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Abstract

:

The accuracy and precision of lifetime predictions for cyclically loaded technical components are still lacking. One of the main reasons for the discrepancy between the calculated life time and experimental results is that it is not yet possible to create a model capable of describing the microstructural damage process that occurs in the tested material and to subsequently incorporate this model into the calculation. All of the presently available research results recognize that the growth of microcracks is significantly influenced by the microstructure of the material. In order to take into account the influence of the microstructure on the damage process, research on the very early fatigue damage is carried out. The results are obtained from tension and torsion fatigue testing. For this purpose, the surfaces of the tested specimens are carefully observed to discover and analyze microcracks, which are classified according to their orientation. Moreover, the mechanisms of crack initiation and propagation are major points of interest. Through a mix of mechanical and metallurgical points of view, calculations and multi-level FEA modeling are carried out to gain a better understanding of the properties of the phases. The simulation is based on continuum mechanics, which considers the positions and mechanical metallurgy, which account for each constituent character’s failure laws. It is concluded that both the experimental and computational approaches conform, showing that such an approach is indeed a necessity and should become a trend in the near future. Statistically, microcracks under tension modes are highest at 45° (approximately 30%), while under torsion they are highest at 0° (approximately 20%) with respect to the sample orientation. The influence of the microstructure is explained via the finite element analysis.






Keywords:


cyclic stress; damage; FEA (Finite Element Analysis); multi-level modeling












1. Introduction


The accuracy in predicting the ages of components that are subjected to fatigue loading is still far from satisfactory. The causes of deviations between the calculation results and experimental results include a lack of understanding of the process of the damage mechanism that occurs in the material [1,2]. Research in this field has identified that at low loading most of the component life is used for the crack initiation phase [3], while at high loading the component life is used for the crack propagation phase [4,5]. Crack initiation and growth in the early stages are strongly influenced by the microstructure of the material [6,7,8]. To determine the effect of microstructure on the damage process, a study was carried out on an early stage damage due to fatigue loading.



Component failure due to fatigue has been receiving profound attention from industry, researchers, and academicians. Various methods have been developed to observe the mechanism and behavior of fatigue cracking [7,8]. Various disciplines such as metallurgy, material mechanics, mathematics, and statistics have been used to solve this problem [9], each contributing ideas based on their scientific views, although the unification of the results from various laboratories on this matter has been missed due to the large amount of published studies. However, the importance of the crack propagation mechanism in fatigue damage has long been recognized [9].



This paper combines three different approaches of testing, simulation, and analysis, with an emphasis on the damage mechanism. Tests are carried out on aluminum with uniaxial tension and torsion fatigue loading. In this test, the surface of the specimen is carefully observed to find and analyze its microcracks. Attention is mainly paid to the mechanism of crack initiation and propagation. The ultimate goal of this research is to incorporate the parameters obtained from this study into the calculation to improve the prediction of the component life. Evaluations of the crack formation and propagation are carried out on an aluminum alloy to gain a better description of the damage process under fatigue loading.



It is widely known that metals are formed in a solid crystalline arrangement. The atoms are arranged in an orderly arrangement of space. The difference in the crystal arrangement lies in the shape and the relationship between each atom. The regularity of the atomic arrangement forms a crystal structure. The simplest structure that describes the crystal structure is a crystal cell [10,11]. Some mechanical properties such as the ability to change shape and the propagation cannot be traced from the shape of this single crystal cell. In a single crystal cell, the distances between atoms in different directions are different. For example, in aluminum metal, the farthest distance is on the space diagonal and the closest distance is on the front diagonal. In steel, the farthest distance is on the front diagonal and the closest distance is on the space diagonal. The difference in atomic distance causes some metal properties to depend on the direction [10,11], although engineering metals generally consist of many heterogeneous crystals. Dislocation movement does not have the same probability in all directions. The shift only occurs in the plane that has the densest atoms. In ferrous metals, there are 4 shear planes that have the greatest atomic density, whereas in aluminum there are 4 shear planes with 3 directions, so there are 12 sliding systems [12]. In polycrystalline materials, each grain has its own shear system, so that when a shift occurs only a few grains have the most favorable orientation.



The paragraph above explains the ideal nanoscale situation, and ideally the computational approach should incorporate these theories. However, such an attempt is almost impossible due to the cumbersomeness of the computational method. Therefore, in this research, the computational approach is limited to accommodating the variation in the mechanical properties of each constituent and their positions relative to each other. Without a doubt, this approach is far from perfect, but it is an early stage in accommodating the microscopical metallurgical theory using a simple finite element analysis.



