fraction increases as the temperature increases due to the rapid SRX at high temperature. However, when the temperature is 350 °C and the delay time is 60 s, the growth rate of the softening fraction tends to zero, which indicates that SRX occurs incompletely. The static softening mechanisms are thermally activated processes. High temperatures can promote nucleation and lead to high grain boundary mobility.




3.2. SRX Kinetic Model of 5754 Aluminium Alloy


The Avrami equation can be employed to describe the SRX kinetics of 5754 aluminium alloy [31,32], as follows:


    X s  = 1 − exp  [  − 0.693    (   t   t  0.5      )   n   ]    



(2)




where    X s    is the softening fraction calculated in Section 3.1, assuming that    X s    represents the percentage of SRX,  t  is delay time,  n  is the material constant, and    t  0.5     is the time taken to achieve a 50% static softening fraction. The    t  0.5     term is calculated as follows:


    t  0 . 5   =  A s    ε ˙  c  exp  (     Q s    R T    )    



(3)




where    A s    and  c  are the material constants,    Q s    is the activity energy for SRX (    Jmol   − 1    ),  R  is the gas constant (8.31     Jmol   − 1     · K   − 1    ),   ε ˙   is the strain rate (s−1), and  T  is the absolute deformation temperature ( K ).



Equation (4) is obtained by taking the logarithm twice on both sides of Equation (2).


   ln  (  − ln  (  1 −  X s   )   )  = n ln t − n ln  t  0.5   + ln 0.693   



(4)







By substituting    X s    and  t  into Equation (4), the value of n (n = 0.755) can be calculated from the mean slope of the lines in Figure 5 by linear regression of   ln t   and   ln  (  − ln  (  1 −  X s   )   )   .



The value of    t  0.5     can be deduced from the relationship between    X s    and  t . The following equation can be obtained by taking the logarithm of both sides of Equation (3).


   ln  t  0.5   = c ln  ε ˙  +    Q s    R T   + ln  A s    



(5)







The value of   ln  t  0.5    ,   ln  ε ˙    and    1  R T     can be obtained by substituting the known parameters of    t  0.5    ,   ε ˙  ,  R , and  T . Finally, multiple linear regression is used to solve the coefficients of the equation.



Hence, the static recrystallization kinetic model of 5754 aluminium alloy during the multi-pass can be obtained as follows:


    X s  = 1 − exp  [  − 0.693    (   t   t  0.5      )    0.755    ]    



(6)






    t  0.5   = 2.301   ε ˙   − 0.115   exp  (    11278   R T    )    



(7)








3.3. The Simulation of Static Recrystallization of 5754 Aluminium Alloy


3.3.1. Deformation-Stored Energy


The stored energy caused by the previous pass is an important factor in the occurrence of SRX. The stored energy (   P s   ) can be expressed based on the density of dislocations during hot working of the material as:


    P s  = α μ  b 2  Δ ρ   



(8)




where  α  is 0.5,  μ  and  b  are the shear modulus and Burgers vector respectively, and   Δ ρ   represents the change in dislocation density. The dislocation density  ρ  is often expressed as follows:


   ρ =    (   σ  α μ b    )   2    



(9)




where  σ  is the flow stress, and the meaning of the remaining variables is described above. Equation (10) can be derived by combining Equations (8) and (9).


    P s  =    σ m    2  −  σ 2    2    α μ     



(10)




where    σ m    and    σ 2    are the flow stress before unloading and the yield stress, respectively.




3.3.2. Nucleation Model for Static Recrystallization


Static recrystallization involves both nucleation and growth processes. The nucleation rate is closely related to the deformation stored energy of the previous deformation. Therefore, the value of the nucleation rate can be obtained from Equation (11), as described by Reference [33].


    n ˙  = Z (  H −  H c   ) exp  (  −    Q a    R T    )    



(11)




where  Z  and    Q a    are materials parameters,  H  is the stored energy produced by the previous deformation, and    H c    is the critical energy of static recrystallization.  H  and    H c    are calculated by Equation (12).


