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Abstract

:

Featured Application


Development of hybrid cellular structures for aerospace component manufacturing and repair.




Abstract


Drilling is used in creating cylindrical through-holes for various applications. While optimizing drilling parameters is widespread, the effect of a drilled through-hole on the structural stability of components is not fully documented. The base material, along with other parameters, such as drill diameter, drill location and its orientation affect structural stability. Since carrying out tests on different base materials can be time consuming, simulation software can instead be used to provide valuable information. However, the comparison between experiments and simulations gets difficult; hence, this study attempts to provide a basis for effective comparison by studying simulations and compression tests, comparing the two, and documenting the role of drill hole orientation on the compressive response of magnesium, a material with immense potential in light-weight components. Simulations and experiments were carried out on three through-hole orientations and were compared to the undrilled scenario. Results demonstrate significant differences in compression behaviour. While the compressive yield strength increased in all three drill orientations, ultimate strength and ductility was reduced in horizontal and angular drill hole orientations. These observations, therefore, provide valuable insight into choosing the right orientation for different applications.
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1. Introduction


Designing mechanical engineering equipment for special applications requires an extensive understanding of the environment that it is being designed for. In addition, certain real-time operational challenges require traditional analytical methods to be verified using extensive testing and qualification programs [1,2]. It is well known that most equipment is an assembly of components with each individual component being designed for effective load bearing and transfer. Steels and other ferrous alloys have been the predominant choice of material to manufacture these components in the transportation sector due to their superior mechanical properties and excellent wear and corrosion resistance [3,4,5]. However, equipment made out of ferrous alloys is heavy [6] which results in unnecessary deadweight in moving components, subsequently increasing fuel consumption. Reports indicate that there continues to be an increase in carbon dioxide emission despite various governmental policies [7] with almost a quarter of the greenhouse gases associated with emissions from road transport vehicles [8]. Therefore, reducing emissions, improving fuel efficiency, and reaching carbon neutrality is crucial for the future.



Materials, such as aluminium and magnesium have been studied for a long time to replace heavier metals and alloys, such as iron and steel [9,10,11]. Aluminium has found immense applications in automotive parts, including in chassis, structure, and several components, such as welded tubes and heat exchangers [10]. Aluminium alloys and aluminium-based metal matrix composites have also found application in the aerospace industry, where weight saving results in enormous fuel savings and consequently helps reduce the carbon footprint, making it environmentally friendly [12,13,14].



In an attempt to further reduce weight, materials engineers have also introduced new alloys, such as high-strength steel, novel magnesium alloys, and plastics of different kinds to be tested and used in innovative and new automotive applications [15,16,17]. Magnesium, given its excellent vibration absorption capacity and widespread availability, has also found increased use in applications, such as in power tools, lawn and garden equipment, sports, aerospace and automotive equipment as well [18]. The wear resistance of magnesium-based alloys is also being studied to quantify the expected wear in a component over its lifetime [19,20,21]. Magnesium alloys have also found profound applications in electronics with the latest devices from brands like Microsoft (Surface Book and Surface Pro [22]), LG (Gram laptops [23]) and Fujistu (UH-X laptops [24]) employing magnesium alloys to maintain structural integrity while possessing an ultra-portable weight and customization. Over the last few decades, engineers, using finite element analyses, have also been able to optimize the topology of several components, thereby reducing weight [25,26]. While traditional manufacturing processes have limitations to the extent of making material removal possible, the flexibility to have joints and an option of 3D printing has given engineers even more flexibility to design and develop complicated designs with ease [27,28,29]. Nevertheless, 3D printing may not be possible in all scenarios and for such cases, scientists have even introduced novel methods for drilling micron sized holes while improving tool life by providing efficient cooling methods [30,31].



However, design and material selection form a part of the initial design phase. While material properties, such as mechanical strength, Young’s modulus, wear, and corrosion resistance are critical, the optimization of component design is equally crucial for lightweight applications. Once a component is manufactured, real-time monitoring of equipment becomes necessary as it provides valuable inputs into the design caveats. From identifying the time to failure in engineered components, such as pipelines [32,33] and aerospace equipment [34], to medical devices, such as smart bandages [35], the information obtained from real-time monitoring forms an integral part of the design process and helps optimize the design to meet various requirements while avoiding predictable disasters. In all these cases, access to the region of interest is crucial. The easiest way to get access to these monitoring locations is by drilling a hole through the object of interest and placing necessary sensors in them to obtain real-time information. However, common sense dictates that this ease of access should not come at the expense of the strength of the component.