Meanwhile, grain boundaries have an effect on inhibiting the movement of dislocations. For a grain with a favorable orientation, a critical shear stress is reached, meaning the dislocation can move up to the grain boundary. When the shear stress increases to a certain level, this grain boundary resistance can be passed. To explain the crack propagation across this grain boundary, several models were developed. Zhang [13] stated that cracks prefer to propagate along slip systems with high Schmidt factors when transferring from one grain to another. The Schmidt factor is defined as the ratio of the resolved shear stress on a certain slip system to the applied stress. Cracks generally occur in areas of high stress due to repeated loading. In this study, the experimental results for AlMgSi1 are reported, which was subjected to tension and torsion fatigue loads.



The calculation and modeling were carried out to deepen the understanding of the properties of its phases through a combination of mechanical and metallurgical points of view. The simulation was based on the continuum mechanics while taking into account the mechanical metallurgy of each constituent character with different failure laws, using a conventional finite element analysis.




2. Testing


The experiments were carried out on AlMgSi1 alloy. The material has the potential for strengthening with age. The condition of the material upon receipt showed that the AlMgSi1 was the result of extrusion. Table 1 shows the chemical composition of the material tested. The composition shown in the table is in weight %.



2.1. Metallography


Figure 1 shows a picture of the microstructure of the AlMgSi1 alloy in a finely polished state. The first particles to precipitate are clearly visible. These deposits have sizes up to 9 μm. The finer Mg2Si particles that appear as darker dots are distributed in the grains. The alloy has an average grain diameter of 10 µm and there are some grains with a diameter of 40 µm. The first particles to precipitate are accordant with [14,15,16], whereby a network of coarse Mg2Si particles is distributed along the grain edges.




2.2. Transmission Electron Microscopy (TEM)


Transmission electron microscopy (TEM, JEOL, Tokyo, Japan) examinations were conducted on non-aged AlMgSi1 Alloy. The specimens were sent to IWS Dresden, Germany to investigate the state of the alloy thoroughly.



The TEM examination of the non-aging condition of the AlMgSi1 alloy shows the state of the precipitate in the form of the Guinier–Preston–Zonen deposits along the crystallographic direction <100> (see Figure 2 and Figure 3).




2.3. Tensile Test


The determination of the mechanical properties was achieved via tensile testing. The test object was made according to DIN 50125 with a diameter of 6 mm. According to the manufacturer’s information, AlMgSi1 (F28–31) has a tensile strength of σu = 436 MPa. The tensile strength obtained from the tensile test showed low deviation from the description for the aged condition from the manufacturer. The tensile test characteristics are given in Table 2.




2.4. Hardness Test


Hardness measurements were carried out at room temperature with a test load of 0.49 N and a tracking time of 15 s. Hardness is measured from the center of the outer diameter of 21 measurement points. The average hardness was 124.9 HVN.




2.5. Fatigue Test Program


The material used as the research material was AlMgSi1 alloy with a round cross-section. The test was carried out based on the consideration of the introduction of the material characteristics and the technical use of the material. For fatigue testing, a cylinder with a wall thickness of 1.5 mm was used (stress concentration factor K = 1). The inner and outer sides were finely polished. For fatigue testing, a hollow cylindrical specimen with a wall thickness of 1.5 mm was used (stress concentration 1). The cylinder bore had a diameter of 18 mm. The inside of the test object was carried out by honing, while the outside was sanded and finely polished to eliminate the effects of stress concentration arising from machining, and as much as possible to produce a shiny smooth surface so that microcrack observations could be made. The dimensions of the fatigue specimen are shown in Figure 4 and the polished specimen with a total length of 160 mm is shown in Figure 4. The smoothness of the inner surface is equally important so that the surface is notch-free. If this is neglected then the drill trace will dominate and cracks may develop on the inner wall so that it cannot be observed. Drilling results in a deeper imprint than smooth turning of the surface, so further deep surface machining is required.



To achieve the mechanical reinforcement of the inner wall, a fine roller tool was used, which suppressed the former drilling machining, resulting in a strengthening effect. Subsequent polishing produced a surface with a roughness of Ra 0.1 µm. The subsequent fatigue tests showed that after this process, microcracks appeared on the surface, which was a requirement of this study. The surface of the test object also had a roughness of Ra 0.1 µm.



For the experiment, a servo-hydraulic testing machine was developed for compressive tension loading and torsional loading. The test machine was equipped with a separate hydraulic pump. The equipment was interconnected with PCs and controllers. This equipment allows the application of a wide variety of loadings. Measurement values were taken through 2 load cells.



A multi-axis servo-hydraulic test machine for tension–compression and torsional loading was set up for the experiments. The loading is guided by two hydraulic cylinders, while the target value is specified with a special personal computer (PC) software.



