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ABSTRACT  ARTICLE DETAILS  

The quality of casting results is traditionally generally evaluated primarily through porosity analysis. 

However, industry experience shows that the final mechanical performance of a cast component is 

determined by the interaction of different types of defects that arise simultaneously. This study proposes 

a comprehensive multi-defect simulation framework that goes beyond a mere porosity-based approach, 

through simultaneous analysis of shrinkage porosity, gas entrapment, oxide film formation, hot tearing 

tendency, and residual stress due to solidification processes. A Computational Fluid Dynamics (CFD)-

based flow simulation and solidification approach is used to model the behavior of molten metals during 

mold filling and cooling processes. Variations in process parameters, including pouring temperature, 

filling speed, and gating system design, were systematically analyzed. The simulation results showed that 

casting defects did not appear separately, but rather interacted with each other and significantly affected 

the severity and spatial distribution of defects. The optimized process parameters are able to reduce the 

predictable defect volume fraction by more than 30% compared to the initial condition. The proposed 

methodology provides a more realistic evaluation of the integrity of cast results and offers practical 

guidance for the optimization of casting processes in the industry. This study contributes to the 

development of digital-based foundry design by encouraging an integrated quality evaluation approach 

rather than just one defect criterion. 

KEYWORDS: Casting Simulation, Solidification Analysis, Multi-Defect Modeling, Porosity, CFD 

Published On: 

24 January 2026 

 

 

 

 

 

 

 

 

 

 

 

 

 

Available on: 

https://ijsrs.org/  

 

1. INTRODUCTION 

Metal casting is one of the oldest and most widely used manufacturing processes to produce components with complex geometries 

that are difficult to achieve through other forming processes [1]. This process has major advantages in design flexibility, mass 

production cost efficiency, and the ability to produce near-net shapes [2]. Therefore, foundries are widely applied to the automotive, 

aerospace, energy, and heavy manufacturing industries[3]. Casting remains the most economical route for producing complex metal 

components in large volumes, which confirms the strategic role of the casting process in modern industry[4] Although foundry 

technology has advanced rapidly, including the use of numerical simulation and digital-based process control, the problem of casting 

defects is still a major challenge in achieving the quality and reliability of the final product.[5] 

In practice and academic research, porosity, especially shrinkage porosity, is often used as the main indicator of the quality of cast 

results[6]. Porosity is considered a dominant defect because it has a direct effect on the decline of mechanical properties such as 

tensile strength, fatigue resistance, and crack toughness[7]. Shrinkage porosity is commonly used as the primary quality criterion in 

casting simulations due to its strong correlation with mechanical degradation[8]. Therefore, most experimental and numerical studies 

focus on the prediction and reduction of porosity through the optimization of riser design, gating systems, as well as solidification 

parameters [9]. 

However, an approach that only focuses on porosity is considered not to be able to represent the actual conditions in the industry[10] 

Various reports of cast component failures indicate that damage often occurs due to a combination of several types of defects 

interacting with each other[11] Porosity alone does not govern casting failure; the presence of oxide bifilms and entrained gas often 

plays a more critical role[12]. Gas entrapment during the mold filling process, the formation of bifilm oxide due to flow turbulence, 
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hot tearing in the final stage of solidification, and residual stress concentration are defects that often appear simultaneously and 

accelerate the initiation of cracks and structural failures[13] 

The interaction between these defects occurs mainly during the filling and solidification stage of molten metals[14] Turbulent flows 

can increase the chance of air entrapment and the formation of an oxide film, which is then trapped inside the metal matrix during 

solidification[15] Casting defects are inherently coupled phenomena governed by flow, heat transfer, and solidification kinetics[16] 

This shows that casting defects cannot be understood in isolation, but rather as interrelated multi-physics systems[17] 

The development of simulation software based on Computational Fluid Dynamics (CFD) and solidification modeling has opened 

up new opportunities in the analysis of casting processes. Numerical simulations allow detailed visualization of molten metal flows, 

temperature distributions, thermal gradients, as well as phase evolution during solidification[18] CFD-based casting simulation has 

become an essential tool for understanding defect formation mechanisms prior to physical trials[19] Despite this, most published 

studies still focus on predicting one type of defect, especially porosity, without considering its association with other defects[20] 

Based on these gaps, this study aims to develop a multi-defect simulation-based foundry solidification analysis approach[21] This 

approach is designed to go beyond porosity-based quality evaluation by integrating analysis of shrinkage porosity, gas entrapment, 

bifilm oxide formation, hot tearing, and residual stress indication in a single simulation framework[22] Specifically, the objectives 

of this study are: (1) to model and visualize various defect mechanisms simultaneously using CFD-based simulations, (2) to analyze 

the interaction between defects due to variations in casting process parameters, and (3) to provide applicable technical 

recommendations for improving the quality and reliability of casting results in the industry[23] 

  

2. METHODOLOGY 

The methodology of this study is based on a CFD-based casting simulation framework that is compatible with various Altair Inspire 

Cast software. The simulation domain includes three-dimensional models of mold cavities, gating systems, and risers that represent 

the general geometry of aluminum alloy castings. 

