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Abstract: During heat treatment or mechanical processing, most polycrystalline materials experience grain growth, which significantly affects their mechanical properties. Microstructure simulation on a mesoscopic scale is an important way of studying grain growth. A key research focus of this type of method has long been how to efficiently and accurately simulate the grain growth caused by a non-uniform temperature field with temperature gradients. In this work, we propose an improved 3D Monte Carlo Potts (MCP) method to quantitatively study the relationship between non-uniform temperature fields and final grain morphologies. Properties of the aluminum alloy AA6061-T6 are used to establish a trial calculation model and to verify the algorithms with existing experimental results in literature. The detailed grain growth process of the 6061-T6 aluminum alloy under different temperature fields is then obtained, and grain morphologies at various positions are analyzed. Results indicate that while absolute temperature and duration time are the primary factors determining the final grain size, the temperature gradient also has strong influence on the grain morphologies. The relationships between temperatures, temperature gradients and grain growth process have been established. The proposed MCP algorithm can be applied to different types of materials when the proper parameters are used.
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1  Introduction

Grain growth—the increase in the size of grains (crystallites) in a material at high temperature is the most common microstructural evolution process in polycrystalline materials such as pure metals, alloys and some ceramics. Grain size has an important influence on the mechanical, physical and chemical properties of polycrystalline materials, and is one of the most important microstructure parameters. During the preparation, forming, processing and welding of polycrystalline materials, long-time high temperature and deformation treatments are typically introduced. Under high temperature and deformation conditions, polycrystalline materials will experience the grain growth phenomenon. Therefore, the study of the grain growth process under thermal conditions is an important research field. Compared with experimental observations, simulation has advantages such as low cost, flexibility and the ability to perform in situ analysis [1–3].

Monte Carlo Potts (MCP) and cellular automata (CA) methods are two algorithms commonly used by researchers for the simulation of evolving microstructure systems in mesoscopic scales. The MCP and CA methods originated from statistical physical simulation and computer simulation of self-reproducing systems [4–6], respectively, and they have been applied in the field of computational materials science since the 1980s [5,7,8]. Since the initial simulation of uniform grain boundary motion and grain coarsening in the 2D and 3D spaces, many researchers have applied MCP and CA methods to more complex microstructure evolutions to continually improve the accuracy and applicability of the models. The MCP and CA models were used to simulate the nucleation and growth of recrystallized grains in the early stages [7,9], and the predictions were usually consistent with the experimental results. On the basis of uniform grain growth, some scholars developed the anisotropic grain growth and abnormal grain growth simulations by changing the surface energy distribution or energy calculation method of the Hamilton equations in the MCP and CA formulas [10,11]. With the increasing complexity of simulation conditions, Gao et al. [12] established an actual time-temperature relationship model. Zinovieva et al. [13] studied the mesh anisotropy problem in CA models. Vertyagina et al. [14] improved the CA method so that it can be applied to materials with different space lattice forms. Rodgers et al. [15] used a rejection kinetic Monte Carlo model to simulate grain evolution in the welding process. In their work, a temperature-dependent grain boundary mobility term M(T) was introduced in an attempt to solve the difficulties of temperature inhomogeneity. Yang et al. [16] considered the selection probabilities for lattice site as a temperature-related value, and by this method, the grain orientations at higher temperature locations are updated more frequently. Other numerical calculation methods have also been combined to improve the analysis ability for temperature or deformation fields, such as FE-CA algorithms [17] and CA-lattice Boltzmann models [18]. In recent years, as the CA and MCP methods were further developed, they have been applied in fields such as grain evolution simulation in welding pools [19,20], and solid-state friction stir welding joints [21,22], laser treatment and additive manufacturing [18,23]. The efficient simulation of grain growth in heterogeneous and complex temperature fields is still a problem that limits the predictions of evolving microstructure systems. Microstructure evolution regulations and grain morphology need more detailed and quantitative studies, particularly in the 3D condition, which is closer to the actual evolution process.