The devices are interconnected with the PC and the control unit. This equipment allows the application of a wide variety of loadings. The measured values are recorded through two load cells, two inductive displacement sensors (integrated in the servo-hydraulic cylinder), a torque sensor, and a multi-axis strain displacement sensor (Figure 5), which is passed on to the test bench PC with an integrated analog–digital card.



The testing was carried out under room temperature. The frequency range of the fatigue tests was 0.5–1 Hz.





3. Test Results and Discussion


3.1. Dynamic Characteristics of Materials


The dynamic stress–strain diagram describes the relationship between the stress and strain amplitudes under cyclic loading at one stress level under saturation conditions. From the obtained hysteresis results, the tensile strain, shear strain, tensile stress, and shear stress can be calculated. From these data, the cyclical Ramberg–Osgood and Coffin–Manson characteristics can be determined. These characteristics are given in Table 3. Axial stress–strain diagrams and strain life diagrams are given in Figure 6 and Figure 7, while torsional stress and strain diagrams and torsional strain life diagrams are given in Figure 8 and Figure 9. The fatigue test showed that under axial compression tensile loading and torsional loading there was no effect of strain hardening or strain softening.




3.2. Crack Research


In this study, the specimens were loaded for a certain cycle, then the test was stopped and the specimens were examined with an optical microscope for crack examinations, although some of them were examined by SEM. This step was then repeated until a technical crack or fracture occurred. Cylinders that had been loaded were placed on the specimen holder on the observed part and marked until they were recovered for further inspection so that further crack propagation could be investigated qualitatively and quantitatively. The test object was examined in 12 places and magnified 250× (see Figure 10).



The number and orientation of cracks shown in the microscopic photo of the surface of the specimen were evaluated to determine the characteristics of crack propagation under various loadings. Observations were made on the type of loading so that the distinctiveness of the microcrack due to each loading type could be observed. To assess microcracks, it is necessary to know the general descriptions of the emergence of microcracks, microcrack propagation, and crack coalescence. Because the dynamic loading is in line with the loading frequency, there is a change in the dislocation structure. The dislocation shift causes the surface structure to change. If in one place there is a strong shift with a large enough material shift, extrusion and intrusion will occur [17]. The fatigue life of the material is determined from the microstructure, grain conditions, and crystal orientation. Grain boundaries are an obstacle to microcracking [6,7,13]. The possibility of a microcrack continuing to propagate is determined, among other things, by the orientation of the surrounding crystals and grains. The grain size has an influence on the crack propagation. The smaller the grain boundaries, the cracks that propagate will more often experience grain boundary obstacles, whereby at the grain boundaries the cracks temporarily do not propagate. If the loading at the crack tip, which is a function of the loading conditions and grain orientation, is large enough, then the crack can cross the grain boundary [18]. In addition to crack growth due to the loading of each cycle, crack propagation can also occur due to the connection of two adjacent cracks. If this happens then this phenomenon is called crack coalescence. Figure 11 shows a microscopic image of a surface that has been subjected to torsional loads. The microcracks propagate parallel to the direction of the shear stress.



Figure 11 shows cracks that propagate on the surface. The crack propagates well on the surface (type A crack) but also propagates towards the depth (type B crack) [19], as shown in Figure 12.



SEM Observations


For a more thorough observation of the initiation and propagation of cracks, observations were made with a raster electron microscope, Carl Zeiss AG, Oberkochen Germany. The research was conducted in the area around the fault. The torsion loading shows that crack initiation starts from the position of the particles (Figure 13a). The holes in the figure are the positions of the particles that are out of place, similar to the non-metallic inclusions that fall due to fatigue cracking.



The formation of cracks in these particles is the result of differences in the elastic characteristics between the particles and their matrix. The particles cannot or do not easily plastically deform while the matrix is deformed. This causes the accumulation of dislocations in that location. Several torsion cracks with a crack direction parallel to the orientation of the maximum shear stress are shown in Figure 13b. The cracks are inhibited by microstructural barriers, namely the orientation of the surrounding grains, which conforms to other researcher findings [2,7,13].



Observations with SEM for the test specimens of tension compression fatigue test results are shown in Figure 14. From this figure, it can be recognized that plastic deformation causes the particles to move out of position. Besides this, a microcrack at stage I can be found.



Figure 15 shows the SEM results of the fracture surface after being given a tension compression fatigue load. On the surface of the test object can be found several longer cracks. At a smaller strain amplitude, which means that the loading cycle received by the test object is larger, smaller microcracks can be observed (see Figure 16).



