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Abstract: Four typical theories on the formation of thermal tears: strength, liquid film, intergranular bridging, and solidification shrinkage compensation theories. From these theories, a number of criteria have been derived for predicting the formation of thermal cracks, such as the stress-based Niyama, Clyne, and RDG (Rapaz-Dreiser-Grimaud) criteria. In this paper, a mathematical model of horizontal centrifugal casting was established, and numerical simulation analysis was conducted for the centrifugal casting process of cylindrical Al-Cu alloy castings to investigate the effect of the centrifugal casting process conditions on the microstructure and hot tearing sensitivity of alloy castings by using the modified RDG hot tearing criterion. Results show that increasing the centrifugal rotation and pouring speeds can refine the microstructure of the alloy but increasing the pouring and mold preheating temperatures can lead to an increase in grain size. The grain size gradually transitions from fine grain on the outer layer to coarse grain on the inner layer. Meanwhile, combined with the modified RDG hot tearing criterion, the overall distribution of the castings’ hot tearing sensitivity was analyzed. The analysis results indicate that the porosity in the middle region of the casting was large, and hot tearing defects were prone to occur. The hot tearing tendency on the inner side of the casting was greater than that on the outer side. The effects of centrifugal rotation speed, pouring temperature, and preheating temperature on the thermal sensitivity of Al-Cu alloy castings are summarized in this paper. This study revealed that the tendency of alloy hot cracking decreases with the increase of the centrifugal speed, and the maximum porosity of castings decreases first and then increases with the pouring temperature. As the preheating temperature increases, the overall maximum porosity of castings shows a decreasing trend.
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Nomenclature



	μ
	Dynamic viscosity



	λ
	Thermal conductivity



	fs
	Solid fraction



	L
	Latent heat of the molten metal crystallization



	Ω
	Solute supersaturation



	Γ
	Gibbs–Thompson coefficient



	G
	Temperature gradient



	ξc
	Function of the Peclet number



	D
	Diffusion coefficient of the solute in the liquid phase



	m
	Liquidus slope





1  Introduction

Aluminum and its alloys are becoming increasingly important in industry because of their lightweight and high-strength properties [1]. Copper is one of the main strengthening elements in the development of aluminum alloys, such as Al-Mg-Cu, Al-Zn-Mg-Cu, and other multi-system copper containing aluminum alloys. Zn and Mg can significantly improve the strength of the alloy by forming the main strengthening phase, such as MgZn2. However, their strength increases with the decrease of toughness, plasticity, and the stress corrosion resistance [2]. Adding Cu elements can generate intermetallic compounds, such as Al2CuMg and AlZnMgCu, thereby maintaining the high strength characteristics of the material and improving its comprehensive properties [3]. Al-Cu alloy has high tensile strength and heat resistance, the casting process is simple, and other advantages, in the aerospace vehicles, shipbuilding field weapons industry and other fields have a very wide range of applications. However, thermal cracking is a common defect in the casting process of aluminum alloys, aluminum-copper alloys’ inherent material properties include: a wide range of crystallization, dendritic crystal developed, the characteristics of paste solidification, so the tendency of thermal cracking is serious, which is industrial production of large-scale homogeneous non-defective ingots faced with one of the important difficulties.

In order to solve these problems, horizontal centrifugal casting technology has been widely used in industry, especially in the production of ferrous metals such as cast-iron pipes, automobile cylinder liners, and other large rotating cylindrical hollow components [4]. This type of casting has a large size and is prone to defects such as oversized grain size, irregular segregation, hot tearing, and cold cracking during the casting process [5]. Once these defects are formed, they are difficult to eliminate even after post processing. In addition, during the centrifugal casting process, the melted metal is under a high centrifugal force, which can easily obtain a relatively dense structure and is beneficial for reducing grain coarseness and crack defects [6]. Nevertheless, the centrifugal casting process may still be too large particle size, irregular separation, hot and cold cracks and other defects, these defects, once formed, even after post-treatment is difficult to eliminate, of which the most common hot cracks.

