

  metals-14-00301




metals-14-00301







Metals 2024, 14(3), 301; doi:10.3390/met14030301




Article



Application of the Theory of Critical Distance (TCD) to the Breakage of Cardboard Cutting Blades in Al7075 Alloy



Giulia Morettini 1, Luca Landi 1, Luca Burattini 1, Giulia Stornelli 1,*, Gianluca Foffi 2, Andrea Di Schino 1, Filippo Cianetti 1 and Claudio Braccesi 1





1



Department of Engineering, University of Perugia, Via G. Duranti 93, 06125 Perugia, Italy






2



C.M.C. S.p.A., Via C. Marx 13/c, 06012 Città di Castello, Italy









*



Correspondence: giulia.stornelli@unipg.it







Citation: Morettini, G.; Landi, L.; Burattini, L.; Stornelli, G.; Foffi, G.; Di Schino, A.; Cianetti, F.; Braccesi, C. Application of the Theory of Critical Distance (TCD) to the Breakage of Cardboard Cutting Blades in Al7075 Alloy. Metals 2024, 14, 301. https://doi.org/10.3390/met14030301



Academic Editor: George A. Pantazopoulos



Received: 29 January 2024 / Revised: 23 February 2024 / Accepted: 29 February 2024 / Published: 3 March 2024



Abstract

:

The study presented in this paper was undertaken in response to two instances of unexpected blade breakage in the cutting blade used in a Carton Wrap machine (CW). Failure of the Al7075 alloy blade occurred at an indentation during typical operational loading conditions. Subsequent metallographic examinations of the fractured samples confirmed that both cases were attributed to fatigue failure. The main objective of this study is to investigate potential causes of fatigue failure in the CW blade using simplified linear elastic static numerical simulations through Finite Element Analysis (FEA). In this research, we employed the well-established Theory of Critical Distance (TCD), and this case study provided a contextualization at an industrial level. Furthermore, the analysis focused on a second key aspect: proposing a new blade geometry aimed at mitigating the identified issues and eliminating possible causes of failure. In this context, the actual stress concentration at the indentation was determined using the TCD with Line Method (LM). The results from the numerical simulations indicated that the new blade geometry significantly reduced stress concentration, resulting in a risk factor reduction of approximately four compared to the original blade design, even under non-optimal operating conditions. Overall, in conjunction with simple linear static FEA, the proposed numerical approach provided substantial support for designers, especially in fault analysis and when comparing different industrial solutions.
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1. Introduction


In industrial engineering and materials science, the continued pursuit of improving the reliability and efficiency of machinery and components remains a central focus. This is particularly critical in scenarios where unexpected failures can abruptly disrupt or halt production processes. Understanding the root causes of these failures and proposing actionable solutions is paramount to preventing their recurrence.



In this context, the present study delves into the investigation of a recurrent fatigue failure that has plagued carton-cutting production lines. In particular, the failures that have affected the Carton Wrap (CW) cutting blade have consistently manifested in a specific location on the blade where there is a notch. These instances of failure, characterized by fractures originating at notches, present a matter of significant scientific and industrial interest.



If one indeed speaks in a general manner about fatigue testing of a component or entire structure, whether subjected to monotonic cyclic loads or random vibrations, different methodologies are currently employed for the fatigue assessment [1,2]. For instance, the modern unified mechanics theory is used to derive a constitutive model for fatigue life prediction using a three-dimensional computational model [3,4]. Other methodologies, while not a recent development but more industrially established, exploit the frequency domain to rapidly assess the damage caused by the fatigue phenomenon [5,6], even in cases of multiaxial loading [7,8].