By combining the MCP determination algorithm with CA formulations, this work proposes a 3D Mote Carlo Potts model to simulate the microstructure evolutions of AA6061. The model deals with inhomogeneous temperature fields by defining different iterating numbers at lattice sites with different temperature values. The influence of temperature gradients on grain boundary migration, grain size evolution and grain morphology is studied in detail. This work provides reference for further applications of simulation in various complex manufacturing processes involving temperature gradients.

2  Description of Model

The model uses 3D equilateral cube grids to mesh the spatial region. The shape of the simulated area is a cuboid or a cube, and the mesh model can be marked as m × n × p according to the grid numbers of each direction in the rectangular coordinate system. The actual spatial length corresponding to each lattice cell is marked as λ, which indicates the accuracy in the dimensions of the model. In the MCP model, each lattice cell is given an integer number q to represent the value of grain orientation degree; these integers are limited from 1 to a positive number Nq. The model adopts Moore’s neighbor scheme; that is, there are 26 adjacent neighbor cells around each central cell. When the grain orientation degrees of adjacent cells are the same, the model considers that these cells constitute the same grain. If the grain orientation degrees of adjacent cells are different, the grain boundaries are formed. According to this rule, the average intercept method is used to estimate the average spatial grain size l,


l=LNg,
(1)

where L is the length of a line, and Ng is the number of grains found along this line. Lines used to calculate l are all drawn parallel to the coordinate axis.

The essential driving forces during grain growth of polycrystalline materials are atomic motion and grain boundary migration under high temperatures [24]. When the energy caused by temperature rise for the material exceeds the energy threshold to overcome energy barriers, atomic migration and atomic transition will occur, which finally results in grain boundary movement and grain growth. The simulation of grain growth is achieved by simulating the ordered transformations of grain orientation degrees in this MCP model. Transformation criteria combined with curvature-driven mechanisms and energy rules are used to determine the ordered change of grain orientation degrees at every lattice cell.

The curvature-driven transition criterion is proposed based on the grain growth law summarized from theoretical analysis, numerical simulation and experimental observations [25]. On 2D sections, the grain growth of adjacent grain boundaries tends to be a stable shape with an angle of 120 degrees, particularly when the grain boundary energy is homogeneous, i.e., regular hexagonal shapes [26]. This trend can be described by the curvature driven mechanism. In the 3D model, 26 Moore-type neighbor cells around each central cell are divided into four groups to judge the curvature-driven transition criteria. As shown in Fig. 1a, the group 1 is composed of nine adjacent cells at the same plane, and it can be seen that there are six equivalent planes adjacent to the central cell. Group 2 is composed of six cells that are coplanar with the central cell, as shown in Fig. 1b. In the same way, according to the distance relationship, another group of 12 and 8 cells sharing edges and vertices with the central cell form Group 3 and Group 4, respectively, as shown in Figs. 1c and 1d. The judgment priority is from Group 1 to Group 4 in turn, and when the MCP model is running according to the curvature-driven transition criterion, it is judged according to the following four conditions in sequence:

(a) If there are two or more lattice cells with an equivalent degree of grain orientation in Group 1, then the central cell will be changed to the same value.

(b) If there are four or more lattice cells with an equivalent degree of grain orientation in Group 2, then the central cell will be changed to the same value.

(c) If there are eight or more lattice cells with an equivalent degree of grain orientation in Group 3, then the central cell will be changed to the same value.

(d) If there are five or more lattice cells with an equivalent degree of grain orientation in Group 4, then the central cell will be changed to the same value.
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Figure 1: Groups of adjacent cells, (a) Group 1, (b) Group 2, (c) Group 3, (d) Group 4

When the above criteria (a) to (d) are judged in sequence, as long as one condition is satisfied, the subsequent judgments will not be continued. If all the conditions are not met, the curvature-driven transformation rule will be foregone and at the same time the energy rule will continue. The energy rule is based on the principle that, during grain growth, total grain boundary energy and total grain boundary areas always tend to be decreased. For each lattice cell i, its free energy Ei is calculated by Hamilton formula [16],