In recent years, most of the research on hot cracks have remained at the theoretical and experimental levels. Numerous scholars have found that casting conditions, such as casting speed, cooling rate, and casting temperature, can affect the formation of hot tearing. Four typical theories about the formation of thermal tearing exist: strength [7,8], liquid film [9,10], intergranular bridging [11,12], and solidification shrinkage compensation theories. From these theories [13–16], many criteria have been derived for predicting the formation of hot cracks, such as the stress-based [17,18], Niyama [19,20], Clyne [21], and RDG (Rappaz-Drezet-Gremaud) criteria [22–24]. The RDG criterion specifically take into account the solidification shrinkage of the alloy itself and the strain throughout the solidification of the casting, thus improving the accuracy and comprehensiveness of the predictions.

In order to improve casting quality, it becomes critical to accurately predict the casting molding and solidification processes. The numerical simulation of solidification processes has become an important method in casting production [25]. Jun et al. [26] established a numerical model to study the influence of different process parameters on centrifugal casting flow pattern, and further optimized casting parameters such as centrifugal speed and mold temperature, and verified and analyzed them by fluorescence infiltration method and X-ray detection experiment. Xu et al. [27] established a three-dimensional coupling model for the mold filling process of horizontal centrifugal casting high-speed steel composite rollers and solved the mathematical model using Fluent to obtain the temperature and flow fields. Lu et al. [28] constructed a simulation model of centrifugal casting wet cylinder liners using the ProCAST software, analyzed the defects in the solidification process of the castings, and proposed an improved method. Kumar et al. [29] used a commercial CFD (Computational Fluid Dynamics) software to simulate the mold filling process of vertical centrifugal casting round barrels. Their results show that Flow-3D can effectively simulate the mold filling process of vertical centrifugal casting using the non-inertial reference frame method. Although a large number of studies have been conducted to optimize the centrifugal casting parameters through numerical simulations, there are limited studies on microstructure and thermal cracking.

The microstructure of the casting determines the final mechanical properties and mechanical properties of the casting [30], which has an important impact on the quality of the casting. Although a large number of studies have been conducted to optimize the centrifugal casting parameters through numerical simulations, there are limited studies on microstructure and thermal cracking. Therefore, this study takes Al-Cu alloy as the research object and adopts the numerical simulation method, aiming to investigate the effects of parameters such as centrifugal rotation speed, pouring temperature, mold preheating temperature, pouring speed on the microstructure and hot tearing of castings, with a view to providing guidance for actual production. Through this study, it is hoped that the centrifugal casting process can be optimized, defects can be reduced, and the quality and reliability of aluminum-copper alloy castings can be improved.

2  Horizontal Centrifugal Casting and Mathematical Model

2.1 Technical Approach

The technical approach of this paper is shown in Fig. 1. In this study, ProCAST was used to modelling the mold filling and solidifying stages of the casting procedure. First, coupled calculations of the mold charging and heating modules are conducted to get the temperature field, cooling rate and the stress-strain information of the casting. These data are essential for calculating the evolution of the microstructure of the casting during solidification. Subsequently, the coupled calculation of the CAFÉ module with the microstructure module is initiated, aiming to simulate the whole process of grain growth from nucleation to growth. This coupled micro- and macro-computation allows for a more accurate simulation of the nucleation and growth process of the grains inside the casting. Finally, the obtained data are substituted into the improved RDG criterion in order to calculate the size of porosity.
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Figure 1: Methodology flowchart

2.2 Centrifugal Casting System

The horizontal centrifugal casting system is shown in Fig. 2. When the mold starts to rotate horizontally and reaches the set rotational speed driven by the motor, The liquid alloy is fed from the ladle into the mold cavity through a flow channel. Under the influence of centrifugal force, the alloy liquid progressively fills up the mold cavity and completes the solidification process simultaneously. The filling process of molten alloy liquid can be simplified into two stages: the gravity and centrifugal casting stages. Before the alloy liquid comes into contact with the rotating mold, the alloy liquid is only subjected to the action of gravity, which can be regarded as a gravity casting process. After the molten metal liquid comes into contact with the rotating mold, the process is converted into centrifugal casting. During centrifugal casting, molten alloy liquid is subjected to the combined action of gravity, centrifugal force, and Coriolis force.
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Figure 2: Schematic of horizontal centrifugal casting

