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Abstract: The fatigue life and reliability of wrought carbon steel castings produced with an optimized mold design are predicted using a finite element method integrated with reliability calculations. The optimization of the mold is carried out using MAGMASoft mainly based on porosity reduction as a response. After validating the initial mold design with experimental data, a spring flap, a common component of an automotive suspension system is designed and optimized followed by fatigue life prediction based on simulation using Fe-safe. By taking into consideration the variation in both stress and strength, the stress-strength model is used to predict the reliability of the component under fatigue loading. Under typical loading conditions of 70 kN, the analysis showed that 95% of the steel spring flaps achieve infinite life. However, under maximum loading conditions of 90 kN, reliability declined significantly, with only 65% of the spring flaps expected to withstand the stress without failure. The study also identified a safe load-induced stress of 95 MPa on the spring flap. The findings suggest that transitioning from forged to cast spring flaps is a promising option, particularly if further improvements in casting design reduce porosity to negligible levels, potentially achieving 100% reliability under typical loading conditions. This integrated approach of mold optimization coupled with reliability estimation under realistic service loading conditions offers significant potential for the casting industry to produce robust, cost-effective products.
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1  Introduction

Steel shares a major portion of metal casting tonnage (~10 million tons) owing to its availability and mechanical properties [1]. Despite such prevalence in use, steel castings are often produced with defects that arise due to poor mold design, improper selection of process parameters, process-related variabilities, uncontrolled solidification, etc. Identifying and minimizing these defects in the casting design phase is essential to obtain high-quality castings. This can be achieved through casting simulation tools which allow designers to develop a robust mold by examining the filling and solidification behavior, defect prediction and minimization, and even microstructure evolution and mechanical properties of the final cast product. However, a critical question that has remained so far is how to accurately predict castings’ mechanical performance and reliability in service. On a physical level, such predictions are challenging because of the lack of testing equipment that can exactly replicate the actual loading conditions on each cast part in service. Thus, it brings about a need for integrated simulations capable of incorporating the casting simulation results (especially defects) into mechanical performance simulations and reliability assessments to become confident in the efficient use of a cast part for its desired service life.

A wide range of engineering applications use wrought carbon steel castings because of their cost-effectiveness and superior structural properties. However, a crucial component that establishes their dependability and longevity is how well they function under fatigue loading. Fatigue loading has the potential to start and spread cracks, which could ultimately result in the component failing. For this reason, predicting these castings’ fatigue reliability is crucial to guarantee their safe and effective use. Recent studies have highlighted the importance of understanding the fatigue behavior of steel components under various conditions. For instance, a study on the low fatigue response of crest-fixed cold-formed steel drape curved roof claddings demonstrated the susceptibility of such structures to fatigue damage, emphasizing the need for comprehensive fatigue analysis [2]. Similarly, an experimental study on the high-cycle fatigue behavior of butt welds made of corroded AISI 304 stainless steel and Q460 high-strength steel showed significant differences in fatigue performance due to corrosion effects, underscoring the complexity of fatigue phenomena in steel structures [3]. Previous research has demonstrated the effectiveness of integrating various methodologies for improving the performance of steel components. For example, studies have shown that optimizing welding parameters and using advanced simulation techniques can significantly improve the fatigue life of welded structures [4]. These findings highlight the potential of combining process optimization with simulation tools to achieve better performance and reliability in steel castings.