In accordance with the laws of the mechanics of the materials, the loading caused by external forces will cause tensile and shear stresses to the material, which will be transferred to each grain. In the case of tensile loading, the maximum shear stress occurs at an angle of 45° to the direction of the tensile stress and has a magnitude of 1/2 of the tensile stress. Under tensile loading, the maximum shear stress direction is 45°. The distribution of cracks under compressive tensile loading in the experiment spreads at all angles with a tendency toward a direction parallel to the direction of the shear stress, namely ±45°. Figure 10 and Figure 14b show the microcracks of the specimen under fatigue tension compression loading. The microcracks and their orientations are counted and presented in Figure 17. In torsional loading, the directions of the maximum shear stress are 0° and 90°, and the cracks that occur appear to follow those directions (see Figure 11 and Figure 13). The microcracks distribution is shown in Figure 18.



Stage I or the microcrack growth is generally a shear-mode crack that is closely related to the crystal planes. When the stage I crack propagation passes through two grains, a slight change in the orientation of the propagation plane can be observed. Stage I crack propagation may include two or more grains when the shear plane angle difference is low, because the small-angle grain boundaries fail to provide barriers to the crack propagation. Stage II crack propagation or striation crack propagation is known to be a crack propagation mechanism controlled by mode I crack propagation, i.e., the surface of the crack propagation is perpendicular to the maximum principal stress. This is closely related to the difference in shear planes in phase I of the crack propagation (microcrack propagation), so that the transition to phase II crack propagation, as shown in Figure 10 and Figure 19, was found experimentally under tension compression loading. The early part of the stage II propagation still shows surface appearances that show a dependence on the crystal orientation, before the dominant striation mechanism plays an important role [20] The mechanical properties of the metals depend on the crystal structure, crystal defects, and grain dimensions (size and shape of the grains). Macroscopic deformation can be distinguished by changes in length and changes in angle (shear). When the applied force is divided by the surface area, the mechanical stress is obtained. The shear deformation is called the shear stress.



In accordance with the laws of mechanics, it can be concluded that upon external loading of each grain, a tensile stress will arise in each grain; at an angle of 45° to this tensile stress, a maximum shear stress will arise, which will have a magnitude of 1/2 of the tensile stress [21].



For a simplified two-dimensional plain strain condition, the principal stresses are:


   σ  1 , 2   =    σ x  +  σ y   2  ±      (     σ x  −  σ y   2   )   2  +  τ  x y     2     



(1)







Here, the maximum shear stress is:


   τ  max   =    (     (     σ x  −  σ y   2   )   2  +  τ  x y     2   )     1 2     



(2)






   τ  max   =    σ 1  −  σ 2   2   



(3)







The direction of the principal stress is calculated according to the following formula:


  φ = −  1 2   (  arctan   2  τ  x y      σ x  −  σ y     )   



(4)







The direction of the maximum shear stress is:


  ϕ = φ + 45 °  



(5)







Under tensile loading, the direction of the maximum shear stress is shown in Equation (5). From the results of the stress calculations, the direction of the maximum shear stress is 45°. The distribution of cracks under compressive tensile loading in the experiment spreads at all angles, with a tendency toward a direction parallel to the direction of the shear stress, which is ±45°.



Under torsional loading, the directions of the maximum shear stress are calculated based on Equation (4), namely 0° and 90°. The experimental results under torsional loading show microcracks that arise with orientations in all directions. with the largest number of cracks in the 0° direction, namely the direction of the maximum shear stress. Stage I or microcrack growth is generally a shear-mode crack that is closely related to the crystal planes. When the stage I crack propagation passes through two grains, a slight change in the orientation of the propagation plane can be observed. Stage I crack propagation may include two or more grains when the shear plane angle difference is low, because the small-angle grain boundaries fail to provide barriers to the crack propagation.






4. Modeling and Simulation


The simulation and modeling were conducted for the purpose of deepening the understanding of the properties of the phases by combining the mechanical and metallurgical perspectives. The focus was on the load capacity and favorable failure conditions based on various failure laws for different constituents. In this study, representatives of the microstructures of aluminum phases were selected. Aluminum AlMgSi1 was used as the basis for the evaluation. The calculated modeling was based on AlMgSi1, but the developed method should be applicable to other similar metals. The Al–Mg–Si alloys, being the alloys of choice for medium-strength architectural and transportation applications, feature most prominently in the automotive industry. The two main alloying elements Mg and Si were included in small amounts (≈1%) to form hardening precipitates, which typically contribute a five-fold strength increase over pure aluminum [22,23,24]. There is a handful of discovered metastable phases in the Al–Mg–Si system alone. Precipitates form during aging at medium to high temperatures (around 150 °C) after solution heat treatments (around between 400 and 500 °C). Then, rapid cooling ensures a supersaturated solid solution (SSSS), after which the solutes start clustering in the face-centered cubic Al lattice. The strength is caused by a high number and density of nano-sized, needle-shaped β” precipitates, usually together with Guinier–Preston (GP) zones. With increasing temperature and aging time, the number density decreases while the precipitates coarsen and are replaced by more stable types. Alloys on the ternary Al-Mg-Si system with the addition of Cu, Fe, Mn, and Cr, among others, possess a precipitation sequence where the supersaturated solid solution is rich in non-equilibrium vacancies that enable a passage through a series of metastable precipitates towards the equilibrium, described as SSSS → clusters → β″ → β′→ β [8,9,10]. There is also a possibility that the coarse Mg2Si (eutectic) is formed in the AlMgSi alloy. Figure 20 shows a diagram illustrating the possibility of forming coarse eutectic Mg2Si under non-equilibrium conditions. While a more in-depth discussion of each ingredient is not included, the primary factors that influence the load-carrying capacity are briefly reviewed for the reader’s convenience.