To date, there is no universally recognized valid procedure for numerical evaluation through Finite Element Modelling (FEM) in the industrial design of components involving components with notches. Reliance on the designer’s expertise is common or on very complex nonlinear plastic analysis. This is due to the well-known limitations of finite element simulation and numerical solutions in accurately resolving stress states at notch apexes, especially when ductile materials are involved. Consequently, scientific literature has introduced various methodologies to address this issue [9]. Many of these methods were initially developed for assessing notches in brittle materials but have evolved to become general techniques for evaluating the structural weakening caused by notches also for ductile materials. These methodologies include criteria based on different approaches: the material’s deformation energy storage capacity [10,11,12]. This approach relies on evaluating the intrinsic characteristics of materials, measuring their ability to store energy during the deformation process to predict potential fracture [13,14]. The cohesive zone technique [15,16,17,18,19] involves analyzing the region near the fracture, focusing on assessing the cohesion between material surfaces. This approach provides a detailed understanding of interactions between fracture surfaces and aids in predicting fracture propagation. The foundational principles of fracture mechanics [20,21] are also used as a prediction methodology. This approach is based on analyzing the mechanical characteristics of the material, focusing on properties that influence fracture propagation. Employing principles of fracture mechanics provides a robust theoretical framework for understanding material behavior under fracture conditions and methods based on the Theory of Critical Distance (TCD) [22,23,24]. These methodologies are based on the principle that assessing the stress state at the notch is possible by considering a certain distance from its apex [25,26], specifically defined as the critical distance [27,28,29,30,31].



Some of these methodologies can be complex to implement and may not fit well with the stringent time constraints of the industrial context. However, others, such as the TCD, have demonstrated their effectiveness in quickly analyzing notch-related static stress states and fatigue behavior through simple linear elastic finite element simulations, even for highly ductile materials [32,33]. These methodologies rely on defining a length parameter related to notch geometry and material-specific parameters, facilitating straightforward determination of effective stress at the notch, which can be directly compared to material strength characteristics.



In conclusion, looking at the industrial landscape, we can assert that there is an extreme lack of capability for assessing the stress state in notched components. Outdated methodologies, leading to overestimated results, are still being used today due to the absence of validated and applicable alternatives. On the other hand, the scientific community proposes numerous criteria based on different concepts, some of which would align well with the actual industrial needs if their applicability were demonstrated. In response to these challenges, our study embarks on a multifaceted investigation with two primary objectives. Firstly, it aims to assess the possible causes of CW blade failures through fracture surface analysis and by applying the TCD with Line Method (LM), leveraging linear elastic static numerical simulations. Secondly, the study seeks to propose a novel blade geometry designed to mitigate the identified issues and eliminate potential failure causes. We aimed to reduce stress concentrations at critical notches by focusing on blade redesign. This contribution has the potential to enhance the operational reliability of the CW blade, leading to cost savings and improved efficiency for the company, but it also defines a procedure to be used by designers in the design phase.




2. Case Study: Technical Failure Analysis


Packaging machines are used to encase objects of varying sizes and weights. Each box is created within the machine production line and tailored to the specific product to be packaged, starting from a paperboard sheet that is appropriately cut and shaped to give it a three-dimensional form. During the cutting phase, certain grooves are excavated on the paperboard. Figure 1 illustrates the placement of the following elements—marked between brackets ()—within the rotor. A pair of rapidly rotating blades (1), impacting the sheet’s surface at high speed, are capable of slicing the material without causing local deformations or damage to the cut edges. The cutting system can be described as a rotor, where the rotating blades are connected to the drive shaft (2), and an electric motor (3) drives the rotation. A gear reducer (4) links both shafts, and an elastic joint (5) is positioned between the electric motor and the gear reducer.



Incidents of failure occurred during the operational lifespan of the blades, resulting in significant delays in shipments for machine maintenance. Nevertheless, upon comparing the number of broken blades (only two instances occurred after approximately eight million operational cycles) to the number of intact and still operational blades (360), it is conceivable that non-standard breakage conditions may have contributed to these failures. Figure 2 displays the real image of the rolling blade under investigation, visualizing its key dimensions. Watching the blade in Figure 2 through a microscope, it is possible to confirm that what appears to be a perfectly sharp notch possesses instead a small fillet radius due to the tool path during the blade manufacturing process. Therefore, a 0.2 mm radius will be used instead of an ideal sharp edge in subsequent analyses. A larger radius fitting on the notch would not allow the installation of a sufficiently long cutting edge, visible in Figure 2, reducing the maximum depth of the grooves made on the cardboard and making the production of larger boxes impossible.