Al-Cu series of cast aluminum alloys with outstanding machinability, high strength, well ductility and formability, high-temperature properties and easy cuttability have become one of the research directions for high-strength cast aluminum alloys. The microstructure evolution, grain size, and SDAS (secondary dendrite arm spacing) of this series of alloys have a significant impact on their mechanical properties. Therefore, determining the connection between the microstructure changes and casting conditions is important for increasing production quality and casting intensity. The composition of the materials used in this experiment is presented in Table 1.
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2.3 Mathematical Model of the Filling Process

In the horizontal centrifugal casting process, the liquid metal charging is performed by the action of centrifugal force, and the liquid metal flow is a 3-D unsteady incompressible viscous flow with free surfaces. The liquid metal is considered to be an incompressible Newtonian fluid, and its flow is in compliance with the equations of continuity, momentum and energy conservation [31].

(1)   Continuity equation

∂ρ∂t+∂(ρu)∂x+∂(ρv)∂y+∂(ρw)∂z=0,(1)
where ρ is the fluid density (kg/m³), and u, v,and w are the velocity components (m/s) in the x, y, and z directions, respectively.
(2)   Momentum equation

The liquid metal flow velocity and the flow momentum transport can be described by the following momentum equations:

ρ(∂u∂t+u∂u∂x+v∂u∂y+w∂u∂z)=−∂p∂x+μ∇2u+ρfx,(2a)

ρ(∂v∂t+u∂v∂x+v∂v∂y+w∂v∂z)=−∂p∂y+μ∇2v+ρfy,(2b)

ρ(∂w∂t+u∂w∂x+v∂w∂y+w∂w∂z)=−∂p∂z+μ∇2w+ρfz,(2c)

where p is the pressure (Pa); fx, fy, and fz are the respective x, y, and z components of the mass force (m/s2); and μ is the dynamic viscosity (Pa·s).

(3)   Energy conservation equation

The transfer of heat happens in the touch between the molten metal and the mold as well as between the molten metal and the air. This heat transfer can mathematically be described by the equation for heat transfer below:

ρcp∂T∂t+ρcp[∂(uT)∂x+∂(vT)∂y+∂(wT)∂z]=λ(∂2T∂x2+∂2T∂y2+∂2T∂z2)+ρL∂fs∂t,(3)

where cp is the specific heat capacity of the metal, λ is the thermal conductivity of the molten metal, L is the latent heat of the molten metal crystallization, and fs is the solid fraction.

2.4 Mathematical Model of the Microstructure Evolution

The coupling of macroscopic and microscopic is done using the CAFE (cellular automata finite element) method, which is a combination of cellular automata and finite element mathematical methods. The CA model primarily consists of a non-uniform nucleation model and a kinetics model of dendrite tip growth, which are used to calculate the nucleation and growth of the grains at the nodes, as shown below [32]:

dnd(ΔT)=nmax2πΔTσexp[−12(ΔT−ΔT¯ΔTσ)2],(4)

n(ΔT)=∫0ΔTdnd(ΔT)d(ΔT),(5)

where dnd(ΔT) is the variation of the grain nucleation density with undercooling during nonuniform nucleation, d(ΔT) is the unit degree of undercooling, ΔT¯ is the average nucleation undercooling, ΔTσ is the standard deviation of undercooling, n is the grain density, and nmax is the maximum nucleation density.

The growth of dendritic grains during a solidification process of molten metals can be determined using the developed KGT model [33] as below:

Ω=Cl∗−C0Cl∗(1−k)=Iv(Pe)=Pe⋅exp⁡(Pe)⋅∫Pe∞exp⁡(−Z)ZdZ,(6)

R=2π(ΓmGCξ−G),(7)

Pe=Rv2D,(8)

ξc=1−2k(1+Pe2)12−1+2k,(9)

GC=vC0(1−k)DL[1−(1−k)Ω],(10)

ΔT=ΔTC=mC0[1−1Ω(1−k)],(11)

where Ω is the solute supersaturation, k is the solute distribution coefficient, R is the radius of the dendrite tip, Γ is the Gibbs–Thompson coefficient, GC is the solute supersaturation in the liquid phase at the dendrite front, G is the temperature gradient, Iv(Pe) is the Ivantsov function of the Gibbs–Thompson coefficient, ξc is the function of the Peclet number, D is the diffusion coefficient of the solute in the liquid phase, C0 is the initial concentration of the solute element, m is the liquidus slope, and Cl∗ is the solid/liquid concentration at the liquid interface.