The properties of the material, including density, viscosity, thermal conductivity, as well as temperature-dependent latent heat, are 

defined based on the standard data of cast aluminum [24]. The equations of conservation of mass, momentum, and energy are solved 

using the finite volume method[25] The effect of turbulence during the mold filling process is modeled using the corresponding 

turbulence model[26]. Below is a diagram of the research framework as follows: 

 

 
Figure 1. Research framework model 

 

In the flow of this research as follows: 

The first stage includes determining the material input and physical properties of the aluminum alloy used. The defined material 

parameters include density, viscosity, as well as thermal properties such as heat conductivity and temperature-dependent latent heat. 

This definition of material properties aims to ensure that the flow and heat transfer behavior of the molten metal during the simulation 

represents the actual conditions of the casting process. 

Furthermore, the conditions of the casting process are determined, which include pouring temperature, fill rate, and gating system 

design. These variations in process parameters are used as the basis for parametric studies to evaluate their influence on the formation 
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of defects. The different gating designs and filling rates allow for the analysis of flow stability as well as the potential for turbulence 

to occur during mold filling. 

The next stage is the construction of a three-dimensional (3D) simulation model consisting of a mold cavity, gating system, and 

riser. This 3D model becomes a key computing domain in CFD simulations, where the interaction between liquid metal flows, mold 

walls, and thermal boundary conditions is numerically analyzed. Visualization of velocity, temperature, and phase fraction contours 

is obtained at this stage to support further analysis. 

The computation process is carried out using a CFD solver based on the Finite Volume Method. This solver solves the equations of 

mass, momentum, and energy conservation simultaneously to model the flow of molten metals and solidification processes. The 

turbulence model is applied to capture the effect of turbulent flow during charging, which plays an important role in the formation 

of defects such as trapped gases and bifilm oxides. 

Within this framework, multi-defect prediction models are integrated sequentially. Shrinkage porosity analysis was carried out based 

on the shrinkage mechanism and feeding ability during solidification. Trapped gas detection is carried out through the evaluation of 

the pressure distribution and the intensity of the flow turbulence. The formation of oxide bifilms was analyzed based on free surface 

instability and velocity gradients, while hot tearing evaluation was performed by assessing the strain accumulation in the mushy 

zone during the final stage of solidification. 

The final stage of this research framework is the mapping and analysis of casting defects [27] The simulation results were extracted 

in the form of a map of defect distribution, solidification time, and temperature gradient [28] Comparative analysis between 

variations in process parameters was performed to identify the most effective process conditions in minimizing the intensity and 

interaction of the overall defect [29] Thus, this methodological framework allows for a comprehensive evaluation of casting quality 

through an integrated multi-defect simulation approach. 

 

3. RESULTS AND DISCUSSION 

The simulation results show that the evaluation of casting quality based on porosity alone does not provide a complete picture. In 

the initial conditions, as can be seen in Figure 2, the shrinkage porosity is mainly localized in the central area of the cast thermal 

center, in line with the classical solidification theory. 

 
Figure 2. Hasil simulasi pengecoran 

 

The image of the casting simulation shows the distribution of the main phenomena that occur during the process of filling and 

solidifying the molten metal, including the flow pattern of the molten metal, the porosity distribution, the zone of bifilm oxide 

formation, and the evaluation of the risk of hot tearing. The four simulation results provide a comprehensive overview of the 

interaction between defects that affect the final quality of cast results. 

The results of the liquid metal flow simulation show that the highest flow velocity occurs in the initial phase of filling, specifically 

around the sprue and ingate. Zones with red to yellow colors indicate a high flow rate, while blue zones indicate a more stable flow. 

This flow pattern indicates the occurrence of local turbulence due to changes in flow direction and differences in channel cross-

sectional area. These conditions have the potential to increase the risk of gas entrapment and free surface instability during the mold 

filling process. 

The porosity distribution showed that the shrinkage porosity was concentrated in the central region of the cast thermal center, which 

was characterized by a white to yellow zone. This area experiences a longer solidification time than other parts, so the feeding 
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mechanism is not optimal. These results are in line with the classical solidification theory which states that shrinkage porosity tends 

to form in regions with low temperature gradients and a limited supply of molten metals during the final stages of freezing. 