2.1. Material Characterization


The cutting system blades are made of Al7075-T6 alloy, and in order to identify the failure causes, the following material and fracture analysis were carried out: (i) microstructural analysis in cross-section close to the fracture, (ii) fracture surface analysis, and (iii) semi-quantitative chemical analysis on the fracture surface and on the cross-section.



The microstructure was examined through optical microscopy (OM—Eclipse LV150 NL, Nikon, Tokyo, Japan) with the aim of identifying possible microstructural defects present in the material. After mechanical polishing and etching, the observations were carried out using Keller reagent for 20 s. The fracture surface analysis was conducted using a stereo-microscope (Nikon SMZ745T) and a Field-Emission Scanning Electron Microscope (FE-SEM—Zeiss, Gemini Supra 25, Jena, Germany) to determine the nature of the fracture phenomena. The chemical analysis was carried out in selected areas using the FE-SEM with an Energy-Dispersive X-ray Spectroscopy (EDS) probe.



The following description was useful in defining the real cause of component failure.



In Figure 3, the fracture surface extracted from the component after failure is reported.



Therefore, from the complete analysis of the cutting system blades, it emerged that there is a trigger of fracture on the specular part of the component. In Figure 4, it is evident that in the non-fractured portion of the cutting system, there is a crack (a and b) starting from the cutting notch.



From the fracture surface analysis shown in Figure 5, a mix of morphologies distinguishable in 3 different zones is evident, indicated as zone A (starting from the sharp notch of the component), zone B (central zone), and zone C.



From the high magnification micrographic analysis, it emerged that for zone A (Figure 6), the surface is smooth and deformation-free. Beach lines are clearly evident in the central area (Zone B in Figure 7) and for more than half of the fractured surface. Finally, the third zone (zone C in Figure 8) presents a typical morphology of a fracture due to plastic deformation (dimples) on a plane inclined at approximately 45° compared to the rest of the fracture (Figure 9). This morphology is typical of a fracture due to fatigue stress. The fracture trigger section is Zone A, in which the smooth appearance of the surface is attributable to the repeated impacts due to the alternation of traction-compression stresses during the operation of the component. The fracture has propagated to the right (see directionality of the beach lines in Figure 7), and Zone C corresponds to the portion in which the resistant section is insufficient, and the component breaks under the action of static stress, as expected from a fatigue failure.



Before etching specimens were analyzed using OM for an inclusion state check, the analysis revealed no critical issues in terms of non-metallic inclusion. Following that, specimens were etched, and the micrographic and EDS analysis conducted in cross-section on a sample extracted near the fracture are reported respectively in Figure 10 and Figure 11. The microstructure turned out to be homogeneous and compliant with a tempered Al7075 alloy [34,35,36,37], with Zn, Cu, and Mg precipitates homogeneously dispersed. In addition, segregation bands were not revealed.



Finally, from the EDS analysis conducted on the fracture surface (Figure 12), only the presence of Al oxides attributable to the operation of the component emerged, with growth on the surface due to the propagation of the fracture.



Hence, based on the conducted analysis, it is possible to conclude that the cause of the component failure was fatigue-induced, pinpointing a triggering locus within the notch region.




2.2. Mechanical Characteristics


The mechanical and physical properties obtained from the literature [38,39,40,41,42], which are useful for the description of the material and for the investigations reported in the following paragraphs, are shown in Table 1.





3. Analysis of Operational Loads and Constraints


The uncertainty surrounding the force exerted by the blade upon impacting the paperboard has posed a significant challenge in accurately determining the true stress value on the component. By referring to the motor’s datasheet, it is possible to confirm that the rated torque, the maximum that can be sustained continuously, amounts to 13.38 Nm. This value can serve as the upper limit for our analysis. It is important to note that, in normal conditions, the motor’s torque is distributed between two blades simultaneously engaged in cutting the paperboard. Therefore, it is necessary to halve the aforementioned value to calculate the torque applied to an individual blade. However, any backlash and misalignments in the assembly can lead to brief moments where only one blade encounters the paperboard, causing the entire load to concentrate on it. For this reason, thinking in a safe manner, rated torque was not halved in order to consider this possible critical situation.