Numerous casting layouts have been designed and optimized using simulation tools so that a reliable mold can be developed to produce parts with little to no defects. Mostly, either a part of the mold or a casting process parameter is optimized to improve the quality of cast products. Khan et al. [5,6] reported optimization of industrial components using CAD modeling and casting simulation using MAGMASoft to predict and minimize casting defects such as porosity and hotspots. They obtained reasonable agreement with the experimental data. Bhatt et al. [7] and Kermanpur et al. [8] have demonstrated that the design optimization of the feeding system and solidification simulation can ensure better quality of castings. Mi et al. [9] performed numerical analysis on the casting’s mold-filling and solidification phases. They replicated the solidification process, distribution of thermal stress, and filling behavior, and predicted potential flaws like shrinkage and cold shut. Khade et al. [10] examined the casting of brake discs to address the issue of reduced casting yield brought on by overly engineered gating system components. They modified the gating system to address this issue by considering casting simulation, theoretical knowledge, gating principles, and gating design techniques. Choudhari et al. [11] used Vector Gradient Method (VGM)-based AutoCAST X software for simulation and optimization of the component suffered from shrinkage porosity defect leading to premature failure. The numerical simulation software has all the design parameters set correctly, therefore the feeder’s total shrinkage porosity should shift. It has been reported [12,13] that the impact of heat flow through the mold walls on casting quality is the main topic of this research. Reverse engineering is used to determine heat transfer coefficients, and this method is detailed. Typically, because of incomplete information, a heat transfer coefficient that is constant from the bottom to the top of the ingot is considered between the solidifying shell and the mold surface. Rajkumar et al. [14] studied the multi-gate variants in the sand casting process to minimize defects. Multiple configurations were experimented and simulated such as side sprue serial and parallel connections (SSSC & SSPC), center sprue serial and parallel connections (CSSC & CSPC), and center sprue runner extension parallel connections (CS-RE-PC). The visual inspection revealed CS-RE-PC to be the most suitable design for a multi-cavity application owing to the best possible flow rate and nearly defect-free casting. Ayar et al. [15] employed simulations to study the effect of feeder system design using plates of varying thickness as cast parts. Shrinkage porosities are reported inside the middle feeder for all plate thicknesses. However, the entire defect was inside the feeder which did not affect the feeding efficiency and feedability index. Casting quality and yield are also found to be decreased with increasing thickness. It is reported that simulation results matched well with the experiments which confirms an efficient model to perform analyses for other casting geometries. Patil et al. [16] used Auto-CastX1 software to simulate the casting of a center plate, which resulted in devising a new method of casting those plates with a drop-in rejection rate from 8.5% to 3.5%. It is inferred that simulations are essential in developing affordable, high-quality, and reliable cast products. Hodbe et al. [17] optimized the casting design to deal with volumetric shrinkage and yield problems in a contact wheel. Major defects observed are shrinkage, blowhole, and pinhole. Auto-Cast software is used to optimize feeder design and location, porosity minimization, blowhole minimization via adequate venting, eradicating gas entrapment issues, and proper gating and riser system design. The final design of the mold resulted in an improved yield of ~90%. Bekele et al. [18] studied the riser design to minimize the shrinkage porosities in a sprocket gear. The gating system is designed with the modulus method and the model was developed in CATIA. The casting process is simulated using ProCAST where it is found that position and feed volume of risers are the key factors to reduce porosity concentration. The quality of sprocket gears is reported to improve significantly with a modified riser design.

The Finite Element Method (FEM) is widely applied in materials science to simulate and analyze the behavior of materials under various conditions. It allows for the prediction of stress, strain, deformation, and other critical properties by solving complex equations that describe the material’s response to external forces [19]. FEM is particularly valuable in studying material failure, optimizing manufacturing processes, and designing materials with specific properties. It is used in applications ranging from predicting the fatigue life of materials to optimizing the microstructure of composites and metals, thereby enhancing their performance and reliability in practical applications. To comprehend the behavior of plastic deformation under compression, FEM simulation provides the evolution of effective stress, strain, and displacement [20]. Fatigue life prediction of cast components including defects has been reported in the literature previously. Beckermann et al. [21] used simulations to determine the fatigue life of castings with porosities. The porosity obtained by radiographic examination is reconstructed in ABAQUS simulations. It is concluded that, for a more realistic fatigue life prediction, both the magnitude and distribution of porosity should be considered in the simulations. In another study by Hardin et al. [22], casting simulations are integrated with performance simulations. Standard specimens are cast, tested, and simulated in the presence of defects, where an excellent agreement in the experimental and simulated results has led to a case study on casting design optimization of an actual cast part. Sheikh et al. [23] and Khan et al. [24] predicted the reliability of cast specimens under fatigue loading by taking into account the variability in both the stress and strength models. They found that casting simulations for mold design optimization can produce castings that are almost entirely free of defects and have fatigue lifetimes comparable to those of their sound equivalents. Foglio et al. [25] described the mechanical characterization of ductile irons that had solidification durations of up to 20 h. They tried to determine which process and metallurgical parameters had the most impact on the increase in fatigue strength. Ferro et al. [26] experimentally determined the high cycle fatigue properties of EN-GJS-400 ductile cast iron with chunky graphite. They discovered that the fatigue strength characteristics of the cast iron under study are not considerably affected by a mean percentage of 40% chunky graphite in the microstructure relative to the overall graphite content. Azeez et al. [27] studied the reliability and property improvement of castings through gating system design. The effect of pouring temperature is examined on fluidity and gating system design. It is reported that the strength of castings is not much dependent on the in-gate design. Moreover, ductility also depends more on the melt instead of in-gate design. In total, expanding gate design are found to be better than pressurized gate designs. Regression analysis revealed no random distribution about the reference point. The reliability-based design optimization of process parameters using the Markov chain model was recently described by Chaudhari et al. [28]. Casting failures are mapped with casting process parameters using a range of casting defects. It is concluded that using the probabilities of process parameters and casting failures, a prediction model for casting process failure may be developed. Khan et al. [29] presented a cradle to grave analysis, i.e., from mold design to failure of a valve body using simulations. The mold design is optimized for porosity minimization in MAGMASoft, fatigue life, and reliability of the valve body are determined using ABAQUS [30] and Fe-safe [31]. Based on reliability computations, a region of safe loading on the valve body is also calculated.