Research into the impact of this drill/access hole on the strength of a component is surprisingly minimal in this regard, especially when it comes to light-weight materials and in the aerospace sector. Our earlier work [36] evaluated the effect of drill hole diameter in a vertical orientation on the strength to weight ratio of magnesium. It also detailed how the drill hole deforms under a compression load to give information on the size of sensors that can be placed inside. The results from that study indicated that the component need not necessarily experience a weakening in strength but can instead experience an improved mechanical response to compressive loads (i.e., when the drill hole diameter is 1.5 mm in an 8 mm cylindrical sample with d/D = 0.1875). That study was performed in a single orientation and suggested a hypothesis correlating light-weighting and strength enhancement. It is common sense that the orientation of the drill hole as well as its location can significantly affect the mechanical strength of the component. However, the lack of research in this regard implies that the influence of the orientation of a drill hole on the strength retention of a component warrants study.



Accordingly, this study explores the effect of drill hole orientation on the compressive response of a cylindrical component while maintaining the drill hole diameter at 1.5 mm (the optimum drill hole diameter in the previous study). While several materials are employed in compressive applications, this study chose pure magnesium as the material of interest due to its versatile application in light-weighting. The effects of vertical, angular, and horizontal drill holes on the compressive strength of pure magnesium have been compared with monolithic or undrilled magnesium. The question of whether this compressive behaviour depends on the material itself warrants a separate study for the future.




2. Materials and Methods


2.1. Simulations


2.1.1. Simulation Parameters


For a specimen with a vertical drill hole orientation, Matli et al. [36] reported that a 1.5 mm diameter drill hole offered optimum material properties. Hence, to maintain a comparison, three different drill orientations (vertical, angular, and horizontal) were analysed in this study while maintaining a drill diameter of 1.5 mm. In the case of vertical and horizontal drills, the drill position was centralized in the sample. However, for the angular drill condition, due to practical difficulty in obtaining a 45° orientation (i.e., drilling hole on the edge of a sample while maintaining stability), a drill position, slightly lower than the edge of the sample, was chosen, as shown in Figure 1b.



Similar to previous experiments conducted by Matli et al. [36], 8 mm diameter cylinders with 8 mm height were considered in these simulations as well. This resulted in a hole length of 8 mm each on the vertical drill and horizontal drill cases (Figure 1a,c) while it resulted in 9.94 mm in the angular drill scenario (Figure 1b). These lengths were measured along the axis of the drill hole. The above models were built in ANSYS DesignModeler, following which, they were meshed using structural hexahedral and tetrahedral elements in ANSYS Mechanical v19. The vertical, angular, and horizontal drill hole models had 50,200, 245,292, and 77,922 elements, respectively, with a minimum element size of 0.1 mm around the hole. A visual representation of the mesh around the hole is shown in Figure 2.



The material behaviour was set to be deformable in elastic and plastic regions with a Young’s Modulus of 45 GPa, a Poisson’s ratio of 0.28 (as reported by Parande et al. [37]), and a true stress–true strain curve for plastic behaviour obtained from monolithic magnesium experiments (i.e., with no drill hole). The engineering stress–strain curve for monolithic magnesium, from which true stress–true strain curve was derived, is represented in Figure 3.



To simulate compression testing, a rigid top support with a fixed constraint was used to restrain the movement of the cylinder in the upward direction while the compressive load was applied using a rigid plate at the bottom of the sample. Additionally, deformable–deformable frictional contact pairs with a coefficient of friction of 0.3 were used in the presence of an augmented Lagrange contact algorithm with contact detection at every Gaussian integration point to ensure that simulations mimic experimental conditions. Incremental compressive loads up to 15,000 N were applied on the bottom support in each case to study their deformation behaviour. This is illustrated in Figure 4. With this setup, a Newton–Raphson based elastic–plastic analysis was carried out using a sparse matrix direct solver with large deformation mode active.