A more realistic torque value was obtained through an experimental campaign on the CW. Figure 13 presents the torque curve over time during the cutting test. In the initial segment of the same figure, the curve shows the torque generated by the motor while the blades rotate at a constant speed. As we can see, approximately 10% of the rated torque is necessary to overcome system friction. However, as the blades engage with the paperboard, the torque rapidly escalates to approximately 100% of the rated torque. Therefore, the torque jump, visible in Figure 13, which amounts to 12 Nm, can be considered as that value used by the motor to cut the paperboard (about 90% of the rated torque). The highest peak in Figure 13 has been excluded from consideration because its origin is attributed to the combined impact of two rapid instances involving the blade and cardboard. As discussed earlier, this value is halved to calculate the load for a single blade. Consequently, the torque value for a single blade is established at 6 Nm. We denoted this load condition as the “experimental torque.” It is essential to emphasize that this result may vary depending on the type of paperboard used for testing. Nevertheless, these values can be regarded as beneficial for quantitatively assessing loads resembling the operational conditions of the system. To determine the torques at the blades, all the defined values must be multiplied by the transmission ratio, τ = 10. The outcomes are presented in Table 2.



The blade torques mentioned above can be regarded as impact forces conveniently applied to the tip, and their calculation can be easily performed using the geometric measurement of the arm presented in Figure 2. As a result, the arm of the force was defined as the distance between the tip and the center of gravity of the four bolts used to constrain the blade. Figure 2 illustrates the holes excavated on the blade to allocate bolts and establish the connection with the rolling shaft. In the subsequent sections, detailed information on the force modules applied will be provided in the tables. With a comprehensive understanding of the element’s geometry, the applied forces, and the nature of constraints, it becomes possible to construct a blade model in order to investigate the root causes of faults.




4. Theoretical Background


As can be inferred from Section 2, which describes the geometry under examination, before applying the Finite Element Analysis (FEA) methodology, it is necessary to present the theoretical concepts used to determine the actual stress state in the presence of a notch. It is well known that evaluating the actual stress state in the presence of a notch is analytically challenging. The result obtained from a simple linear-elastic, static, or dynamic analysis performed using finite element software typically does not accurately represent the real stress state at the apex of the notch. For this reason, scientific literature offers various methodologies that, based on energetic and/or punctual geometric concepts, precisely define the stress state of a notched component under static or dynamic loading. In this calculation report, the TCD will be employed, specifically its LM applicative, described in detail below.



4.1. Theory of Critical Distance (TCD)


The origin of TCD can be attributed to the works of Neuber and Peterson [28,29]. In general terms, TCD states that the failure of a notched component can be avoided as long as the effective stress     σ   e f f     (calculated based on material-specific parameters) remains below an intrinsic strength value      σ   0     (stress related to the applied loading and the material itself), as stated in Equation (1).


    σ   e f f   <   σ   0    



(1)







In other words, the entire linear-elastic stress field around the notch apex is represented by an appropriate effective stress     σ   e f f    , while the material strength is represented by a suitably designed stress value based on the type of loading or material in use.



The effective stress can be calculated using various methodologies [31], all of which involve a length parameter known as the critical distance   L  .



In the case of fatigue fracture, the critical distance can be calculated as:


    L   f a t   =   1   π               ∆ K   t h     ∆   σ   0           2    



(2)




where   ∆   K   t h     represents the threshold value of the stress intensity factor and   ∆   σ   0     coincides with the fatigue limit full stress range of the material    σ n ′  .   In this scenario, the application of TCD does not require any calibration.



The TCD method can be formalized using different methodologies [30], one of which is the LM, widely employed in the industrial context due to its applicative simplicity and accuracy. This methodology suggests that the effective stress is evaluated as the average stress over a length of     2 ∗ L   f a t      along the bisector of the notch, as described by Equation (3) based on Figure 14.