4.1. Computational Modeling


Computational modeling was performed based on the concept that aluminum is indeed a heterogeneous material with at least 9 different constituents. Table 4 shows the constituents considered in the modeling. For the damage accumulation, omega ω in Equation (6) is expressed as the summation of the plastic strain.



4.1.1. Aluminum Matrix


At room temperature, aluminum has very little solid solubility for other metals. Pure aluminum does not have a high tensile strength. However, the addition of alloying elements such as manganese, silicon, copper, and magnesium can increase the strength of aluminum and produce an alloy with properties tailored to particular applications [25].




4.1.2. Mg2Si Precipitates


Magnesium silicide is used to create aluminum alloys of the 6000 series, containing up to approximately 1.5% Mg2Si. An alloy of this group can be age-hardened to form Guinier–Preston zones and a very fine precipitate, both resulting in increased strength of the alloy. Mg2Si crystallizes in the antifluorite structure and displays a face-centered cubic lattice arrangement. In the face-centered cubic lattice, Si centers occupy the corners and face-centered positions of the unit cell and Mg centers occupy the eight tetrahedral sites in the interior of the unit cell. The coordination numbers of Si and Mg are eight and four, respectively [26,27].




4.1.3. Grain Boundary


The grain boundaries, which are closely related to the two constituents above, are the lines that divide grains that have the same crystal orientation.



This interface is also known to have atomic mismatch, and as a result it is thought to be stronger than the matrix. Small-angle grain boundaries occur when the mismatch is minor, to the order of a few degrees. The grain boundaries are also known to be more chemically reactive than the grain itself. This is also a popular spot for pollutants to congregate. There is not much research on this topic [28,29,30]. The grain boundary was considered to have a mechanical property of 1.05 percent that of the solid solution in this study. For the simulation, a similar failure law was used.




4.1.4. Subgrain Boundaries


Low-angle grain boundaries (LAGB) or subgrain boundaries are those with a misorientation of less than or nearly 15 degrees. LAGB are composed of a cluster of dislocations and their properties and structure are a consequence of the misorientation. The properties of high-angle grain boundaries, whose misorientation is larger than 15 degrees, are customarily found to be independent of the misorientation. In any case, there are uncommon boundaries at particular presentations, whose interfacial energies are interestingly lower than those of common high-angle grain boundaries [10].




4.1.5. Mg2Si Eutectic (Coarse Mg2Si)


Coarse Mg2Si precipitates form under non-equilibrium solidification conditions due to the rapid cooling rates. The macrosegregation phenomena seen in alloy 6063, which can be seen in the findings of the particle volume fraction, are evidence of the process of non-equilibrium solidification [25,33].




4.1.6. β-Al5FeSi


Impurities such as iron, which is the most deleterious impurity for AlSiMg alloys, form various intermetallic compounds with Si and Mg, such as α-(Fe2SiAl8), β-(FeSiAl5), and π(FeMg3Si6Al8). Among these compounds, the formation of plate-shaped β compounds reduces the mechanical properties, particularly the ductility and fracture toughness. The size and volume fraction of the β plates depend strongly on the Fe content, solidification rate, and level of modification. The β-phase–π-phase transformation is dependent on the Mg content. The typical microstructure of as-cast 6063 contains an aluminum matrix and Fe-containing intermetallic phases of β-Al5FeSi located at the grain boundaries and Mg2Si [34,35] due to the low solubility limit of Fe, Si, and Mg in the aluminum matrix.




4.1.7. π-(FeMg3Si6Al8)


The β-phase–π-phase transformation is dependent on the Mg content. As long as β-FeSiAl5 is the Fe bearing phase, all of the Mg will be in a solid solution. Further additions of Mg will first lead to transformation of the β-AlFeSi into π-FeMg3Si6Al8, while the concentration of Mg in solid solution will stay constant [28,36].