2.1.2. Analysis Procedure Post Simulation


Since the samples are being subjected to compressive loads, shear failure is expected to dominate in this loading condition and thus, the maximum shear stress plots are presented to identify the high-stress regions and elucidate their three-dimensional distribution around the drilled holes, which are areas of stress concentration. However, stress development in a component is never uniform with different parts of the component experiencing different levels of plastic deformation. Simulation software can provide how much the volume of the solid experiences a particular level of plastic deformation/strain. Since the specimen is subjected to variable loads during experiments and a constant load during simulation, to make suitable comparisons between simulations and experiments, after every simulation, the plastic zone volumes at a particular load-interval (1500 N) were rendered in the cylinder. However, to make a suitable comparison between drill orientations using only simulations, the plastic deformation was compared at a load of 9000 N as this was midway through the plastic deformation (between 3000 N or ~60 MPa, the CYS of monolithic magnesium and 15,000 N or ~300 MPa, the maximum load applied, as shown in Figure 3), thereby accounting for both elastic as well as plastic deformations in all three orientations. At 9000 N, in monolithic 8 mm diameter cylinders, the engineering stress can be calculated to be approximately 180 MPa. This corresponds to a true strain of ~9% in monolithic magnesium. Hence, the plastic zone volume above 9% strain was identified for each case first. While comparing the results, if for a particular case, the plastic zone volume obtained through this method was found to be lesser than another case, then it was deemed that the latter case would fail faster as a larger region reaches failure strains faster without allowance for stress redistribution. This allows us to rank the drill hole orientations on the compressive response of the component.





2.2. Experimental Procedure


2.2.1. Materials and Processing


Magnesium turnings of 99.9% purity (procured from Acros Organics, NJ, USA) was utilized as the raw material. These turnings were placed in a graphite crucible, heated to a temperature of 750 °C in an argon (Ar) atmosphere, and then poured through a 10 mm diameter nozzle into a 40 mm diameter crucible using a Disintegrated Melt Deposition (DMD) technique. The cast ingots were then turned into a 36 mm diameter billet using a CNC lathe to smooth off any rough edges. Following this, the billets were homogenized for 1 hour at 350 °C and then hot extruded resulting in rods of 8 mm diameter. These pure Mg rods were then subjected to drilling on a Makino V55 3-axis CNC vertical machining centre with a maximum feed rate of 30 mm/min at a high spindle speed (10,000 rpm) using a 1.5 mm drill diameter.




2.2.2. Material Characterization


The compressive properties were determined as per ASTM: E9-09 standard using a fully automated servo-hydraulic mechanical testing machine (50 kN MTS 810) on cylindrical test samples of length 8 mm and diameter 8 mm—i.e., l/d ratio ~1. A constant strain rate of 0.0000833/s was used for all the samples and the strain rate was measured based on the cross-head speed. Five samples per orientation were tested to arrive at the stress–strain behaviour. A Scanning Electron Microscope (SEM, Kyoto, Japan) was used to analyse the fractured samples for determining the mode of failure under compression loading.






3. Results and Discussions


3.1. Simulation Results


Using simulations, a sound understanding of the effect of drill hole orientation can be obtained by discussing three aspects. Since drilled magnesium can be treated as a component instead of a material, the first aspect that would be discussed is the development of shear stresses. Changes in the orientation of shear stress can spark a difference in macroscopic failure initialization while microscopic modes can only be confirmed through experimentation. Though shear mode is dominant under compression, flex in a component can sometimes aid in load-bearing [36] and hence, identifying the volume of the component that experiences strains above 9% (as discussed in Section 2.1.2) can provide an insight into whether the presence of high shear regions would initiate plastic failure. While these aspects are crucial, any changes to the two aspects discussed above are known to affect deformation patterns. Hence, the last aspect discussed would be on the macroscopic deformation patterns.