    σ   e f f _ L M   =   1   2   L   f a t       ∫  0   2   L   f a t      σ ( r )     d r  



(3)







In the present real case, the methodology described will be developed with the support of FEA, which allows the replication of the loading conditions and the evaluation of stress distribution around the studied notch. The choice of the stress parameter to consider primarily depends on the type of loading, and in our case, we will refer to the maximum principal stress as a state of plane stress that has been observed.



As mentioned earlier, regardless of the chosen TCD method to apply, an accurate prediction relies on the proper definition of the   ∆   K   t h     and   ∆   σ   0     parameters, which should ideally be derived from dedicated experimental tests. The parameters, obtained as much as possible from scientific literature and presented in detail in Section 2.2, will be subsequently used for the theoretical application in the specific case of interest presented in the next section.




4.2. Theory Application in the Current Real Case: Definition of the Critical Distance for Fatigue Assessment


For the case analyzed in this report, the definition of     L   f a t      in Equation (2) is straightforward. It is possible to easily determine the values of     L   f a t ( R = 0 )   =   1   π             ∆   k   T   H   ( R = 0 )             σ   n    ′    ( R = 0 )           2   = 0.0155   m m   and     L   f a t ( R = − 1 )   =   1   π             ∆   k   T   H   ( R = − 1 )            σ   n   ′    ( R = − 1 )             2   = 0.0316  , based on the parameter definitions provided in Section 2.2 and consequently the values of     2   L   f a t ( R = 0 )   = 0.031   m m   and     2   L   f a t ( R = − 1 )   = 0.063   m m  . These values will be useful to mediate the stress distribution   σ ( r )   along the notch bisector evaluated using FEA, applying the LM methodology expressed in Equation (3).





5. Finite Element Analysis


The company provided the CAD model of the cutting blade, and it has been imported into the Ansys 2023–R2 workbench software for analysis. Given the blade’s symmetric shape, only one side of the geometry has been imported into the software. It is important to note that, in order to preserve all the bolt holes, the section line does not align with the symmetrical axis of the component. Furthermore, some lines have been projected onto the surface to define the force application point and establish the notch’s stress control path, which is 0.8 mm long, see Figure 15. The model was completed by inserting translational constraints to fix each bolt hole, simulating the bolts’ behavior. Using a Cerig command, a rigid region is delineated around each bolt hole by generating constraint equations to correlate nodes on the internal surface of each hole. These slave nodes are rigidly connected to the central master node, which, as specified, is prohibited from translating. Given the blade’s flat shape, the use of shell elements during the meshing phase is recommended to provide high result accuracy with low computational cost. Shell 181 element, used in this paper, is suitable for analyzing thin to moderately thick shell structures; it is a well-known four-node element with six degrees of freedom at each node. Three types of mesh sizing were employed [43]: a coarse mesh for discretizing the largest part of the surface and two additional refinement levels applied to enhance result precision around the notch, as shown in Figure 15a,b. Both presented load cases were considered, as indicated in Table 2. It should be noted that the stress values along the control path in the subsequent images are referenced, for simplicity, to the rated case. Figure 16 illustrates the distribution of maximum stress around the notch in a plane stress state hypothesis. Consequently, the maximum principal stress is evaluated along the control path, where 202 nodes are located, using a static structural linear elastic solution. Notably, from Figure 16, it is possible to underline that stress increases as the node approaches the apex of the notch. As previously explained, mathematical equations underlying the FEA linear elastic solution for notches or defects overestimated the stress values at the notch’s apex, particularly for non-rounded notches [44]. These findings are subject to the influence of the mesh size employed. Therefore, it is imperative to evaluate the dispersion of the results when the mesh surrounding the control path undergoes variations. The stress pattern along the bisector of the notch, denoted as σ(r), exhibits variations as the mesh size is modified, and the attainment of result convergence is realized with a 0.01 mm element size (as employed in our simulations), which strikes a suitable balance between result precision and computational resource utilization [43].



Table 3 reports the effective maximum stress σeff_LM calculated through Equation (3) using LM for both cases of load.