   H =    σ m    2    α μ       and    H c  =    σ 2    2    α μ     



(12)








3.3.3. Grain Growth Model


The growth of crystal nuclei is the result of grain boundary movement. The driving pressure and grain boundary mobility are the main factors affecting the speed of grain boundary movement ( V ), and  V  can be expressed as follows [34]:


   V = M P   



(13)




where  P  is the driving pressure, and  M  is the grain boundary mobility, which is mainly affected by temperature and can be expressed as follows:


   M =   δ  D 0     K B  T   b exp  (  −    Q b    R T    )    



(14)




where    D 0   ,  δ ,  b ,    K B   ,    Q b    are the grain boundary self-diffusion constant, grain boundary thickness, Burgers vector, Boltzmann constant, and thermal activation energy, respectively. More details about grain boundary movement velocity ( V ), grain boundary mobility ( M ), and related parameters can be found in reference [35,36]. The driving pressure at the grain boundary is mainly provided by the stored energy (   P S    as expressed by Equation (10)) and the grain boundary energy (   P G   ). Hence, the driving pressure can be determined by Equation (15).


   P =  P S  +  P G    



(15)







The grain boundary energy is as follows:


    P G  = γ k   



(16)




where  γ  is the grain surface energy, which is expressed by Equation (17) [13], and  k  is the grain boundary curvature, which is expressed by Equation (19).


   γ =  {       γ m         γ m     θ i     θ m     (  1 − ln  (     θ i     θ m     )   )                   θ i  >  θ m                θ i  ≤  θ m        



(17)




where    θ i    is the grain boundary misorientation,    θ m    is the low-angle grain boundary misorientation, and    γ m    is high-angle grain boundary energy, which is described as follows:


    γ m  =   μ b  θ m    4 π  (  1 − ν  )      



(18)




where  ν  is the Poisson ratio, and the remaining variables are described above.


   k =  A   C s      K i n k −  N i    N + 1     



(19)




where  A  is the topological constant ( A  = 1.28).    C s    is the cell size (2   μ m  ).  N  is the number of the nearest and second nearest neighboring cell (N = 24).    N i    is the number of cells in the neighborhood of grain  i .   K i n k   [37] is the number of cells in the neighborhood of grain  i  (where   K i n k   = 15 for a flat interface). The material and physical constants for 5754 aluminium alloy are listed in Table 2 and Table 3.





3.4. The Construction of CA Model


CA is a method that can simulate a physical system for discrete time and space intervals [38]. The space consists of a finite number of cells with a specific shape. Each cell has a corresponding state variable that describes its physical behaviour. The state of the cell at each subsequent time step is determined by the CA’s transition rule. The discrete time interval (  Δ t  ) is determined by the Equation (20).


   Δ t =    C s     V  max     =    C s    M τ Δ ρ     



(20)




where  τ  is the dislocation line energy (  τ =   0.5     μ b  2   ). The meaning of other variables is the same as Equations (8)–(10), (13), and (19).



In the present study, the simulation space is divided into a 500 × 500 grid of square cells. Each cell is 2   μ m   and consists of a square grid. The state variables applied to cells include dislocation density, grain orientation, recrystallization grain number, and moving distance. The dislocation density variable is applied to calculate the stored energy, the grain orientation variable is applied to determine the grain boundary energy, and the recrystallization grain number is used to determine the recrystallization fraction. Values of 0 and >0 are used to indicate primary grains and recrystallized grains, respectively. The number of recrystallized grains is greater than zero. The moving distance is used to count the total distance of movement along a grain boundary. The specimen had an average initial grain size of 95   μ m  .



In the simulation of nucleation, it is assumed that the nucleation of static recrystallization occurs mainly on high-angle grain boundaries. The probability of nucleation in each cell within a unit of time (   P n   ) can be calculated by Equation (21).


    P n  =  n ˙   S c  Δ t   



(21)




where   n ˙   is the nucleation rate,    S c    is the unit cell area and   Δ t   is the discrete time interval (in maximum migration speed). When the random number (0~1) generated by system is less than    P n   , then the boundary cell is converted into a recrystallized nucleus.



In this paper, the Moore neighbors and periodic boundary conditions are adopted (Figure 6). Each cell has eight neighbors. The grain growth follows the following three rules:



1. The cell is not a recrystallized grain, and there are recrystallized grains in the neighbors;



2. The random number generated by system is greater than the random transition probability,    P g   , of each cell;


    P g  =    N n     N t      



(22)




where    N n    represents the number of recrystallized grains in the neighborhood, and    N t    is the total number of neighbors (   N t    = 8).