This paper employs a simulation-based approach which was developed and validated previously [24,32] to determine the fatigue life and reliability of a steel spring flap as shown in Fig. 1. The mold design for the spring flap is optimized to minimize defects, especially porosity, after which the fatigue life and reliability of the part are calculated using integrated simulations. Since the methodology has been developed and validated earlier as mentioned above, the complete cradle-to-grave analysis of spring flap from mold design to failure and reliability assessment is done in a virtual domain using simulations. Section 2 discusses the mathematical models used in casting simulation and finite element analysis of fatigue life prediction. Section 3 details the materials and methodology used in this study. The mold design and optimization process are explained in Section 3. Section 4 reflects on finite element modeling and fatigue life prediction. Reliability assessment is discussed in Section 4. Conclusions are drawn and future prospects of the study are presented in Section 5 of the paper.
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Figure 1: Steel spring flap

2  Mathematical Models

2.1 Casting Simulation

Casting simulations are used to optimize mold design, casting process parameters, and cast product quality. The molten metal is thought to be an incompressible fluid with temperature-dependent and laminar flow characteristics. The continuity, momentum, and energy equations (Eqs. (1) to (3)) are used to simulate the mold being filled with liquid metal. The enthalpy porosity technique incorporates the phase transition and solidification phenomena, with the latent heat release specified by the specific enthalpy function (Eq. (4)). The thermal shrinkage and mismatch stresses generated during the casting process are calculated using the local-force balance equation (Eq. (5)). The conservation equations may be represented as follows:

∂ρ∂t+ρ(∇⋅v¯)=0(1)

ρ∂v¯∂t+ρ(v¯⋅∇)v¯=−∇⋅[−pI¯+μ(∇v¯+(∇v¯)T)]−ρg¯(2)

Here, ρ is density, v¯ is velocity field, g¯ is acceleration due to gravity, p is gauge pressure, γ is surface tension, δ is Dirac-Delta function, and t is time.

ρ∂∂t(ρh)+∇⋅(ρv¯h)=∇⋅(k∇T)(3)

Here, h is specific enthalpy, k is thermal conductivity, T
is temperature.

The thermal conductivity (k) of the cast metal is estimated using the specific enthalpy equation which relates the temperature and specific heat capacity as:

dh(T)=Cp(T)dT(4)

Then, the specific heat capacity (Cp) for the melt and solid phases can be expressed:

Cp(T)=Cps(T)+LfTm⋅φ+Cpl(5)

Here: Cps is the specific heat capacity of the solid phase, Cpl is the specific heat capacity of the melt, Lf is the latent heat of fusion, and φ is a direct-delta function that is used to represent the mushy zone.

The solidification shrinkage defects (such as pores, cavities, etc.) are calculated according to the famous Niyama criterion [33], which represents the ratio of thermal gradient, G, to the square root of the local cooling rate, ∂T∂t:

Ny=G∂T∂t(6)

MAGMASoft software package [33] is utilized to optimize mold design and cast quality. Simulation of the filling and solidification process requires the geometry of the casting process is available in 3D CAD files.

2.2 Finite Element Formulation for Fatigue Life Prediction

On a microscopic scale, ductile materials fracture via the mechanisms of void nucleation, growth, and coalescence. Voids can exist as microporosity or form from inclusions like second phase particles. Once nucleated, the spaces expand with increasing plastic strain. As a result, the void (or porosity) volume fraction increases. The interaction between voids begins at a critical porosity volume fraction. With increasing plastic strain, local necking and coalescence occur in the materials between voids, resulting in collapse via a connected chain of voids. Fracture of material occurs at a specific porosity fraction known as failure porosity volume fraction.

The model employed in this work is based on the linear small strain theory, which assumes that the total strain tensor (ε) can be decomposed into elastic (εel) and plastic (εpl) components, such that ε=εel + εpl. The material’s recoverable elastic strains are determined from:

σ=Delεel(7)

Here, σ is the stress tensor, Del is the fourth order elasticity tensor, and εel is the elastic strain tensor. For uniaxial tension, Del becomes the elastic modulus E, and Eq. (7) reverts to Hooke’s law. The properties needed to define isotropic elasticity tensor Del are elastic modulus E and Poisson ratio ν.