3.1.1. Development of Shear Zones


Maximum shear stress plots were obtained at a compressive load of 9000 N for all drill-hole orientations and stresses above 120 MPa (i.e., 0.4*UTS where UTS = 300 MPa for monolithic magnesium) were coloured red. These plots are shown in Figure 5. Figure 5A shows that, in the case of vertical drill hole orientation, the majority of the volume is under the stress of 120 MPa. However, Figure 5B1,2 and Figure 5C1–3 show a significant region to be above the 120 MPa stress. In the angular drill hole orientation, the majority of the volume experiences shear stresses less than 80 MPa (fourth colour on the contour band). The region experiencing stresses above 120 MPa is found to be concentrated around the hole. Figure 5B1 illustrates the spatial distribution of the low and high shear stress regions. The red region in Figure 5B2 gives a 3D representation of this high-stress region and also hints at a possible direction in which macroscopic failure could take place in the sample with a drill hole in angular orientation.



As the drill hole orientation changes to the horizontal direction, the maximum shear stress contours shape themselves in a pattern that is quite similar to the vertical drill hole orientation albeit with slight differences. Figure 5C1 shows a significant presence of high-stress regions in the horizontal drill hole orientation developing at a particular angle to the sample, which was minimal in the vertical drill hole orientation. In the case of a horizontal drill hole orientation, the hole itself acts as a stress concentration, resulting in compressive stresses at the left and right of the hole and tensile stresses at the top and bottom of the hole giving rise to additional shear stresses in between. The orientation of the region with stresses above 120 MPa is better identified in Figure 5C2,3. A common observation in all three drill orientations is that the maximum shear stress region bulges at the centre of the sample.




3.1.2. Development of Plastic Zones


While a pictorial representation of the shear stress region provides valuable insight into the ideal drill hole orientation in compression, a quantitative representation can be obtained by studying the development of plastic zones within the sample. The development of this plastic zone is, in turn, crucial to the deformation behaviour, as well as the load-bearing capacity of a sample. In general, the presence of a drill hole is expected to act as a precursor for the weakening of the structure and the plastic zone is expected to first develop around these drill holes as they represent regions of stress concentrations. However, Matli et al. [36] showed that the size of the hole dictates the load-bearing capacity analogous to how the size, radius, and position of a crack determines the time to failure in components. Hence, to make a comparison of load-bearing capacities between the three orientations, the plastic zone volumes were evaluated at 9000 N, a load that is halfway between elastic zone and load at failure (as detailed in Section 2.1.1). At this load, the true strain in monolithic magnesium was found to be around 9% and hence, plastic zone volumes above 9% strain were compared and the same is presented in Table 1.



Initial impressions from Table 1 are that both angular and horizontal drill hole orientations experience significantly larger plastic zone volumes above the critical strain of 9% when compared to the monolithic and vertically drilled hole. This was evident even in the shear stress plots in the earlier section. The vertical drill hole orientation observes a larger plastic zone volume above 9% strain when compared to monolithic condition while having a lower total volume as the drill hole, by itself, introduces a stress concentration and the area around the hole, therefore, observes higher stresses and strains which was absent in the monolithic condition. The angular drill hole orientation sees the largest plastic zone volume above this critical strain while having the lowest total volume. So, one may jump to the conclusion that the angular drill hole scenario presents the worst-case scenario as a higher percentage of its volume sees large plastic strains. However, these values do not give a complete picture of the load-bearing capacity of these drill orientations.



While visual understanding of plastic zone development is difficult to report with incremental loads, an easier way to quantify and understand this plastic zone development is to measure what part of the volume has exceeded the corresponding strain limit at any given load. To do so, the true strains in the monolithic magnesium sample were evaluated at loads of 1500 N increments and the plastic zone volume above these strains for each drill hole orientation were arrived at before comparison. Using this method, the development of plastic zone volume is presented in Figure 6.



As the compressive load increases, the behaviour of vertical drill hole orientation is almost identical to the monolithic condition (no drill) albeit with a slightly larger plastic zone as shown in Figure 6. The horizontal and angular drill hole orientations also follow a remarkably similar plastic zone development pattern but also observe significantly higher plastic zone volumes at all loads when compared to vertical and monolithic (no drill) conditions. While angular drill hole orientation observes the highest plastic zone volume above critical strain till about 12,700 N, beyond that load, the horizontal drill hole orientation starts to observe higher plastic zone volume above critical strain. While this is counter-intuitive, an element to remember is that the development of these plastic zone volumes occurs in cylinders with different drill hole lengths. As detailed earlier in Section 2.1, the length of the drill hole in the angular drill hole orientation is approximately 9.94 mm, while that of the horizontal and vertical drill hole orientations is 8 mm. This detail is important as the plastic zone develops around the drill hole as these holes act as stress concentration regions. Hence, the plastic zone development can be better represented as a normalized plastic zone area by calculating the value of the plastic zone volume divided by the length of the drill hole. This is demonstrated in Figure 7a.