3. The driving pressure is greater than zero, and the grain boundary migration distance    L d    is larger than the cell size,    C s   , (   C s  = 2   μ m  ).


   L d  = V Δ t  



(23)




where  V  is the speed of grain boundary movement, which can be calculated by Equation (13).





4. Simulation Results of the CA Model


4.1. The Initial Microstructure


The initial microstructure with the specified mean grain size and equiaxed grain structure was generated by running the CA model for the condition of homogeneous recrystallization with site-saturated nucleation, as shown in Figure 7.




4.2. Deformation Temperature Effect


The simulation results of microstructures developed at different temperatures at the strain rate of 0.1 s–1, the strain of 0.35 and a delay time of 5 s are given in Figure 8. White areas are the initial grains, while dark areas represent the SRX grains as shown in Figure 8c,d. Obviously, the SRX nucleation first appeared on grain boundaries because of the high energy in this location. It can be concluded from Figure 8c,d that temperature provides the necessary energy for nucleation and grain growth, and the recrystallized volume fraction and the mean size of recrystallized grains are increased as the temperature increases. The recrystallized volume fraction is 17.87% at 350 °C and 21.89% at 450 °C, and the mean size of SRX grains also increases from 12.70 to 16.20   μ m   as shown in Figure 8e. When the deformation temperature is high, the activity of dislocation increases, which provides a sufficient driving force to initiate SRX. In addition, a high deformation temperature enhances the thermal activation of atoms in the alloy for the progress of nucleation, which can effectively promote the development of SRX and greatly increase the recrystallized volume fraction. Meanwhile, high temperatures alter the state of the inside microstructure of the alloy by promoting the solubility of trace elements in the matrix, thereby reducing the inhibition caused by precipitation during the SRX, and increasing grain boundary mobility at the same time. Therefore, the growth of recrystallized grains will increase, and the grains will become larger.




4.3. Strain Rate Effect


The simulation results for microstructures formed at various strain rates and a constant deformation temperature (450 °C), constant strain (0.35), and constant delay time (60 s) are shown in Figure 9. The results show that the recrystallized volume fraction increases with increasing strain rate and yields 80.07% at 0.1 s−1 and 86.06% at 1 s−1. However, the average grain size is slightly reduced with increasing strain rate and is 62.50   μ m   at 0.1 s−1 and 45.45   μ m   at 1 s−1. During the hot deformation test, the dislocation density increases rapidly with an increasing strain rate, and a great quantity of deformation energy for recrystallization nucleation and grain growth is generated, which increases the recrystallized volume fraction. However, too much nucleation inhibits the growth of grains, and as a result, the average grain size decreases slightly. Therefore, improving the strain rate is propitious for increasing the volume fraction and size of recrystallized grains.




4.4. Delay Time Effect


The evolution of SRX and the change in the recrystallized volume fraction at different delay times at a temperature of 450 °C and strain rate of 0.1 s−1 are shown in Figure 10. Obviously, the recrystallized volume fraction and the recrystallized grain size increase with the increasing delay time, but the rate of increase gradually decreases. The recrystallized volume fraction is 21.89% at 5 s and 80.07% at 60 s, while the mean size of recrystallized grains also increases from 16.20 to 62.50   μ m  . Longer delay times provide sufficient time for the growth of recrystallization of grains. However, the process of grain growth is often accompanied by a reduction in energy. As the driving force of grain growth, the dislocation difference is gradually reduced to zero during the SRX, resulting in a gradual decrease in the rate of increase.




4.5. Validation of the CA Model


The average grain size of the CA model and the test material at a temperature of 450 °C and strain rates of 0.1–1 s−1 are shown in Table 4. The recrystallized volume fraction and average grain size of the test material and CA model at different deformation temperatures, strain rates and delay times are shown in Figure 11 and Figure 12. It can be concluded from these figures that the predicted average grain size and recrystallized volume fraction agree well with the test data.