2.5 Improved RDG Criteria

Hot tearing refers to the cracking of alloy during solidification. To study the cause of hot tearing and effectively prevent it, scientists have conducted numerous experimental and theoretical research for decades and produced many criteria to predict the formation of hot tearing. Among these criteria, the RDG criteria not only consider the solidification shrinkage of the alloy itself but also the strain in the entire casting solidification process, increasing the accuracy and comprehensiveness of prediction.

The RDG criterion assumes that fluid flow and solid deformation only follow the thermal gradient direction. In the actual casting process, the fluid can usually flow in only one direction due to the formation of the solid skeleton. However, the deformation of solids usually does not only occur in the same direction. Thus, Dou et al. [34] introduced a strain perpendicular to the thermal gradient direction to extend the solid deformation to two dimensions. However, a certain difference between this and the deformation that occurs in three-dimensional space remains. To accurately predict hot tearing, the improved RDG criterion is extended in three-dimensional space, including the following three aspects [35]:

(1)   The evolution of temperature, strain, and so on in three-dimensional space is calculated.

(2)   The strain is decomposed in three-dimensional space.

(3)   The hot tearing prediction model is expanded in three-dimensional space.

Expanding the mass conservation equation for controlling volume in three-dimensional space yields the following equation:

∂(ρlflVlx)∂x+∂(ρsfsVsx)∂x+∂(ρsfsVsy)∂y+∂(ρsfsVsz)∂z=VT[∂(ρsfs)∂x+∂(ρlfl)∂x](12)

In the formula, Vsx, Vsy, and Vsz represent the relative solid deformation rates, s−1.

Shrinkage porosity can be calculated using the following equation:

fp,sh=β1+βflcr.(13)

The deformation porosity can be calculated by the following equations:

fp,de,εx=ε˙pxΔTfT˙∫0flcr(1−fl)dθdfldfl,

fp,de,εy=ε˙pyΔTfT˙∫0flcr(1−fl)dθdfldfl,(14)

fp,de,εz=ε˙pzΔTfT˙∫0flcr(1−fl)dθdfldfl.

The porosity caused by strain can be expressed as follows:

fp,de,shε˙=Gε˙pxλ2T˙(1−fl)=VsxVT(1−flcr).(15)

The total deformation porosity is the sum of the three parts mentioned above:

fp,sum=fp,sh+fp,de,εx+fp,de,εy+fp,de,εz+fp,de,shε˙.(16)

2.6 Horizontal Centrifugal Casting Geometric Modeling

In horizontal centrifugal casting, the fluid is unaffected by centrifugal force before touching the mold and begins to undergo centrifugal movement under the influence of centrifugal force after touching the mold. Given the limitations of the simulation method, the movement of fluid in the pouring channel before touching the mold cannot be simulated. Many scholars have proposed solutions to this problem. Lu et al. [36] adopted a segmented modeling approach. First, they simulated the flow process of the fluid before touching the mold, obtaining the position, velocity, and temperature of the fluid upon touching the mold. Then, they established a geometric model of the centrifugal stage, using the data from the previous stage as boundary conditions, and obtained the simulation results of the centrifugal stage. Dong et al. [37] divided the physical model used in the simulation into gravity casting, connection, and centrifugal casting parts, achieving continuous simulation from gravity casting to centrifugal casting.

In this study, a segmented modeling method is used, as shown in Fig. 3. The entire physical model is divided into three parts: the gravity casting part from the fluid entering the pouring port to the contact mold, the centrifugal casting part after touching the mold, and the casting mold part. The geometric dimensions of the cylindrical castings are Φ 290 mm × 300 mm, with a wall thickness of 30 mm. The physical model is divided into three-dimensional meshes. To eliminate the impact of mesh size on the simulation results, a mesh independence verification is performed. Considering the computational efficiency and accuracy, a 5 mm grid is selected for calculation, with 110,476 surface grids and 994,892 volume grids.