4.1.8. AlCr


Cr was relatively uniformly distributed with a slight segregation toward the grain centers. As the solid solubility of Fe in aluminum is low (<0.05 wt%), it was beyond the resolution of the microprobe measurements [37].




4.1.9. Si Particles


The solubility of Si in Al is quite low. In wrought alloys, silicon is used with magnesium at levels up to 1.5% to produce Mg2Si in the 6xxx series of heat-treatable alloys. Dispersion particles only have a minor influence on the strength. If magnesium or silicon precipitates on them during cooling and after solution annealing, meaning the desired magnesium silicide does not form, their strength actually reduces. Silicon preferentially precipitates at the grain boundaries because it experiences nucleation problems. Magnesium silicide is also precipitated there [38,39].




4.1.10. Computational Approach


The computational approach was implemented using AbaqusTM version 14 and the 3-D Model was created using a software platform for data visualization processing and analysis, AmiraTM version 6. The modeling was performed in two steps: global model creation and local model creation. Previous studies [40,41,42] employed a similar concept. The simplified notion is depicted in Figure 21 and Figure 22. The external loads and boundary conditions can be applied via global modeling. The stress and strain values near the area of interest are then calculated using this global model. The local model is then computed using this strain result to generate the final results. This method is not as time-consuming as traditional multi-level modeling. All of the defined aluminum alloy component data values are used to model the basic microstructure. This digitized micrograph is then converted into finite element data that can be used. The boundary condition for the local model is then put up using the strain result from the global model. The modeling process began with the building of the global model. A hole cylinder specimen was produced for this purpose. A simple strain condition was used in this simulation. A similar strategy was adopted in [43,44]. This method is effective in simulating the failure state [43].



The sample for the global model in this study was a thin-walled tubular specimen with a wall thickness of 1.5 mm. The cylinder bore was 18 mm in diameter. The analysis took several minutes to complete in an explicit context. The global model’s output was then exported to the local model, which was built with AmiraTM. We were able to replicate it efficiently by using the strain results from the global model as the boundary conditions for the local model. There is a more in-depth explanation of the modeling technique elsewhere [26]. The stress distribution is the final product. Individual mechanisms are used to create the model’s failure mechanism. The Johnson–Cook model is utilized for solid solutions, twin boundaries, grain boundaries, and the aluminum matrix. A similar study [40,45] was also published.



The damage accumulation x, which is the sum of the plastic strain, is expressed using Equations (6) and (7) [41,42]:


  ω = ∑    Δ    ε ¯    p l     Δ    ε ¯   f  p l       



(6)







The plastic strain is determined as follows:


  Δ   ε ¯  f  p l   =  [   d 1  +  d 2  e x p  (   d 3   p q   )   ]   [  1 +  d 4  l n     ε ¯   p l         ε ¯   0      ]   



(7)




where p denotes pressure and q denotes von Mises stress. Damage parameters d1 and d4 are 0.13, 0.13, 1.5, and 0.011, respectively [46,47]. The maximum stress–strain rule was applied to the brittle constituents:


   ϵ ¯  =   ϵ ¯   c r i t    



(8)




or:


   σ ¯  =   σ ¯   c r i t    



(9)









4.2. From the Standpoint of Mechanics


The global model’s results are displayed in Figure 21. The assumption behind this model is that the material is homogeneous. The local models are inserted right at the surface. The findings of the static analysis or stress distribution when the sample is subjected to slow and small loading or when the sample is in a static condition, where stress does not cause any damage, are shown in Figure 22 and Figure 23. These conditions show the difference between tension and torsion when they are implemented separately. Although the stresses concentrate around the hard elements, the figures indicate that at low stress levels, they are not harmful. We note the fact that Figure 23 in reality is modeling one unit cell consisting of only one grain. In Figure 23, the unit cells were simply loaded with tension (Figure 23a) and torsion (Figure 23b). It shows the stress distribution within the unit cell. Also note that despite their simple loadings, the distribution within the unit cells is obvious. In Figure 23a, the stress is concentrated on and around the grain boundary, while that does not happen in Figure 23b.



By embedding the unit cell inside the macro model, a more realistic model can be achieved. For the failure theory, the stress and strain relation follow the Johnson–Cook model, namely as the following:


   σ 0  =  [  A + B    (   ε p   )   n     ]  ·  (  1 + C · l n  (      ε ¯   p l       ε ¯  0     )   )  ·  (  1 −   T ^  m   )   



(10)




where     T ^  m    is the homologous temperature.