Ei=Ji∑126(1−δij),
(2)

when Ji is a function representing unit grain boundary energy of lattice cell i, and j represents one of the neighbor lattice cells around i. δ is the Kronecker function, and if grain orientation degree qi is equal to qj, then the value of δij equals 1; if qi is not equal to qj, then its value will be 0. Using Eq. (2), the total energy of the system E1 can be calculated from the summation of all cells. For a certain central lattice cell, if the grain orientation degree is transformed to a randomly selected neighbor cell, then the new total energy is denoted by E2. The change of total energy can be then calculated by


ΔE=E2−E1.
(3)

Then, a probability p based on the variation of total energy is used to determine whether to accept the above transformation,


p={1,ΔE≤0e−ΔEkBTabs,ΔE>0,
(4)

where kB is Boltzmann constant and Tabs is absolute temperature. In this model, the value of term Ji/kBTabs is assumed to be 1 during the numerical calculations [21], and it is proved that this assumption does not affect the simulation results of real physical processes [4,6]. It is worth noting that the curvature criterion will lack the necessary neighbor cells to form four groups at the boundaries of the grids systems, and the energy rule will also lack sufficient calculation cells at the boundaries of the simulation region. In this work, the remedy for this issue is to use periodic boundary conditions. At the boundaries of the simulated region, the model is set as a cyclically symmetric boundary condition. That is, to assume the upper surface is in contact with the lower surface, the left surface is in contact with the right surface, and the front surface is in contact with the rear surface.

Fig. 2 shows the above calculation process for every central cell. In this work, one such re-orientation iteration is a basic computing unit of the MCP algorithm. The number of re-orientation times for the cell located at ijk is marked as Reijk. The total re-orientation attempts Retol for the grid system can now be obtained by


Retol=∑i,j,km,n,pReijk.
(5)

During the simulation process, a cell with location ijk will be chosen randomly and perform the re-orientation iteration once. The program will cycle to select cells at random locations until all cells are selected to run the specific re-orientation times Reijk.
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Figure 2: Flowchart of re-orientation criterion

To simulate an actual grain growth procedure, particularly the non-uniform grain growth with temperature gradients, it is necessary to establish the relationship between time, temperature and re-orientation times for each specific cell. This means material grains represented by discrete cells related to different temperature curves should be modeled by different Reijk during the simulation of microstructure evolution.

Based on the experimental observation, theoretical derivation and necessary assumptions, the Reijk at different locations can be related to the thermal and spatial parameters. According to the uniform grain growth model of the MCP method, the relationship between average grain size and iteration number can be expressed by the following form of function [27]:


l=K1λ(Reijk)n1,
(6)

where K1 and n1 are model constants that can be obtained by the simulated data via regression analysis, i.e., running simulations with different Reijk and calculating the values of l, then estimating K1 and n1 by interpolation. In this work K1 = 1.01 and n1 = 0.43.

The derivative of grain size to time reflects the grain growth rate. It is assumed that there is a relationship between grain size and grain boundary migration rate,


dldt=αvn,
(7)

where α and n are equation constants. They are listed in Tab. 1 along with the other parameters that appear in other equations.

At the atomic scale, the grain boundary migration rate v in Eq. (7) can be correlated with a series of material parameters according to experimental observation and theoretical derivation [12],


v=AZVm2Na2hexp⁡(ΔSfR)exp⁡(−QRT)2γl,
(8)

where A, Z, Vm, R, Na and h are physical constants, and Δ Sf and γ are material parameters of the simulated polycrystalline material.

By introducing the expressions of l and v in Eqs. (6) and (8) into Eq. (7), and integrating the grain size l and time t at both sides of the equation, the expression of Reijk with a constant temperature T can be obtained,


(Reijk)n1(n+1)=(n+1)αCn(K1λ)n+1expn⁡(−QRT)t+(l0K1λ)n+1,
(9)

where t is the time when the material maintains constant temperature T, l0 is the average grain size at the initial time t = 0, and C is a constant whose value is,


C=2γAZVm2Na2hexp⁡(ΔSfR).
(10)

For the non-uniform temperature fields studied in this paper, Eq. (9) should be rewritten in a summation form:


(Reijk)n1(n+1)=(n+1)αCn(K1λ)n+1∑[expn⁡(−QRTi)ti]+(l0K1λ)n+1,
(11)

where Ti is the temperature of the i-th discrete point and ti is the time of the i-th discrete point.