[image: images]

Figure 3: Physical model of horizontal centrifugal casting

2.7 Thermophysical Parameters and Boundary Conditions of Alloys

The solid and liquid phase temperatures of the aluminum-copper alloy were calculated to be 100°C and 200°C for the aluminum-copper alloy, respectively, by entering the content of each component of the aluminum-copper alloy as shown in Table 1 into the thermodynamics module in ProCAST.

The liquidus and solidus temperatures of the Al-Cu alloys can be calculated to be 645°C and 453°C, respectively, by entering the content of each component of the aluminum-copper alloy as shown in Table 1 into the thermodynamics module in ProCAST. The material database provides complete physical parameters of Al-Cu alloys. The main heat transfer modes between the mold and the environment are the radiation and convection heat transfer modes, and the heat transfer coefficient is set to 70 W·m−2·K−1. In order to ensure the accuracy and comparability of the experimental results, the control variable method was adopted. In the control group, the following baseline parameters were set: casting temperature of 760°C, mold preheating temperature of 100°C, centrifugal speed of 1000 rpm, and casting speed of 3 kg/s. Building upon these standards, the parameters for each group were systematically modified as outlined in Table 2 to investigate the influence of individual variables on the outcomes. In adherence to the rigorous control variable method, each experiment involved the alteration of a single variable while maintaining all other parameters constant.

[image: images]

3  Simulation and Analysis of Microstructure Structure

The microstructure evolution process of cylindrical Al-Cu alloy was simulated using a CAFE model. The simulation results are shown in Fig. 4a, which shows that the microstructure of the casting changes in the direction of the casting thickness. The microstructure data of three areas from the inner, middle, and outer layers of the aluminum copper alloy castings were obtained and averaged (as shown in Fig. 4b). Fig. 5 shows a significant coarsening phenomenon in the microstructure of the casting from the outer layer to the inner layer, with the average grain size increasing from 55 μm for the outer layer to 78 μm for the inner layer, and the average SDAS increasing from 15 μm for the outer layer to 21 μm. Li et al. [38] used the vacuum centrifugal casting process to prepare 7055 aluminum alloy cast pipe blanks and studied the microstructure and mechanical properties of the inner and outer layers of the alloy. The samples were anodized using HBF4 corrosive solution, and then micrographs were collected through an optical microscope with a polarizer, and then quantitatively characterized using image Pro software to obtain the grain size. The results show that the grain shape gradually transformed from fine equiaxed grains in the outer layer to coarse dendrites in the inner layer, which is also similar to the simulation results in this study.
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Figure 4: Thickness direction stratification pattern. (a) Microstructure of the center section of cylindrical Al-Cu alloy. (b) Schematic of casting thickness direction layering
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Figure 5: Microstructure of different parts in the thickness direction of castings

The effects of different pouring temperatures on the grain size and SDAS of the casting were obtained. As shown in Fig. 6, the pouring temperatures are 700°C, 760°C, 820°C, 880°C, and 940°C. The data in the figure are the overall average grain size and SDAS of the casting.

[image: images]

Figure 6: Effect of pouring temperature on the microstructure of castings

Fig. 6 shows that when the pouring temperature was 700°C, the grain size was 67 μm. The grain size increased with the pouring temperature. At 940°C, the grain size reached 91 μm. The variation of the SDAS also followed the same rule. When the pouring temperature was 700°C, the SDAS was 16 μm. When the pouring temperature increased to 940°C, the SDAS reached 20 μm. The increase in pouring temperature allow the melt to cool and solidify in the mold for a longer period of time, and the grains have more time to grow and therefore tend to form larger grains, affecting the performance of the casting.