The oxide bifilm formation zone is seen predominantly in the main flow path and areas with high turbulence intensity. Oxide 

particles distributed following the flow direction suggest that the instability of the free surface during charging plays an important 

role in the formation of bifilms. Although in some areas of relatively low porosity levels, the presence of bifilm oxide still has the 

potential to degrade the mechanical integrity of the cast results as it acts as an internal discontinuity that triggers crack initiation. 

Hot tearing risk evaluation showed that the areas with the highest risk were localized in mushy zones that experienced deformation 

restriction during the final stages of solidification. The red to orange zones indicate significant strain accumulation due to a 

combination of high temperature gradients and mechanical restraint conditions of the mold. This area is marked as a fracture area, 

which indicates the potential for hot cracking before the material is fully hardened. 

1. Melt Flow Velocity Graph 

 
Figure 3. Melt Flow Velocity 

 

The graph shows the variation in the flow speed of the molten metal along the mold filling trajectory (normalized position 0–1). 

The maximum speed value occurs in the early to mid-charge phase, especially in the sprue and ingate areas. Where the flow speed 

of the molten metal is a key parameter that affects the flow stability and the potential for defect formation. From the graph, it can 

be seen that the flow speed reaches a peak of about 2.5 m/s, which indicates the occurrence of turbulent flows in the mold entry 

zone. This condition is in line with the visualization of the velocity contour in the simulation results, where the red–yellow zone 

indicates high flow intensity. High-speed flow increases the risk of gas entrapment and bifilm oxide formation, especially if not 

controlled by good gating design. Therefore, the regulation of the filling speed is an important factor in reducing non-porosity 

defects. 

2. Porosity Distribution Graph 

 

Figure 4. Porosity Distribution 
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The graph shows the percentage distribution of porosity throughout the casting volume. The peak of porosity occurs in the mid to 

late area of solidification. The porosity distribution showed that the highest porosity (close to 5%) was localized in areas that 

experienced the longest solidification time and limited feeding. This is consistent with the classical solidification theory, where the 

thermal center region tends to experience a shortage of liquid metal supply during shrinkage. Nevertheless, this graph also shows 

that porosity is not the only indicator of quality, as some areas with low porosity remain potentially subject to other defects, such as 

bifilm oxide and hot tearing. These findings reinforce the need for a multi-defect approach in casting quality evaluation. 

 

3. Bifilm Oxide Formation Zone Chart 

 
Figure 5. Zona Pembentukan Bifilm Oksida 

 

The graph shows the indicator of the intensity of bifilm oxide formation against the position of the free surface during the filling 

process. Where the bifilm oxide indicator reaches its maximum value in the initial phase of charging, which coincides with turbulent 

flow conditions and free surface instability. This phenomenon is in line with the results of the visualization of the bifilm zone in the 

simulation, where the distributed oxide particles follow the main flow path. The formation of bifilm oxide is particularly dangerous 

because it acts as a hidden internal crack that significantly lowers the fatigue properties and toughness of the material, despite its 

relatively low porosity. Therefore, the control of flow turbulence is the main strategy in the prevention of bifilm defects. 

 

4. Hot Tearing Risk Evaluation Chart 

 
Figure 6. Hot Tearing Risk Evaluation 
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The graph shows the index of the risk of hot tearing throughout the solidification stage, with the peak of the risk occurring in the 

mushy zone. Where the highest risk of hot tearing occurs in the liquid-solid transition phase (mushy zone), where the material is 

shrinkage but still has low mechanical strength. The graph shows the peak of the risk index at the middle position of the 

solidification, which corresponds to the fracture zone area in the simulation results. Hot tearing is affected by a combination of 

temperature gradients, cooling rates, and geometric restraint conditions. The interaction between hot tearing, porosity, and residual 

stress makes these defects crucial in the evaluation of the structural reliability of cast results. 

 

4. CONCLUSION 

This study proposes a multi-defect simulation framework for the solidification analysis of castings that goes beyond conventional 

porosity-based approaches. By simultaneously analyzing shrinkage porosity, gas entrapment, oxide formation, hot tearing, and 

residual stress, a more comprehensive understanding of the quality of cast results can be achieved. The results show that the 

interaction between defects has an important role in determining the final integrity of the cast components. Optimizing process 

parameters that focus only on one type of defect has the potential to increase the risk of another defect appearing. This shows that 

casting defects are sequential and interrelated, so the evaluation of the quality of cast results cannot be done based on just one 

parameter. The multi-defect approach allows for more comprehensive identification of critical areas and becomes a stronger basis 

for the optimization of the casting process. The proposed approach has high relevance for the industry as it is able to improve the 

accuracy of defect prediction and support decision-making at the design stage. Further research is recommended to conduct 

experimental validation and expand the application of this method to different types of alloys and casting processes. 
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