Using Eq. (11), cells experience different temperature curves corresponding to different re-orientation times Reijk. The above model in this work is programmed in Fortran language and run by a general server. The physical constants of the AA6061-T6 aluminum alloy and the parameters used in the model are listed in Tab. 1.
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3  Results and Discussion

3.1 Analysis of Grid Dimension and Resolution

Grid dimension is an important parameter for the MCP model, because it determines the calculation efficiency, cost and simulation region. To study the sensitivity of the model to the number of cells, five cases with different scales and proportions of total grids were selected to simulate the grain growth with fixed iteration steps. The scales of the five models were 200 × 200 × 200, 300 × 300 × 300, 350 × 350 × 350, 400 × 400 × 400 and 500 × 500 × 300, respectively. The total number of cells were 8, 27, 42, 64 and 75 million, respectively. During our study of the sensitivity of grid dimension, the material properties and temperature were not considered. Reijk was fixed at a relatively large number of 10000 for all cases, which meant that grain growth process was uniform. Initially, the grain orientation degrees in each model were assigned randomly, and Nq values were set at 100. The length of each lattice cell λ was defined as 1 µm during the simulation.

The simulation results showed that the predicted final grain sizes in the five cases were very close. The average value of grain sizes obtained was 50.89 µm, and the overall standard deviation was only 0.95 µm. Fig. 3 shows the grain growth curves; the horizontal ordinates are obtained from the average re-orientation times of all cells during the simulation. It can be seen that the trends of grain growth are highly consistent. At the initial stage, the average grain size was small, so the total area and energy of grain boundaries are were high, which led to a high rate of grain growth. With the increase of re-orientation iterations, the grain growth rate decreased and grain size tended to converge. The logarithmic values of Reijk and average grain size l were calculated for each of the five cases, respectively, and the ratio log10(l)/log10 (Reijk) was called the grain growth exponent. The theoretical value of normal grain growth exponent was 0.5 [30]. In these five cases, the average grain growth exponent was 0.44, which was close to the theoretical value. When the fifth case with a scale of 500 × 500 × 300 was compared to the other four cases, it indicated that reducing the number of grids in one of the three dimensions did not affect the grain growth simulation process. Therefore, for a specific case, the cost of computation could be reduced significantly by reducing the number of grids along one specific direction without influencing the simulation process.
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Figure 3: Grain growth curves with different model dimensions

Cell space length λ defines the resolution of the model, and influences the calculation of Reijk for every cell according to Eq. (11). The model with grid system 200 × 200 × 200 described above was used to investigate the influence of λ, and three values—0.5, 1 and 2 µm—for λ were compared. Exponential growth curves with different values of λ are illustrated in Fig. 4. It can be seen that changing the value of λ does not affect the overall trend of grain growth, but affects the grain growth rate calculated in the model. To grow to the same grain size, the model with small λ needs more re-orientation iteration times. Because the model parameter λ has been considered in the formula for calculating Reijk, when λ is reduced, the calculated Reijk value will increase proportionally, so that it can make up for the difference caused by different resolutions. In other words, when the higher resolution model with smaller λ is used, the re-orientation times will be increased correspondingly to ensure the accuracy of the model.
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Figure 4: Exponential growth curves with different values of λ