Fig. 7 shows the effect of different mold preheating temperatures on the grain size and SDAS of the casting. The mold preheating temperatures are 25°C, 100°C, 200°C, and 300°C. The data in the figure are the overall average grain size and SDAS of the casting.
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Figure 7: Effect of mold preheating temperature on the microstructure of castings

Fig. 7 shows that when the mold was not preheated, that is, the mold temperature was 25°C at room temperature, the grain size was 68 μm. The grain size also increased with the preheating temperature of the mold. When the preheating temperature was 300°C, the grain size reached 83 μm. The variation of the secondary dendritic arm spacing also followed the same rule. Without preheating, the secondary dendritic arm spacing was 17 μm. When the mold preheating temperature was 300°C, the SDAS reached 20 μm. The increase in mold preheating temperature results in slower cooling of the melt in the mold and longer solidification time. The grains have more time to grow and therefore tend to form larger grains, affecting the performance of the casting.

The effects of different pouring speeds on grain size and SDAS were simulated and analyzed, and the average grain size and SDAS of the castings were obtained at pouring speeds of 1, 2, 3, and 4 kg/s, as shown in Fig. 8.
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Figure 8: Effect of pouring speed on the microstructure of castings

The average grain size and SDAS of the casting decreased as the pouring speed increased. The pouring speed was increased from 1 to 4 kg/s, the grain size of the casting was increased from 91 μm drops to 70 μm, and the SDAS from 19 μm drops to 17 μm. In the casting process, the total amount of metal liquid poured into the casting process is unchanged, so the casting speed is small, the casting time will be longer, the whole process has been a high temperature of the metal liquid poured into the casting, the casting cooling process will be slower, and therefore the grain size will be smaller. The increase in pouring speed promoted the coarsening of the casting grain, affecting the performance of the casting.

The effects of different mold rotation speed on grain size and SDAS were simulated and analyzed, and the average grain size and SDAS of the castings were obtained at mold rotation speed of 500, 600, 700, 800, 900 and 1000 rpm, as shown in Fig. 9.
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Figure 9: Effect of mold rotation speed on the microstructure of castings

The average grain size and SDAS of the casting decreased as the mold rotation speed increased. The mold rotation speed was increased from 500 to 1000 rpm, the grain size of the casting was increased from 70.2 μm drops to 64.5 μm, and the SDAS from 18.5 μm drops to 16.8 μm. The increase in mold rotation speed may lead to uneven distribution of solute elements in the melt, forming solute segregation. This segregation can provide the solute needed for grain growth and promote grain coarsening, affecting the performance of the casting.

4  Sensitivity Analysis of Hot Tearing in Centrifugal Casting

4.1 Overall Hot Tearing Sensitivity of Centrifugal Castings

In order to facilitate the thermal tearing sensitivity analysis, the optimized centrifugal casting parameters listed in Table 3 were used to obtain finer grain sizes according to the previous simulation results. After calculation by the RDG hot tearing criterion model, the obtained data included the shrinkage porosity, strain porosity, and porosity caused by the strain rates at various casting locations. To facilitate the observation of the distribution of porosity within the casting, two cross sections (a and b) of the cylindrical casting were selected for analysis, as shown in Fig. 9. Given the extremely small porosity caused by the strain rate and the small impact on the overall porosity distribution, only the shrinkage and deformation porosities of the casting were considered, and the total porosity was obtained by adding the shrinkage and deformation porosities in Fig. 10.
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Figure 10: Cross section schematic of cylindrical castings

According to liquid phase feeding theory, the shrinkage pores during alloy solidification usually appear at the position where the alloy last solidifies. The liquid phase flow is more difficult because the solid skeleton is tighter at this time than at the early stage of solidification. Pores begin to form when the aluminum alloy liquid cannot be fed freely.