Figure 24 shows the prediction of the crack path based on the amount of damage. The dark element shows that the cracking has taken place to follow Equations (8) and (9). With these being stitches, it would be similar to Figure 14.



In general, from a mechanical standpoint, cracking tends to start around the hard particles such as β-Mg5Si, Si, Al, and Cr in all locations, starting from the left edges, through the solid solution towards the grain boundary, and then to the grain boundary, where the silica resides in this case. It then moves on to a location near the p or β-Al5FeSi. Because of the elongated shape the cracking is perpendicular to the primary loading axis in the macro model. On the other hand, the main matrix provides some flexibility in terms of generating high damage. It is, however, not as significant as the other hard components. Inclusions that are parallel to the primary loading axis have less influence than inclusions that are elongated perpendicular to it. This fact is in line with the fundamental principles of fracture mechanics. The form of the particles, the strain rate, and the matrix failure law are the three factors that influence the situation.




4.3. From a Metallurgical Standpoint


Microstructural factors have long been known to influence the material and mechanical properties, as shown in [46,47]. Alloying elements and heat treatments cause these property changes, and as a result cause microstructural changes [48,49,50,51,52]. Normally, it is assumed that a metal’s fracture toughness improves as its tensile strength drops, based on room-temperature test data. An increased grain boundary density increases the lifetime of the materials because it delays the crack development along the stress line [53,54,55]. However, in order to avoid creep difficulties, the operating temperature must be below 0.3 Tm. The grain boundaries tend to slide at elevated temperatures, which can cause the materials to fail [56,57,58,59].




4.4. Experimentation-Based Verification


It will take some time for us to confirm this conclusion through experimentation. This is scheduled to take place in the near future, depending on the circumstances. Fortunately, similar articles on this subject are available, although not in abundance, and are included here for the reader’s convenience [60,61,62,63,64]. It has been experimentally verified that the elements have no deleterious effect at mild stress levels. Harder constituents, on the other hand, are advantageous due to their higher load-carrying capacities [46,48,49,61,63,64]. Experimental verification data are shown in Figure 8 [62]. In the illustration, the aluminum contains certain microstructural alterations (see the TEM micrograph in the figure), which is the d-ferrite formation. The image also indicates that the fracture nucleation and propagation are highly dependent on the constituents and are heavily influenced by the shapes and failure laws.





5. Conclusions


From the experimental and computational results, the following conclusions can be drawn:




	
Most of the initial fatigue cracks are found in planes parallel to the maximum shear stress. Based on the experimental results, a crack propagation model can be proposed by following the laws of crack mechanics, starting with the cracks in the plane with the maximum shear stress;



	
The initial cracks are mostly found in planes parallel to the maximum shear stress. Statistically, the microcracks under tension modes are highest at 45° (approximately 30%), while under torsion are highest at 0° (approximately 20%) with respect to the sample orientation. The influence of the microstructure is explained by finite element analysis;



	
The initial cracks not only propagate on the surface but also propagate towards the inside of the material;



	
With the application of SEM, it is possible to find crack propagation that is hampered by the microstructural barriers;