3.2 Validation of Model

To verify the accuracy of the model and debug the parameter settings, the proposed algorithm was used to establish prediction models of grain growth for materials experiencing different thermal histories. Then the predicted values were compared with experimental and numerical results in the literature. The observed results of grain growth in friction stir spot welding (FSPW) of 6061-T6 aluminum alloy by Gerlich et al. [31] were selected as verification. During the FSPW process, the grains in the welding seam were crushed and refined by mechanical stirring, and then the grains recrystallized completely to form fine and compact equiaxed grains. Driven by the heat generated from spot welding, the grains in the welding seam continued to grow after the mechanical stirring. According to the grain evolution characteristics of FSPW, a 200 × 200 × 200 cube model was used to simulate the grain growth process in a welding seam. The actual space length of the lattice system was chosen as λ = 0.2 µm, because the grain sizes are usually very small. Grain orientation degree values were initially randomly assigned in the model. Four temperature curves were simulated and compared, as shown in Fig. 5, which corresponds to the temperature curves of quenching treatment under four different welding conditions. Fig. 5 also shows two electron backscatter diffraction (EBSD) grain maps that can be compared with the predicted grain images. The Reijk corresponding to the four temperature curves calculated by this algorithm were 78, 131, 212 and 266, respectively. Fig. 6 shows the distribution of final grain size and morphology simulated by the MCP model, where grain morphology is displayed via randomly assigned corresponding color values to all grain orientation degrees from 1 to Nq. It can be seen from the grain morphology that the grains are equiaxed and that grain size increases with the increase of temperature. The predicted results are in agreement with those of experimental observation and empirical calculation. The maximum error is only 6.79%, which verifies that the algorithm and parameters in this paper can predict the grain growth process of AA6061-T6 with heat treatment. Before the formal simulation experiment, through the above comparison with the experimental results in the literature, the parameter settings of the model were further debugged to ensure that the simulation results are consistent with the actual situation.
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Figure 5: Different thermal history curves used for validations [31]
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Figure 6: Comparison of predicted results with literature

3.3 Influence of Temperature Gradients

The most direct impact of an inhomogeneous temperature field on grain growth is the presence of temperature gradients. Temperature gradients cause the differences in atomic migration rates and grain boundary energies between adjacent grains in the studied region, which affects grain growth. The MCP method in this work is used to quantitatively analyze the effect of temperature gradients on grain growth.

The actual modeled physical condition in this work is grain coarsening of polycrystalline materials driven by temperature field from an equiaxed fine grain state. In practice, the initial fine grain state can be obtained from solidification, recrystallization or a mechanical machining process. However, this model only simulates the nonuniform grain coarsening process under subsequent heat treatment conditions. In the MCP model, the initial grain distribution is generated by randomly assigning grain orientation degree values to all lattice cells. The rectangular coordinate system is composed of three directions by the simulated cuboid region, which are marked as the I, J and K directions. The non-uniform temperature field is set to change only along the I direction, which means that the vector of the temperature gradient is along the I coordinate. To reduce the overall calculation cost and improve the computational efficiency, the number of grids at the J direction has been reduced appropriately. In the study, the size of the MCP model is 400 × 50 × 400 with a total of 8 million lattice cells, and the cell space length of each single cell is defined as 1 µm. Four temperature distribution conditions are designed. At the locations of I = 1, the temperatures for all four cases are set at 300 K, which is relatively low and obviously unable to stimulate grain growth. At the far side of the grid where I = 400, the temperatures are set at 430, 560, 690 and 823 K for the four cases, respectively. These values are selected in proportion from room temperature (300 K, I = 1) to the temperature near the melting point of AA6061-T6. Temperature fields are designed as linear distribution along the I direction at the rest of the locations in the simulation region. The duration of the four thermal conditions is assumed to be 100 seconds. Taking the number of grids as the length unit, the simulated four temperature gradients vary from 0.343 K/grid to 1.308 K/grid, as shown in Fig. 7.
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Figure 7: Different temperature gradients simulated

According to the method proposed in this work, the number of re-orientation iterations for all cells in the simulation area can be calculated before running the MCP model. Fig. 8 illustrates the number of re-orientation iterations at different locations along the I direction under different temperature gradient conditions. At position I = 1, the temperatures of cells are only 300 K, and therefore the Reijk values are low, at 62. With the change of positions along the I direction, the temperatures of each condition increase linearly, and the calculated Reijk values also show an increasing trend. The Reijk number reaches the highest values at the right boundary where I = 400. In Condition 1 of temperature gradient, the maximum number of iterations at the end is only 300 because the highest temperature is only 430 K. In Condition 4 of temperature gradient, the maximum temperature at the right boundary is close to the melting point of 6-series aluminum alloy, reaching 823 K, and the corresponding number of iterations is 1917. At the same time, it can be seen from the diagram that the Reijk values do not increase linearly with position I under all four thermal conditions. In Case 4, which has higher temperature and temperature gradient values, the increasing rate of Reijk is also faster, which shows an obvious non-linear characteristic.
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Figure 8: Re-orientation times at different locations along I direction