According to Figs. 11a and 12a, the areas with a large shrinkage porosity in the casting are mainly concentrated in the middle of the cylinder, and the shrinkage porosity in the inner side of the casting is larger than that in the outer side, with the maximum value exceeding 0.02. According to the physical model of the mold, the porosity is high near the pouring port of the mold where the temperature is high, so the solidification time of the molten metal is the longest, resulting in high shrinkage porosity.
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Figure 11: Distribution of porosity in section a. (a) Shrinkage porosity fp, sh. (b) Deformation porosity fp, de, sum. (c) Total porosity fp, sum

[image: images]

Figure 12: Distribution of porosity in section b. (a) Shrinkage porosity fp, sh. (b) Deformation porosity fp, de, sum. (c) Total porosity fp, sum

Figs. 11b and 12b show the distribution of the deformation porosity of cylindrical castings. The deformation porosity at the bottom of the casting is the largest, indicating that the bottom part bears greater stress than the other parts. However, the maximum porosity is approximately 0.006, which is far lower than the shrinkage porosity. Meanwhile, the distribution of the total porosity is basically the same as that of the shrinkage porosity, proving that the hot tearing of cylindrical castings is mainly caused by the feeding of the liquid phase.

An analysis was performed on the hot tearing sensitivity along the longitudinal section of the casting (as shown in Fig. 12). Fig. 13 shows the distribution of the total porosity in the longitudinal section of the casting. The total porosity in the middle of the casting is higher than that at both side-ends of the casting, and the distribution difference is significant. The total porosity on the inner side of the cylindrical section is higher than that on the outer side, with the highest point reaching approximately 0.02, indicating a strong sensitivity to hot tearing in the middle of the casting. The total porosity of the sections at the front and rear side-ends of the casting is relatively small, and no significant difference exists in the distribution of porosity at each point inside the section in Fig. 14.
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Figure 13: Schematic of the longitudinal section of cylindrical castings
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Figure 14: Distribution diagram of total porosity of circular cross-section of castings. (a) Total porosity at a cross section 5 cm away from the front side-end of the casting. (b) Total porosity at a cross section 15 cm from the front side-end of the casting. (c) Total porosity at the cross section 25 cm from the front side-end of the casting

4.2 Impact of Casting Conditions on Hot Crack Sensitivity

To study the effect of different centrifugal speeds on the hot tearing of castings while maintaining the consistency of other operating parameters (pouring temperature 760°C, mold preheating temperature 100°C, pouring speed 3 kg/s), different centrifugal speeds (500, 600, 750, 1000, and 1250 rpm) were selected to compare the occurrence of hot tearing using the improved RDG criterion prediction model. The variation curves of maximum porosity of castings with centrifugal speed were obtained as shown in Fig. 14.

When the centrifugal speed increased from 500 to 1250 rpm, the maximum porosity of the casting exhibited a downward trend in Fig. 15. When the rotational speed was 500 rpm, the hot tearing tendency was the highest, and the maximum porosity of the casting was 0.849. During centrifugal casting, the significant reduction in the tendency to thermal cracking can be attributed to the increase in centrifugal speed. As the centrifugal speed increases, the centrifugal force on the melt increases accordingly, which greatly improves the flow behavior of the melt, allowing it to fill the complexes and small voids of the mold more adequately, thus enhancing the melt’s ability to compensate for shrinkage. This excellent shrinkage compensation reduces the risk of thermal cracking due to inhomogeneous shrinkage, which in turn reduces the tendency of the alloy to crack.

[image: images]

Figure 15: Effect of centrifugal speed on the maximum porosity

To study the effect of different pouring temperatures on the hot tearing of castings, different pouring temperatures (700°C, 730°C, 760°C, 790°C, and 820°C) were selected, and other operating conditions parameters were kept consistent (centrifugal rotation speed 1000 rpm, mold preheating temperature 100°C, pouring speed 3 kg/s). The variation curve of the maximum porosity of castings with the pouring temperature was obtained as shown in Fig. 16. When the pouring temperature increased from 700°C to 760°C, the maximum porosity of the casting also maintained a downward trend. This may be due to the fact that, within a certain temperature range, the increase in pouring temperature helps to improve the fluidity and mold filling ability of the melt and reduces the formation of pores and shrinkage holes, thus reducing the porosity of the castings. When the pouring temperature was 760°C, the maximum porosity of the alloy was the lowest, reaching 0.212. This indicates that at this temperature, the melt’s mold filling properties and shrinkage capacity are optimized, contributing to the formation of a dense casting structure. When the pouring temperature rose to 820°C, the maximum porosity rose to 0.786, posing a significant hot tearing risk. This may be due to the increased superheating of the melt caused by the excessively high pouring temperature, which leads to an increased shrinkage of the melt during solidification, along with a decrease in the ability to make up for the shrinkage, which leads to the formation of more air holes and thermal cracks.