The plasticity and failure are modeled using the porous metal plasticity model in ABAQUS. A comprehensive description of the model can be found in previous works [34–36] the ABAQUS manual [30], with the numerical integration method utilized in the software proposed by Aravas [37] To apply this model, the hardening behavior must be defined using true stress-strain data derived from tensile tests on sound (pore-free) steel. The yield condition used by the model is:

ϕ=(qσy)2+2q1fcosh(−32q2pσy)−(1+q3f2)=0(8)

where, fis the porosity fraction, q is the effective Von Mises stress, p is the hydrostatic stress, σy is the yield stress of the sound metal as a function of plastic strain, q1, q2, and q3 are material parameters. It can be observed from Eq. (8) that when porosity is zero, i.e., f= 0, the yield condition becomes equal to Von Mises yield condition, i.e., q=σy. The hydrostatic stress, p=−(13)σ:I and the Von Mises stress, q=(32)S:S are the two stress invariants where ′σ′ is the Cauchy stress tensor and ′S′ is the deviatoric stress tensor S=pI+σ. The material parameters q1, q2, and q3 in Eq. (8) are introduced by Tvergaard [34] as an extension to the to Gurson’s model to account for void interactions and enhance its accuracy. The recommended values for ductile materials [30] are used in this study, i.e., q1=1.5, q2=1.0, and q3=q12=2.25.

It is assumed that plastic flow is normal to the yield surface defined by Eq. (8) for a given porosity fraction f. Under this assumption, the yield condition is used to calculate the plastic strain that drives the growth and nucleation of porosity, beginning from an initial porosity fraction. The flow rule for the plastic strain rate is:

ε˙pl=λ˙∂ϕ∂σ=λ˙(−13∂ϕ∂pI+32q∂ϕ∂qS)(9)

Here, λ˙ is a non-negative scalar constant of proportionality, representing a plastic flow rate. As the plastic strain in Eq. (9) increases, void nucleation and growth occur. The rate of change in void volume due to nucleation and growth is described by:

f˙=(1−f)ε˙kkpl+Aε˙mpl(10)

Here, the first term on the right-hand side represents the growth in existing voids based on the current void fraction f, and ε˙kkpl, the total plastic strain rate, and the second term accounts for the rate of change caused by nucleation. The plastic strain rate ε˙mpl in the nucleation term is multiplied by a scaling coefficient A which is:

A=fNSN2πexp⁡[−12(εmpl−εNSN)2](11)

The nucleation function (AfN) is assumed to follow a normal distribution based on the plastic strain range, centered around a mean value εN with a standard deviation SN, for a nucleated void volume fraction fN. In this study, typical values recommended for ductile metals are used: εN=0.3, SN=0.1, and fN=0.03. By applying coalescence and failure criteria models [30,36], the porosity fraction f in Eq. (8) is replaced by f∗, an effective void volume fraction that accounts for coalescence. If f≤fc, f∗ is considered equal to f since coalescence has not yet begun. However, if f>fc, f∗ increases more rapidly due to coalescence. The material loses its load-carrying capacity when f≥fF, where fF is the void volume fraction at failure. Mathematically, when f∗ is used in Eq. (8), it depends on f as follows:

f∗={fiff≤fcfc+f¯F−fcfF−fc(f−fc)iffc<f≤fFf¯Fiff≥fF(12)

The value of f¯F is determined by material parameters q1, q2, and q3 in porous metal plasticity model using:

f¯F=q1+q12−q3q3(13)

To effectively use the coalescence and failure model, it is crucial to determine two additional parameters: the critical porosity fraction fc and the failure porosity fraction fF. These values can be obtained by fitting the model’s fracture curve to the experimental curve for sound steel. In this study, the values that provided the best match were fc= 0.05 and fF= 0.2. The initial porosity fraction f0 was set to 0.2% for sound steel [22] and 0.3% for iron [38], along with the other porous metal plasticity model parameters identified earlier.

The fatigue life of test specimens is estimated by first predicting the porosity field using MAGMASoft and applied to the nodes of the finite element model followed by getting the elastic properties at each node according to the porosity percentage. The finite element stress analysis is then performed on each specimen under the load employed in fatigue testing. The resulting stress field which corresponds to tension and compression, is fed into the life prediction software, which does a multi-axial strain-life analysis.

Using the stress field resulted from ABAQUS simulations run with E dependent on nodal porosity fraction f and to generate the strains within Fe-safe using E0 for sound material to perform conversion and then using the E0 throughout the Fe-safe strain-life calculations. The stresses at the FEA nodes obtained from ABAQUS simulations are converted to strains in Fe-safe using the elastic modulus of the sound material. The algorithm recommended by Fe-safe is employed for fatigue life predictions for each material. Consequently, the Brown-Miller algorithm with Morrow mean stress correction [31] is used for predicting the life of cast steel specimens.

The Brown-Miller technique, which uses planes oriented at 45 degrees to the surface and perpendicular to the surface, is thought of as a cautious method for fatigue life prediction. By resolving the following equation [31] at each node, this method uses critical plane analysis to predict the fatigue life in terms of reversals to failure 2Nf.

Δγmax2+Δεn2=1.65σf′E(2Nf)b+1.75εf′(2Nf)c(14)

With Morrow mean stress correction, Eq. (14) is modified to:

Δγmax2+Δεn2=1.65(σf′−σm)E(2Nf)b+1.75εf′(2Nf)c(15)

Here, Δγmax2 is the maximum shear strain amplitude, Δεn2 is the strain amplitude normal to the shear stress plane, σm is the mean stress, σf′ is the fatigue strength coefficient, b is the fatigue strength exponent, εf′ is the fatigue ductility coefficient, and c is the fatigue ductility exponent.