	
The stress distribution and cracking in the AlMgSi were both modeled. The model took into account the load-carrying function’s constituent phases. The calculation results from the specimen were used as inputs for the boundary conditions. The local models were positioned on the surface. Hard and soft materials are treated differently in the models, with various failure rules. The findings suggest that the constituents and the microstructure have a crucial role in increasing the material strength at low stress levels, analogous to the hard fibers of a composite material. The hard and especially sharp elements, on the other hand, become damaging to the system as the stress increases to the point where cracking can occur. They serve as a starting point for cracking. This discovery corresponds to what is known in the field of metallurgy. Three mechanical parameters influence the cracking conditions, namely the particle form (microstructure), strain rate, and matrix failure law.
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Figure 1. Photo of the microstructure of the AlMgSi1 alloy in a finely polished state. Mg2 Si precipitates are pointed out by arrows. (ISAF is Institut für Schweißtechnik und Trennende Fertigungsverfahren, Germany). 
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Figure 2. TEM results for the AlMgSi1 alloy in the initial state. Precipitation strengthening in the crystal state. 
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Figure 3. TEM results of the AlMgSi1 alloy as-received (extrusion and cold storage) for two coherent precipitate groups (Guinier–Preston–Zonen), where small particles of precipitate appear in contrast. 
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Figure 4. The dimensions of the fatigue specimen. 
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Figure 5. Fatigue test specimen with strain recorder. 
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Figure 6. Dynamic stress–strain diagram for AlMgSi1. 
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Figure 7. Axial strain life diagram for AlMgSi1. 
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Figure 8. Dynamic shear stress–strain diagram for AlMgSi1. 
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Figure 9. Torsional shear strain life diagram for AlMgSi1. 
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Figure 10. Fatigue test specimens were observed in 12 different places. The surface of the specimen is shown after being loaded with a compressive tensile load, εa = 0.6%, N = 600 cycles. 
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Figure 11. Image of the surface of the AlMgSi1 test object after being given a torsional dynamic load, a = 0.76%, N = 870 cycles, the arrows show the cracks. ISAF is Institut für Schweißtechnik und Trennende Fertigungsverfahren, Germany. 
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Figure 12. Cracks that radiate inward. 
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Figure 13. SEM image of the surface of the test object due to torsion load, γa = 0.55%, N = 13,976. (a) crack initiation starting from the position of the particles; (b) torsion cracks. 
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Figure 14. SEM results for the test object after being loaded with compressive tension, εa =1%, N = 66. (a) Particle movement; (b) microcrack. 
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Figure 15. Results of SEM photo of the surface of the test sample, compressive tensile loading with microcracks near the fracture surface, εt = 0.6%, N = 100. 
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Figure 16. Results of SEM photo of the surface of the test object, compressive tensile loading with microcracks near the fracture surface, t = 0.35%, N = 24,470. 
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Figure 17. The microcracks and the orientation of the specimen under tension compression loading. 
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Figure 18. The microcracks and the orientation of the specimen under torsion loading. 
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Figure 19. Two stages of fatigue crack propagation. 
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Figure 20. Pseudo-binary Al-Mg2Si phase diagram illustrating the possibility of the formation of coarse eutectic Mg2Si under non-equilibrium conditions [15,25]. 
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Figure 21. Procedure of the modeling. The local model is based on aluminum with approximate grain sizes of 6–7 ASTM GS. The square is 50 × 50 A0. (a) Under tension loading. (b) Under torsion loading. 
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Figure 22. The micro model is embedded into the macro model and a linkage is than established. 
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Figure 23. (a) The micro model: embedded in tension; (b) embedded in torsion. 
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Figure 24. Damage map due to fatigue. 
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Table 1. Chemical composition (% by weight) of AlMgSi1 alloy.
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	Element
	% Weight
	Element
	% Weight





	Si
	0.47
	Cr
	0.88



	Fe
	1.11
	Zn
	0.01



	Cu
	0.36
	Ti
	0.10



	Mn
	0.07
	Pb
	0.01



	Mg
	0.74
	Al
	92.72
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Table 2. Tensile test characteristics of AlMgSi1 alloys.
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	σu (MPa)
	σ0.2% (MPa)
	A5 (%)
	Z (%)
	E (MPa)





	437
	420
	12.2
	37.3
	86,000







Note: σu = ultimate strength; σ0.2% = yield strength; A5 = elongation; Z = reduction area; E = Young’s modulus.
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Table 3. Dynamic characteristics of AlMgSi1.
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	Parameter
	Tension Fatigue Testing
	Torsion Fatigue Testing





	Modulus E
	74,499 MPa
	-



	Modulus G
	-
	28,822 MPa



	ε′f
	0.0967
	-



	γ′f
	-
	2.204



	σ′f
	577.560
	-



	τ′f
	-
	263.040



	bσ or bγ
	−0.074
	−0.062



	bσ or bγ
	−0.655
	−0.894



	   n ′ =  b c    
	0.113
	0.069



	   K ′ =    σ f ′         ε f ′      n ′       
	752.130
	249.130
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Table 4. Constituents considered in the FEA modeling.
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	Name of Constituent
	Modulus GPa
	Poisson’s Ratio
	Failure Condition
	Main Characteristics Related to Modeling
	Ref.





	Al matrix
	68.0
	0.30
	Johnson–Cook
	This can usually be model with elastoplastic
	[25]



	β-Mg2Si
	105.0
	0.29
	Mises
	Disrupt the homogeneity, brittle cracking failure
	[26,27]



	Sub GB
	66.5
	0.30
	Johnson–Cook
	Atomic mismatch stronger than the matrix
	[10]



	GB
	67.0
	0.29
	Johnson–Cook
	Similar with low angle with even higher UTS
	[28,29,30]



	Eutectic Mg2Si
	105.0
	0.29
	Mises
	segregation around the grain boundary also called coarse Mg2Si
	[31]



	β-Al5FeSi
	150.0
	0.28
	Max strain
	Disrupt the homogeneity, brittle cracking failure
	[15,32]



	π-FeMg3Si6Al8
	43.0
	0.27
	Mises
	-
	[20]



	AlCr
	111.161
	0.27
	Strain energy
	-
	[18]



	Si
	112.0
	0.28
	Strain energy
	-
	[24]
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