From the material data reported in Table 1, the maximum stress value for the fatigue strength limit depends on the typology of the load applied. Its value is 159 MPa for R = −1 and 229 MPa for R = 0; these values conventionally guarantee 5 × 106 load cycles before the fatigue break [38]. Since it is not possible to define with certainty the type of load applied to the blade, it is necessary to carry out a combined comparison of the two fatigue limits (R = 0 and R = −1) with the corresponding σeff_LM derived from the maximum principal stress analysis. Thus, the following results reported in Table 4 can be highlighted.



Based on the previous considerations shown in Table 4, it can be concluded that the rolling blade is not susceptible to fatigue failure, which explains why the majority of them did not break. It is evident, therefore, that under standard operating conditions, the blade does not experience failure. The root cause of the breakage remains unidentified. Therefore, further investigation is required to identify any potential phenomena that may alter the loads or constraint conditions.




6. Possible Cause of Failure


The connection of the blade system to the shaft is supported by four bolts, as shown in Figure 17. In order to investigate a possible cause of blade breakage attributable to incorrect loading of the component, the conformation of each bolt hole was studied. Figure 17 shows in detail the images of the four holes from which it is clear that the holes called 1, 2, and 3 present an oval shape with evident plastic deformation in the vertical or horizontal direction (see the white arrows). Hole 4 presents a little plastic deformation localized on the entire perimeter and does not present any geometric alteration. Therefore, the evident ovalization and plastic deformation along the perimeter of holes 1, 2, and 3 is indicative of a possible misalignment of the coupling attributable to an incorrect grip of the bolts on the component. The hypothesis that the component was coupled only by bolt 4 is therefore relevant, thus resulting in an incorrect distribution of loads.



6.1. Finite Element Analysis in the Hypothesised Constrain Condition


In this paragraph, an unconventional working condition was investigated. Maintaining the same load cases as presented in Table 2 and utilizing the identical mesh size depicted in Figure 18, modifications are introduced to the number of holes where translational constraints are applied. This adjustment allows the emulation of a specific scenario in which one or more bolts are unscrewed, enabling assessing the resulting stress changes along the control path. It is worth noting that the control path referred to in the subsequent analysis pertains to the force application for the rated case, though the same procedure is equally applicable to the other load case (the results are reported for both conditions). The FEA of the rolling blade, considering observations made regarding bolt holes, is suitably adjusted. With reference to Figure 15, illustrating the use of four bolts to connect the blade to the rolling shaft, constraint equations are now applied exclusively to hole 4. However, it is crucial to recognize that merely restraining the translational movements of a single bolt does not guarantee the complete stabilization of the model. Consequently, an additional constraint is necessary to fix rotations. Because the rolling blade retains the capability to rotate about the bolt axis, a node constraint between the shaft surface and the blade central hole is used to achieve equilibrium, as illustrated in Figure 18.




6.2. Results and Discussions


Table 5 shows that stress significantly escalates in the stress control path for both load cases when only one bolt is fastened.



In the experimental load case, the stress on the notch increases, decreasing safety margins, without, however, reaching the fatigue limit (159 MPa for R = −1 or 229 MPa for R = 0). However, this load condition does not appear to be more plausible; in fact, due to the misalignments induced by unscrewing the bolts, applying the torque to a single blade will be more plausible.



If we consider, therefore, the rated load condition case (highlighted in red in Table 5), the fatigue stress limit was exceeded under the hypothesis of fully reversed load condition (R = −1), and it dangerously approaches the fatigue limit for (R = 0).



In conclusion, it can be affirmed that the examined constraint condition can reasonably induce fatigue failure in the rolling blade.





7. New Proposed Geometry


The conventional approach used to alleviate stress on the notch involves replacing the sharp edge with a rounded one. To maximize stress reduction on the notch, the maximum possible radius is employed, minimizing connection issues between the rolling blade and the cutting edge and minimizing the size reduction of the produced boxes as much as possible. For these reasons, the proposed geometric model implements a 10 mm radius for the notch under investigation, see Figure 19. As a result of this modification, an increased area exposed to high-stress values due to the presence of a larger notch is obtained; however, as a beneficial effect, the magnitude of the maximum stress should be reduced.



7.1. New Geometry Analysis


The new geometry is analyzed using the same loads as analyzed in paragraph 3 and incorporating the constraints described in paragraph 6. The mesh is generated in a manner similar to the one proposed previously, with the objective of enabling an accurate comparison of the model’s results.