3  Materials and Methodology

Wrought carbon cast steel (ASTM A216 WCB), which is often used in casting engineering components due to an excellent combination of strength and ductility, was chosen as the material for the spring flap. Table 1 lists the material’s composition and properties. The testing equipment for determining the mechanical performance and reliability of spring flap under anticipated loading conditions is challenging due to design, fabrication, and even economic unfeasibility. Therefore, it is decided to use an already developed and experimentally validated methodology [24,32] towards the mold design optimization and fatigue life prediction of the selected spring flap. In addition, reliability assessment is done as per the loading scenarios provided by the end-user. Fig. 2 shows a flowchart of the methodology used in this study. The following sub-sections briefly describe the above-mentioned simulation-based methodology [24,32] developed and experimentally validated for simple cast geometries, i.e., standard tensile and fatigue specimens.
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Figure 2: Steps involved in simulation-based mold design, fatigue life, and reliability estimation of spring flap

3.1 Development of Optimized Mold Design and Actual Specimens

The mechanical characterization of cast parts is often carried out by extracting the specimens from already produced castings. However, in this study, the prime objective was to optimize the whole casting process for producing high-quality and nearly defect-free castings. Therefore, standard specimens for tensile and fatigue testing are selected as simple cast parts. Multi-cavity molds capable of producing eight specimens at a time are designed and simulated, the results of which led to the modification in the mold designs resulting in nearly no defects in the final cast specimens. The details of the mold design process are already presented in [24,32]. Fig. 3 shows the final mold designs for each specimen type where no porosities are observed in any of the specimens. Casting of specimens is done using the final mold design in a local foundry after which the specimens are brought to their final dimensions as per the standards, i.e., ASTM E-8 for tensile testing and ASTM E-466 for fatigue testing.
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Figure 3: MAGMASoft simulation results for porosity prediction (X-ray view) for (a) tensile specimens and (b) fatigue specimens

3.2 Experiments and Simulations Pertaining to Tensile Testing

In this stage, five out of eight prepared specimens are tested under tension and compared with the tensile properties already obtained for sound steel specimens. It is observed that cast specimens have some reduced and ductility when compared to the sound specimen. It is inferred that it could be due to a complex stress field developed as a result of loading the specimens. Hence, the tensile testing is simulated in ABAQUS using the elastic-plastic material model and porous metal plasticity parameters to analyze the exact stress-strain behavior of specimens. For base case with no porosity, i.e., sound specimen, an excellent agreement is found in the measured and simulated results as shown in Fig. 4 which suggested the adequacy of the model for using it even for the specimens with porosity predicted by the software. A comparison of simulated and experimental results for all specimens is presented in [32], where strength and elongation in each specimen are found to be greater than 485 MPa and 22% respectively which are the minimum values as per the ASTM A216 standard steel. Some discrepancies in the experimental and simulated results are observed for which the possible reasons are also discussed in [32].

[image: images]

Figure 4: Experimental vs. simulated stress-strain curve and fracture in sound steel specimen

3.3 Experiments and Simulations Pertaining to Fatigue Testing

Fatigue loading refers to the application of cyclic stresses on a material over time, which can lead to the initiation and propagation of cracks. This process can ultimately result in failure at stress levels much lower than the material’s ultimate tensile strength. For carbon steel castings, fatigue loading is critical as it directly influences the lifespan and reliability of components subjected to repetitive loading in-service conditions. Finite element simulation is a powerful computational tool that helps in understanding the behavior of materials under fatigue loading by allowing detailed analysis of stress distribution, strain, and crack propagation within the material. Finite element simulation can simulate the cyclic loading conditions and predict the locations and growth of potential fatigue cracks. This helps in identifying critical areas and optimizing design and process parameters to enhance the fatigue performance of carbon steel castings. By integrating mold optimization with finite element simulation, our approach aims to predict and mitigate fatigue failure indicators. The fatigue testing is done for seven specimens under fully reversed conditions with R = −1. All specimens are tested under 5 Hz frequency until fracture or the runout condition which is 1 million (106) cycles in this work. The stress amplitudes are carefully selected to have at least one specimen obtaining infinite life (more than 106 cycles). More details on fatigue experiments and results are included in [24]. Fatigue testing is also simulated using ABAQUS and compared with the experimental results. The porosity estimates in MAGMASoft are moved to the nodes of an already developed FEA mesh where the elastic properties are degraded [32]. Next, the stress amplitude for each fatigue specimen is used to simulate the elastic stress analysis. Finally, Fe-safe is used to determine the number of cycles to failure for each specimen. For steel specimens, the Brown-Miller fatigue model with Morrow mean stress correction is used [31]. Experimental and simulated results are compared as shown in Fig. 5 which are encouraging yet non-conservative in steel specimens [24].
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Figure 5: A comparison of measured and precited fatigue life of standard WC steel samples