Fig. 9 shows the distribution of grain morphology at the final time 100 s for the four temperature gradient conditions. The left end corresponds to I = 1 and the right end corresponds to I = 400. It can be seen that the 3D MCP model performs well at simulating the spatial growth of AA6061-T6 grains. The grain morphology shows grains with nearly the same grain size at the same I coordinate positions, and there is a significant gradient distribution of grain size along the direction of I. At the position I = 1, the grain sizes are relatively small, and at the position I = 400, the grain sizes reach the largest values. In condition 1, the grain size changes slowly along direction I, while in condition 4, because of the large temperature gradient along the I direction, the temperature changes quickly with the position and the grain coarsens rapidly. It can also be seen in Fig. 9 that although the temperatures at the leftmost end are all 300 K in four thermal conditions, the grain sizes vary slightly at I = 1 due to the different temperature values in the adjacent areas. This predicted phenomenon indicates that grain growth is regional and there exist interactions between adjacent areas with different temperature distributions.
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Figure 9: Visualizations of predicted final grain structures, (a) Gradient 1: 0.343 K/grid, (b) Gradient 2: 0.685 K/grid, (c) Gradient 3: 1.028 K/grid, (d) Gradient 4: 1.308 K/grid

To further analyze the grain growth in the simulated area, 2D cross-sections are used to observe the grain morphology. Through the central cell of each model region, cross-sections perpendicular to the three coordinate axes are built, and grain boundaries are represented by blue lines. The 2D grain morphology of different thermal conditions at different directions is then obtained, as shown in Fig. 10. The grain morphology on the 2D cross-sections conform to the 3D actual grain morphology, presenting an approximate equiaxed hexagon shape. Most of the grains are formed with 120° angles at the grain boundaries, which are consistent with many experimental observation results [5,32,33]. The distribution of grain size is relatively uniform. There are a few fine grains that have not been coarsened or merged around the larger grains. On the IK plane perpendicular to the J-axis and on the IJ plane perpendicular to the K-axis, the grains are gradient-distributed along the I direction. On the KJ plane perpendicular to the I coordinate axis, it can be seen that the grain size distribution is almost uniform, indicating that at the positions with the same I coordinates, grain size distribution is not affected by the temperature gradient. For thermal condition 1, the grain size is smaller due to the lower overall temperature. As the temperature gradient increases, e.g., in Conditions 2–4, the grain coarsening rate along the I direction increases significantly, and much larger grain sizes are obtained.
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Figure 10: Grain distribution at different cross-sections, (a) Gradient 1 cross-sections, (b) Gradient 2 cross-sections, (c) Gradient 3 cross-sections, (d) Gradient 4 cross-sections

The average intercept method described in Eq. (1) can be used to estimate the grain size on any straight line or plane. Fig. 11 shows the distribution of grain size along the I direction for the simulated four cases. At the left end where I = 1, the grain size values are low for all four thermal conditions. As the I position changes, the temperature increases and the grain coarsens rapidly. In Condition 4 with the large temperature gradient, the grain coarsening rate along the I direction is the highest. At the position of I = 400, the grain sizes reach 8.63, 14.03, 19.08 and 27.61 µm, respectively, in the four cases. The results show that the smoothness of the four curves are significantly different. The grain size curve of Condition 1 is relatively gentle, while the fluctuation in grain size increases with the increase of the temperature gradient. On the grain size curves of thermal Conditions 2–4, some obvious grain size decreasing sections can be observed. This is because when the temperature and temperature gradient are higher, the grain boundary migration rate is higher, and the grain growth is more complex and random, resulting in the existence of small grains that are not coarsened or merged at some of the local parts. Because large grains and some small grains exist at the same time, the fluctuation in size occurs in the high temperature region when the intercept method is used to calculate the grain size. It is also found that the spatial gradient of grain size increases with the increase in the spatial gradient of temperatures.
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Figure 11: Curves of grain sizes along I coordinate