The size of the mesh along the stress control path has been refined; even in this case, the result’s stability is verified by varying the mesh size around the notch. Also, this analysis confirms the good accuracy of the results using 0.01 mm elements.



Table 6 demonstrates that in no instance does fatigue failure occur in the proposed geometry. Indeed, the fatigue limit is not reached under each of the assessed load and constraint conditions. Furthermore, when examining the values of σeff_LM for the new geometry, a substantial safety margin against fatigue failure is achieved.




7.2. Comparison of the Obtained Results


Both the stress distributions along the path, with reference to the sharp notch and the rounded one, can be visually compared when the force of the rated case is applied to the rolling blade, as depicted in Figure 20.



Based on Figure 20, a substantial decrease in stress levels around the notch is evident. This effect becomes more pronounced when observing the stress differential in proximity to the notch apex in relation to the proposed blade geometry. The black vertical line, as well as the green line, establishes the boundary with which the effective maximum stress σeff_LM (MPa) was computed. In fact, all node stresses located on the left side of the corresponding line must be used as per Equation (3). A stress reduction factor can be calculated from the ratio of the effective maximum stresses of the two cases reported. This factor serves as a valuable parameter for assessing how much the new blade geometry can abate stress on the notch. Table 7 summarizes the effective maximum stresses calculated using LM for various load and constraint conditions.





8. Conclusions


This study comprehensively analyzed factors contributing to the failure of some paperboard cutting blades. Metallographic investigation revealed that fatigue load conditions caused the breakage. Only through the implementation of TCD via FEA was it possible to identify the potential failure causes, with bolt loosening identified as a triggering factor.



Additionally, a geometric modification involving a rounded notch design was analyzed thanks to the proposed method. Numerical simulations employing the TCD Line method significantly reduced the stress concentration compared to the sharp-notch design.



The potential of the methodology proposed lies in being able to quantify this reduction. The rounded notch design exhibited a maximum reduction factor of around 3, enhancing the overall blade resistance without compromising operational performance.



In conclusion, this real case study aims to fill the literature gap by demonstrating the method’s validity on real case studies and emphasizing the potential for industrial designers and scientific researchers to utilize numerical methodologies like the TCD method for predicting fatigue failure in notched components.
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Figure 1. Key components of the die-cutting system. 
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Figure 2. A real model of the rolling blade under investigation with a detail of fillet radius. 






Figure 2. A real model of the rolling blade under investigation with a detail of fillet radius.



[image: Metals 14 00301 g002]







[image: Metals 14 00301 g003] 





Figure 3. Detail of the extraction of the fracture surface of the cutting system blade. 
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Figure 4. Detail of the sharp notch with evidence of a crack. 
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Figure 5. Micrographic analysis of the fracture surface through the stereo-microscope. 
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Figure 6. SEM analysis of zone A referred to in Figure 5. 






Figure 6. SEM analysis of zone A referred to in Figure 5.



[image: Metals 14 00301 g006]







[image: Metals 14 00301 g007] 





Figure 7. SEM analysis of zone B referred to in Figure 5. 
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Figure 8. SEM analysis of zone C referred to in Figure 5. 
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Figure 9. Evidence of the final fracture in zone C which occurred on a plane at 45° with respect to the plane of propagation of the fracture. 
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Figure 10. OM micrographic analysis of a cross-section near the fracture. 
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Figure 11. EDS analysis of a cross-section near the fracture. 
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Figure 12. EDS analysis on the fracture surface. 
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Figure 13. Measure of the experimental load on the blade. 
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Figure 14. Stress-distance curve from the notch apex and definition of the LM. 
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Figure 15. Locations of constraints and forces in the blade model. Detail of the stress control path (a) and the mesh sizes around the notch (b). 
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Figure 16. Maximum principal stress shape on notch and definition of the amplitude of the effective stress according to the Line Method. 
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Figure 17. Detail of the bolt holes. 
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Figure 18. Modified constraint conditions to emulate a single socket of hole number 4. 
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Figure 19. New blade geometry proposed. 
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Figure 20. Stress distributions along the path with reference to the sharp and rounded notch. According to Equation (2), 2      L   f a t     represents the double value of the critical length of the TCD method for the cases R = 0 and R = −1. 
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Table 1. Physical and mechanical properties of Al7075-T6 [38,39,40,41,42].
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	Parameter
	Value