3.4 Reliability Analysis

Reliability analysis in this methodology is based on the classical stress-strength interference model. Fig. 6 displays a flowchart of the reliability analysis. These reliability computations are done for both time-independent and time-dependent load-induced stress with later being more accurate as it includes the variability in stress with time [24]. Based on the predicted loading conditions on steel castings, four different stress values—79, 87, 96, and 104 MPa—are selected for time-independent load-induced stress. When calculating the likelihood of success or failure for a specific life, Fe-safe considers the variability in both material strength and loads. For time-dependent load-induced stress, the same model is used, however, the stress in this case is limited to be modeled by Rayleigh distribution using analytical methods [39]. The only difference is in the value of the shape parameter ‘β’ of Weibull and Rayleigh distribution because for later, βs = 2βσ, where βs and βσ are the shape parameters for strength and stress, respectively. The reliability function is as follows:

[image: images]

Figure 6: Flowchart of reliability evaluation

R=P(S>σ)=θSθσπ.exp⁡(14(θSθσ)2).{1−ϕ[12.(θSθσ)]}(16)

The ratio of scale parameters can be used to estimate reliability, i.e., θS/θσ for the targeted lives. Here, the θS/θσ ratio is approximated to be similar to that of the Sσ ratios for the targeted lives.

The reliability estimates led to the determination of safe load-induced stress for steel [24]. More than 86% of components are reported to survive for an infinite life, independent of β, at load-induced stress of 85 MPa, which is undoubtedly a conservative estimate of safe loading. With increasing β, it is found that over 95% of components may work safely at a load-induced stress of 95 MPa as shown in Fig. 7a. Hence, up to 95 MPa could be reasonably considered as safe stress for an infinite service life of cast steel parts, one of which will be presented next in this paper. Moreover, for time-dependent load-induced stress, it is reported that reliability is a function of design factor. A design with strength ‘S’ four times the applied stress ‘σ’ can lead to a 90% probability of survival of components which can drop to 54.5% when S is equal to σ as shown in Fig. 7b.
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Figure 7: (a) Safe load-induced stress for cast steel and (b) Results of reliability for time-dependent load-induced stress

4  Results and Discussion

The methodology discussed above from Sections 3.1 to 3.4 is applied to steel spring flap, the results of which are presented in the forthcoming sections.

4.1 Optimization of Mold Design of Spring Flap

4.1.1 Initial Mold Design

The benefit of producing multiple parts in a single casting run encouraged to design a multi-cavity mold as shown in Fig. 8. Initially, the mold is designed as per casting standards in a conventional way as practiced in a foundry. It is decided to include four flaps in a single mold which is designed using a gate-runner approach where each individual cast part is choked by its associated gate. In addition to other parts of the mold such as the pouring basin, sprue, runners, and gates, the mold also included top risers owing to their higher efficiency [40]. The parameters optimized in the mold design for castings include; gate and runner design to ensure the proper flow of molten metal to fill the mold cavities uniformly without causing turbulence, pouring basin and sprue dimensions to optimize and control the flow rate and reduce the risk of air entrapment and oxidation, risers design for their higher efficiency in feeding the molten metal to compensate for shrinkage during solidification, and the cooling rate adjustment to control the solidification process and minimize internal stresses and defects such as porosity. Modeling of mold is done in Solidworks which is then imported to casting simulation software MAGMAsoft to investigate filling and solidification behavior together with defects prediction. Cast material and mold material data are already embedded in the software. The mesh is generated and the whole casting layout is discretized into 1,962,156 volume elements. Pouring temperature and room temperatures are set to 1630°C and 20°C, respectively.
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Figure 8: Initial casting layout for spring flap

Figs. 9 to 12 show the simulation results for the initial mold design. The temperature profile with the progress of solidification is presented in Fig. 9. It is evident that thin sections solidified which is also confirmed by a percentage of solid fraction shown in Fig. 10. Except for the thickest section, the majority of the flap is found solidified at 75% solidification. Fig. 11 shows that residual stresses are much higher, at 182 MPa. Furthermore, these stresses were found to be centered in the load-carrying region of the flap, indicating the need to optimize the cooling and solidification sequence within the mold.