The distribution of grain size under the four temperature gradient conditions is shown in Fig. 12. It can be seen that, when influenced by the linear temperature gradients, the distribution of grain size shows obvious single peak distribution characteristics in the four conditions, and the appearance frequency of grain size decreases rapidly with the increase in sizes. When the temperature gradient is 0.343 K/grid, the total number of grains reaches 4793, and the maximum grain size is 23.35 µm. When the temperature gradient rises to 1.308 K/grid, the total number of grains decreases to 684, and the maximum grain size increases to 60.59 µm. Comparing Fig. 12a, 12b with 12c, 12d, it can be seen that as the numbers of peak values of grain size increase, the fluctuation as well as the grain size dispersion increase. This proves that with the increase in temperature gradient, the trends of abnormal grain growth and abnormal size distribution increase.
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Figure 12: Grain size distribution in four cases. (a) Gradient 1, Tm = 430 K, (b) Gradient 2, Tm = 560 K, (c) Gradient 3, Tm = 690 K, (d) Gradient 4, Tm = 823 K

The variation in the grain boundary area from numerical simulation is shown in Fig. 13. The grain boundary area is the same under all conditions at the initial time. During the grain growth driven by temperature field, the grain boundary area gradually decreases, and the rate of reduction in all conditions slows down, which is consistent with the law of grain growth rate slowing down in Fig. 3. It can also be seen that under high temperature gradient conditions, the rate of reduction is much higher than that under low temperature gradient conditions, which is consistent with the phenomenon shown in Fig. 12, that the fraction of small grains is lower under high temperature gradient conditions. This is due to the high level of system energy.
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Figure 13: Evolution of grain boundary areas with different temperature gradients

4  Conclusions

The proposed 3D Monte Carlo Potts (MCP) method can simulate the grain growth driven by spatial non-uniform temperature field for the AA6061-T6 aluminum alloy. Based on the physical quantitative calculation formula of grain boundary transition rate, the proposed method correlates thermal histories with re-orientation iteration steps of the MCP model induced by non-uniform temperature fields. Grid scales of the MCP model were tested and proved to have little effect on the process of grain growth simulation. Different model resolutions can be balanced by re-orientation iteration times in this algorithm. In the 3D model, reducing the grid dimension along a certain direction does not significantly affect the analysis results. In this work, the simulation results based on physical parameters of 6061-T6 aluminum alloy have been proved to have a relatively low error rate compared with experimental results in literature. When the physical parameters of different polycrystalline materials are selected, the proposed method is applicable to other materials as well.

The two main factors affecting the final grain size under heat treatment are the absolute temperature and the corresponding time duration. Temperature gradient is the main factor affecting the grain growth uniformity and morphology distribution of polycrystalline materials. When the temperature gradient distribution caused by heat treatment is low, the final results of coarsened grain distribution tend to be equiaxed and flat. When the polycrystalline material is processed with the condition of large temperature gradient, the transition from fine grain area to coarse grain area is very rapid. At the same time, under high temperature and high temperature gradient conditions, the simulation results will be more local irregular grain distribution, and even local abnormal grain coarsening that the estimated average grain size decreasing with the increase of temperature.
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Table 1: Material parameters and model constants

Parameter Value Reference
Average number per unit area, Z 4.31 x 10*° atoms - m> Constant
Planck’s constant, / 6.624 x 10347 . s Constant
Accommodation probability, 4 1.0 [22]
Gas constant, R 8.31J - mol'l. K! Constant
Avagadro’s number, N, 6.02 x 10%. mol™! Constant
Atom molar volume, Vi, 1.0 x 1075 m3- mol™! Constant
Fusion entropy, ASy 11.57 - mol!. K! [28]
Boundary energy, y 0.5J-m?2 [29]
Ratio constant, « 1.0 Chosen
Ratio constant, » 0.04 Chosen
Activation enthalpy, Q 146 kJ - mol ! [21]
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