	Breaking stress (Rm)
	560 N/mm2



	Yield stress (Rp0.2)
	495 N/mm2



	Elongation (Ɛ)
	7%



	Density (ρ)
	2.81 g/cm3



	Elastic modulus (E)
	72,500 N/mm2



	Shear Modulus (G)
	26.9 GPa



	Shear Strength (  τ  )
	331 MPa



	Hardness, Vickers (HV)
	175



	Poisson’s ratio (ɋ)
	0.33



	Fracture toughness (KIC)
	50 MPa/   m   



	Threshold value of the stress intensity factor (  ∆   k   T   H   ( R = 0 )      )
	1.6 MPa/   m   



	Threshold value of the stress intensity factor (  ∆   k   T   H   ( R = − 1 )      )
	4.2 MPa/   m   



	Fatigue strength 5 × 108 cycles, fully reversed load (  ∆      σ   n   ′    ( R = − 1 )      )
	318 MPa



	Fatigue strength 5 × 108 cycles, repeated load (  ∆      σ   n   ′    ( R = 0 )      )
	229 MPa










 





Table 2. Load cases definition.
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	ID Load Case
	Motor Torque (Nm)
	Blade Torque (Nm)





	Rated case
	13.38
	133.8



	Experimental case
	6
	60










 





Table 3. Maximum principal stress on notch according to LM in each load case.
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	ID Load Case
	Force Applied on the Tip (N)
	Effective Maximum Stress σeff_LM (R = 0) (MPa)
	Effective Maximum Stress σeff_LM (R = −1) (MPa)





	Rated case
	278
	129
	107.4



	Experimental case
	125
	58
	48.3










 





Table 4. Fatigue resistance of the rolling blade under different load conditions.
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Load

Case

	
Experimental Case

	
Rated Case




	
σeff_LM (Mpa)

	
Fatigue Limit (Mpa)

	
Result

	
σeff_LM

(Mpa)

	
Fatigue Limit

(Mpa)

	
Result






	
R = 0

	
58

	
229

	
No failure

	
129

	
159

	
No failure




	
R = −1

	
48.3

	
159

	
No failure

	
107.4

	
229

	
No failure











 





Table 5. Maximum principal stress on notch for a single bolt fastened according to LM.
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	ID Load Case
	Force Applied on the Tip (N)
	Effective Maximum Stress σeff_LM (R = 0) (MPa)
	Effective Maximum Stress σeff_LM (R = −1) (MPa)





	Rated case
	278
	223.8
	176.1



	Experimental case
	125
	100.6
	79.2










 





Table 6. Maximum principal stress on the modified geometry notch according to LM.
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	ID Load Case
	Force Applied

on the Tip

(N)
	Effective Maximum Stress σeff_LM (R = 0) one Bolt Fastened

(MPa)
	Effective Maximum Stress σeff_LM (R = −1) one Bolt Fastened

(MPa)





	Rated case
	278
	66.7
	64.7



	Experimental case
	125
	30
	29.1










 





Table 7. Fatigue behavior of the rolling blade under different load conditions.
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Constrain Condition

	
ID Load Case

	
Effective Maximum Stress σeff_LM (MPa)

	
Stress Reduction Factor




	
Sharped Notch

	
Rounded Notch




	
R = 0

	
R = −1

	
R = 0

	
R = −1

	
R = 0

	
R = −1






	
Four bolts fastened

	
Experimental case

	
58

	
48.3

	
-

	
-

	
-

	
-




	
Rated case

	
129

	
107.4

	
-

	
-




	
One bolt fastened

	
Experimental case

	
100.6

	
79.2

	
30

	
29.1

	
3.4

	
2.7




	
Rated case

	
223.8

	
176.1

	
66.7

	
64.7
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