[image: images]

Figure 9: Temperature distribution within the mold during various stages of solidification (a) 25%, (b) 50%, (c) 75% and (d) 100%

[image: images]

Figure 10: Solidification pattern at different solidification stages (a) 25%, (b) 50%, (c) 75% and (d) 100%
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Figure 11: Residual stress distribution at the end of solidification for initial mold design
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Figure 12: Prediction of Hotspots formation in cast part during initial mold design

The defects predicted by the software are hotspots and porosities. Fig. 12 shows the hotspots which need to be minimized/eliminated to evade shrinkage porosities. Porosity predictions are shown in Fig. 13. Surface and microporosities are shown in Fig. 13a and b, respectively. While surface porosity is found at specific locations on the flap, the microporosities are found to be distributed over the entire flap volume. Besides surface porosity, some internal porosity is also observed as shown in the cut-plane view of the results in Fig. 13c. Hence, the mold design had to be optimized for residual stress and defect minimization in the spring flaps.
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Figure 13: Porosity predictions during initial model design. (a) Porosity, (b) Microporosity, and (c) Total porosity

4.1.2 Optimized Mold Design

The mold design is optimized based on findings presented in Section 3.1. It started with the addition of chills for better cooling and directional solidification. Four chills are used per flap as shown in Fig. 14 with an aim to solidify thick sections of the flaps followed by thin sections. It is expected to reduce the residual stresses via improved cooling in the mold. Exothermic sleeves are used to treat the hotspots surrounding the riser so that solidification can be delayed, resulting in little to no shrinkage porosity in the finished castings. Breaker cores are inserted to help with the rapid removal of risers during post-casting cleaning and finishing operations as well as to prevent the riser necks from freezing too early. Fig. 14 displays the entire mold design with the addition of auxiliary components for optimization. Once again, this casting layout is discretized and resulted in 2,011,764 volume elements. Pouring time and temperature, and room temperature remained the same. With these inputs, the modified mold design is simulated to observe its effect on filling and solidification behavior, stress generation and distribution, and defect prediction.

[image: images]

Figure 14: Design layout of optimized casting

Figs. 15 to 19 show the simulation results for optimized mold design. The areas closed to chills experienced minimum temperature as shown in Fig. 15a–d. Hence, cooling and solidification is expected to begin from this area of flaps. Moreover, it is confirmed through the solidification sequence presented in Fig. 16 that the regions closed to chill are solidified first. Significant reduction (about 3 times) are observed in the residual stresses using the new mold design as shown in Fig. 17. In addition to this, load-carrying regions are found to experience minimum residual stresses. Fig. 18 depicts the complete elimination of hotspots in the spring flaps as a result of using exothermic sleeves and breaker cores. This also helped in porosity minimization as shown in Fig. 19a where flaps are found with no surface porosities. The magnitude of microporosity is also reduced as shown in Fig. 19b. Fig. 19c shows traces of porosity, but the level is acceptable to deem this mold design adequate for casting the spring flaps despite the presence of some porosity.
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Figure 15: Temperature distribution in the mold during various stages of solidification (a) 25%, (b) 50%, (c) 75% and (d) 100%
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Figure 16: Solidification sequence (a) 25%, (b) 50%, (c) 75% and (d) 100%
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Figure 17: Distribution of residual stress at removal utilizing an improved mold design
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Figure 18: Cast spring flap hotspots using an optimized mold design
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Figure 19: (a) Porosity, (b) Microporosity, and (c) Total porosity predictions using optimized mold design

4.2 Simulation-Based Fatigue Life Prediction Coupled with Optimized Mold Design

ABAQUS is used to model the spring flap using finite elements. Since a multi-cavity mold is produced and optimized to cast spring flap, it is chosen to use one spring flap for FE analysis and subsequent life prediction. Each spring flap in the optimized mold design includes a small amount of porosity, which must be considered in the FE analysis. The optimized mold design’s estimated porosity is added to the FE simulation using MAGMAlink. As illustrated in Fig. 20, the spring flap shape is imported into ABAQUS and discretized using 10-node quadratic tetrahedron (C3D10) components. The final mesh consists of 54,915 elements (with 6 mm spacing) and 82,832 nodes are used. A mesh convergence test has been performed and it is found that further mesh convergence refining did not significantly alter the results. The projected porosity is then mapped to FEA nodes on the mesh after it has been imported into MAGMASoft using MAGMAlink. The same steps outlined in [32] is then used to export and integrate the nodal porosity into ABAQUS simulations. Then, in order to accurately represent the characteristics of a spring flap in use, the boundary conditions for FE simulations are carefully selected. Based on the data that obtained from the end-user, the boundary conditions are established. As was previously mentioned, the flap is a component of a suspension system that receives a load of about 70 kN when an axle lies on it. The end-user-provided 90 kN as the maximum load that can be applied to the flap. A fully-constrained boundary condition is used to secure the thick section of the flap, while the surface where the flap and axle make contact is uniformly loaded. Boundary conditions for FE simulations are represented in Fig. 20.