5. Conclusions


1. Due to the static softening effect, the flow stress was decreased as the delay time and deformation temperature increased. The static softening fraction was analyzed by the 0.2% offset-stress method, and the results showed that the static softening fraction was greatly influenced by the deformation parameters, which increased with increasing deformation time, strain rate, and deformation temperature.



2. The mesoscopic physically based CA models coupled with metallurgical principles were established to predict the microstructural evolution of 5754 aluminium during hot working. In addition, nucleation, grain growth, and SRX kinetic models were also taken into account.



3. The simulated CA shows that the nuclei of SRX were first formed on the grain boundaries as a result of their high energy. In addition, the deformation parameters have a significant influence on the SRX of the 5754 aluminium alloy. The recrystallized volume fraction and the recrystallized mean grain size increased with the increasing deformation temperature and delay time. The recrystallized volume fraction increased with the increase of the strain rate, but the average grain size was slightly reduced.



4. The predicted recrystallized volume fraction and the average grain size agree well with the experimental data. Therefore, the developed CA model is capable of studying microstructure evolution to a greater extent during the pass interval period.
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Figure 1. The shapes and sizes of the specimens used for hot compression testing. 
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Figure 2. Experimental process for the double pass compression tests. 
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Figure 3. Flow curves resulting from different deformation parameters: (a) 350 °C, 0.1 s−1; (b) 350 °C, 1.0 s−1; (c) 450 °C, 0.1 s−1; (d) 450 °C, 1.0 s−1. 
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Figure 4. The contrast of the static softening fraction at different strain rates and deformation temperatures. 
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Figure 5. The relationship between   ln  (  − ln  (  1 −  X s   )   )    and   ln t  . 
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Figure 6. The Moore neighborhood and symmetric boundary condition. 
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Figure 7. The initial microstructure of the 5754 aluminium alloy. 
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Figure 8. The experimental (a,b) and CA (c,d) results for microstructures formed at deformation temperatures of 350 °C (a,c) and 450 °C (b,d); (e) the variation of the recrystallized volume fraction and the mean grain size at temperatures of 350 °C and 450 °C. 
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Figure 9. The experimental (a,b) and CA (c,d) results for microstructures formed at a strain rate of 0.1 s−1 (a,c) and 1.0 s−1 (b,d); (e) the variation of the recrystallized volume fraction and the mean grain size at strain rates of 0.1 and 1 s−1. 
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Figure 10. Changes in the recrystallized volume fraction as a function of delay time. 
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Figure 11. The recrystallized volume fraction of the test and CA models. 
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Figure 12. Comparison of the average grain size obtained from the tests and cellular automaton (CA) results at a temperature of 450 °C and strain rates of 0.1 and 1 s−1. 






Figure 12. Comparison of the average grain size obtained from the tests and cellular automaton (CA) results at a temperature of 450 °C and strain rates of 0.1 and 1 s−1.



[image: Metals 08 00585 g012]







[image: Table] 





Table 1. Chemical elements and content of 5754 aluminium alloy.
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	Chemical Elements
	Mg
	Mn
	Si
	Fe
	Cr
	Zn
	Ti
	Cu
	Al





	Content (wt. %)
	3.1
	0.50
	0.40
	0.40
	0.30
	0.20
	0.15
	0.10
	Balance
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Table 2. The material constants of 5754 aluminium alloy in this paper.
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	Parameter
	   b      ( m )   
	   μ       ( G P a  )   
	    δ  D 0         (  m 3  ·  s  −  1     )   
	     K B         ( J ·  K  −  1     )   
	   ν   
	   α   





	Value
	2.6 × 10−10
	26
	8 × 10−14
	1.38 × 10−23
	0.33
	0.5
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Table 3. The physical parameters for 5754 aluminium alloy obtained by regression and used in this paper.
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	Parameter
	   Z   
	     Q a         ( J ⋅ m o  l  − 1    )   
	     Q b         ( J ⋅ m o  l  − 1    )   





	Value
	1.56966 × 106
	73,220.3
	108,000
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Table 4. Comparison of the average grain size obtained from the tests and cellular automaton (CA) results.
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Temperature/°C

	
Strain Rate/s−1

	
CA Model/   μ m   

	
Experiment/   μ m   






	
450 °C

	
0.1

	
62.50

	
64.17




	
1.0

	
45.45

	
47.91
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