[image: images]

Figure 16: Changing rule of maximum porosity with pouring temperature

Fig. 17 shows the variation trend of the maximum porosity of the casting with the preheating temperature of the mold when other operating conditions are the same (centrifugal speed 1000 rpm, pouring temperature 760°C, and pouring speed 3 kg/s). The figure shows that the overall maximum porosity of the casting shows a downward trend with the increasing preheating temperature. When the preheating temperature was 300°C, the maximum porosity was 0.039, indicating that the hot tearing tendency was low.

[image: images]

Figure 17: Changing rule of the maximum porosity with preheating temperature of the mold

Mold preheating can reduce the temperature gradient of casting cooling, and an appropriate preheating temperature can reduce the generation of various defects during alloy solidification. However, model preheating can also decrease the solidification speed of the casting and reduces productivity. Therefore, the hot tearing tendency must be predicted under different working conditions through defect prediction models to determine suitable production conditions.

Fig. 18 shows that by using a mathematical model of microstructure evolution, the grain sizes of castings under different conditions can be obtained and compared with the obtained maximum porosity. The results show that the hot tearing tendency decreases with grain refinement, so the smaller the grain size is, the better the plasticity of the alloy and the lower the hot tearing sensitivity is. Considering that the increase in centrifugal speed will lead to the refinement of the alloy microstructure, this result further demonstrates the relationship between the hot tearing sensitivity and the centrifugal speed in Fig. 9.

[image: images]

Figure 18: Change of maximum porosity with grain size

5  Conclusion

In this study, a microstructure evolution model and an improved RDG criterion mathematical model for centrifugal casting were established, and numerical simulation analysis was conducted for the centrifugal casting process of cylindrical Al-Cu alloy castings. The effects of the centrifugal casting process parameters on the microstructure and hot tearing sensitivity of castings were analyzed, and the following conclusions were obtained:

(1) Centrifugal casting conditions have a significant impact on the casting microstructure of Al-Cu alloy. Increasing the casting and preheating temperatures will lead to the coarsening of the casting microstructure, increasing the grain size and the SDAS. The increase of the pouring and centrifugal speeds has a significant effect on the decrease of the average grain size and SDAS of the casting and promotes the flow of the alloy liquid, which is conducive to the integrity of the mold filling.

(2) According to the improved RDG criterion model, the overall distribution of the hot tearing sensitivity of castings was analyzed. The results reveal that the porosity in the middle region of the casting was large, and hot tearing defects were prone to occur. The tendency of hot tearing in the inner side of the casting was greater than that in the outer side.

(3) The simulation results show that the hot tearing of alloy castings was mainly caused by liquid phase feeding. Different pouring conditions will have different effects on the distribution of porosity in castings.

(4) Within the range of parameters studied, the maximum porosity of castings first decreases and then increases with the increase of pouring temperature, and the minimum porosity occurs at the pouring temperature of 760°C.

(5) Increasing the preheating temperature of the mold will reduce the risk of hot tearing, with a maximum porosity of only 0.039 at a preheating temperature of 300°C. The refinement of grain size can reduce the risk of hot tearing, which is one of the reasons why increasing the centrifugal speed reduces the maximum porosity.
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Table 3: Centrifugal casting conditions for cylindrical castings

Centrifugal speed Pouring temperature Preheating temperature Pouring speed
1000 rpm 760°C 100°C 3 kgls
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Table 1: Chemical composition of Au-Cu alloy

Element Cu Zn Mg Li Ti Zr Al
Mass fraction (wt%) 4.0 1.0 0.8 2.0 0.25 0.13 Balance
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Table 2: Setting of the casting conditions

Parameters Values

Pouring temperature (°C) 700 760 820 880 900 940
Preheating temperature (°C) 25 50 100 200 250 300
Pouring speed (kg/s) 1 2 3 4 - -
Centrifugal speed (rpm) 500 600 700 800 900 1000
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