[image: images]

Figure 20: Boundary conditions for FE simulation of spring flap

The Von Mises stress estimates for the spring flap under the specified boundary conditions are shown in Fig. 21. Fig. 21 shows the stress field without porosity, also known as the sound defect-free spring flap (a). According to estimates, the maximum load-induced stress in this situation is around 80 MPa, which results in steel having a safety factor of 4.4 and a yield strength of 355 MPa. The load-induced stress rises to 96 MPa in the presence of porosity, resulting in a safety factor of 3.7. Fig. 21a and b both displays the location of the greatest Von Mises stress (b). A safety factor of 1.5 is found corresponding to the maximum stress with a fatigue endurance limit of 141 MPa. This factor of safety is deterministic, meaning that there is no variability in the strength of the material or the load-induced stress. As stated earlier, a probabilistic approach will be employed in this case to assess the spring flap’s reliability.

[image: images]

Figure 21: Von Mises stress results in spring flap (a) without porosity and (b) with porosity

The prediction of the fatigue life with and without porosity is the next step in the investigation. If the porosity reduces the fatigue life below 106 cycles, which is set as the runout criterion in the current study, that is cause for concern. Using Fe-safe and the technique described in Section 3.3, fatigue life is predicted. Fig. 22a and b shows the findings of the fatigue life prediction (b). More than 106 cycles are found to be the minimal fatigue life with and without porosity, which shows that the part will survive under these assumptions. These results so confirm the reliability of the spring flap mold design that was improved.

[image: images]

Figure 22: Prediction of Fatigue life using Fe-safe (a) without porosity and (b) with porosity

4.3 Assessment of Reliability

The reliability of the spring flap at a given target life is evaluated using the strength-stress interference technique. As the normal load on the flap is 70 kN and the maximum load capacity provided by the end user is 90 kN, two load-induced stresses are used in the calculations. To model stresses under these two loading conditions, the flap with porosity is used. Fig. 23 illustrates the stress fields that resulted. Then, in Fe-safe, these stresses are used to reliability predictions. The material variability is represented by a Weibull distribution with a variable shape parameter β, with a 5% variability in load-induced stresses considered.

[image: images]

Figure 23: Von Mises stress in spring flap with porosity at (a) 70 kN and (b) 90 kN

Fig. 24 shows the resulting reliability curves for both situations. The reliability results for a load of 70 kN on a spring flap generating a load-induced stress of 96 MPa are shown in Fig. 24a. It is evident that the component demonstrates reliability of over 95% up to 106 cycles with β = 10. This higher value reflects the actual situation in which the parts are made utilizing an optimized mold with reduced porosity and product variability. Reliability predictions using a lower β, such as 3 or 4, would occur if the parts are not made using an optimal mold. In that situation, 60%–70% of the parts make it to the point of infinite life. The reliability is seriously impacted by a maximum load of 90 kN and the resulting load-induced stress of 123 MPa. Fig. 24b shows that even a higher value of β = 10 produced 65% of components that survive till the infinite life.

[image: images]

Figure 24: Reliability estimated with a load-induced stress of (a) 96 MPa and (b) 123 MPa on spring flap

5  Conclusions and Future Work

An integration of casting simulation with fatigue life and reliability simulations is used in this study for a steel spring flap. Mold design optimization towards porosity minimization is done using MAGMASoft and then porosity predictions are incorporated to life prediction and reliability assessment in ABAQUS and Fe-safe, respectively. The following conclusions can be drawn from the results:

•   Predictions of fatigue life under normal and maximum load conditions were promising, indicating an expected life of more than 106 cycles (infinite life) for each instance.

•   Under typical loading conditions, it was found that 95% of steel spring flaps could achieve an infinite life. However, under maximum stress conditions, the reliability of the spring flaps was significantly compromised.

•   The findings suggest that switching from forged to cast spring flaps is a promising option.

•   Further improvements in casting design to achieve practically negligible porosity could result in 100% reliability under typical loading conditions of 70 kN in automotive suspension systems.

•   Under maximum loading conditions, the reliability measurement declined to 65%.

•   Based on the reliability results obtained, safe load-induced stress on the spring flap could be 95 MPa.

Autonomous optimization of the mold can be done in the future to minimize multiple casting defects simultaneously. A holistic approach is to integrate casting simulations, mechanical performance simulations, and reliability simulations to perform a cradle-to-grave analysis in a completely virtual domain. This can be done by developing a comprehensive tool capable of integrating all simulations, and data acquisition for loading and failure of cast parts. Even though this integration and data collection is challenging, it can lead to numerous advantages for foundries, some of which are cost and time savings, robust mold designs, high-quality castings, and minimum risks associated with casting failures.
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Table 1: Material specification for ASTM A216 WCB steel used in the study

Chemical composition Mechanical properties (at room

(wt. %) temperature as per ASTM A216)

Fe 96.2

€ 0.3 Yield strength (MPa) 248

Mn 1

Si 0.6

P 0.035

S 0.35 Tensile strength (MPa) 485

Ni 0.5

Cr 0.5

Mo 0.2 Elongation (%) 22

Cu 0.3
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