A clear distinction can now be inferred on the load-bearing capacities of three drill hole orientations. From simulations, the first inference is that, at various loads, the vertical drill hole orientation provides better structural stability in compression when compared to angular and horizontal drill hole orientations, as it observes lower plastic zone volume above critical strain (Figure 6) as well as a smaller normalized plastic zone area over critical strain (Figure 7a). Figure 7b further illustrates this inference by showing how different the normalized plastic zone areas around the drill hole are at a 15,000 N compressive load. It is understood that the presence of larger plastic zone volumes above critical strain implies faster crack initiation/propagation around the drill hole leading to premature failure.




3.1.3. Macroscopic Changes in Deformation Patterns


In addition to the shear stress development, as Matli et al. [36] pointed out, the deformation of the hole can provide valuable information on which drill hole orientation is ideal. They also provide valuable information on whether sensors placed in these drill holes could observe any disruption to their regular function. Deformation patterns of the vertical hole orientation, shown in Figure 8A, illustrate similar behaviour to that of Matli et al. [36]. However, as the drill orientation changes to an angular orientation, though the entire sample undergoes compression, the deformation patterns are slightly different for the top half and bottom half of the hole. On the bottom left and top right corners of the component in Figure 8B, the stiffness of the component is comparatively lower due to the presence of the hole, resulting in higher deformations locally (as indicated by the arrows). This can generate an “S” shaped deformation pattern in the hole which may allow more energy absorption during compression. Finally, when the drill orientation is horizontal, the entire length of the drill hole sees a slightly uniform deformation pattern, as shown in Figure 8C1,2, demonstrating the deformation of the cross-section of the hole. A clearer picture of the tension and compression region mentioned in Section 3.1.1 is also visible in Figure 8C2.



Overall, from Figure 8, it is evident that there exists a plane about which the deformation patterns are mirrored and inverted, and from closer observation, we notice that this plane is aligned along the axis of the drill hole. Further, both angular drill hole orientation and horizontal drill hole orientations give rise to localized deformations within the component and away from the compression direction, resulting in decreased stability in the component when compared to the vertical drill hole orientation.




3.1.4. Summary of Simulation Results


In summary, using simulations, the following observations were made:




	
Though the maximum shear stresses developed around the drill hole in all three cases, the development and alignment are vastly different, paving the way for a difference in macroscopic failure orientation. However, microscopic failure modes can only be evaluated through experimentation (refer to Figure 5).



	
Comparing the volume of the component experiencing strains above critical strains and deriving the normalized plastic zone area helped rank the horizontal drill orientation as the weakest of the three orientations, followed by angular orientation being the next weakest (refer to Figure 6 and Figure 7).



	
The vertical orientation was ranked the strongest of the three as it showed the least deviation in deformation patterns and plastic zone development when compared to the monolithic condition (refer to Figure 6, Figure 7 and Figure 8) while angular and horizontal drill hole orientations imparted significant local deformation around the drill holes.










3.2. Experimental Results


3.2.1. Compression Testing


Experimentally observed effects of drill hole orientation on the compressive response of magnesium are presented in Figure 9. The primary mechanical properties obtained from the stress–strain curves for different drill hole orientations, such as compressive yield strength (CYS) (based on 0.2% offset), ultimate compressive strength (UCS) (the highest stress taken) and failure strain, which are compared to monolithic magnesium, as shown in Table 2.



For the vertical drill hole orientation, the CYS increased from 65 ± 1 MPa to 105 ± 2 MPa, a net 61% increase, and the UCS increased from 297 ± 4 MPa to 330 ± 3 MPa, a net 11% increase when compared to the undrilled samples. This shows an improvement in the load-bearing capacity of the sample. However, in the case of angular and horizontal drilled samples, while the CYS was found to increase by ~105% and ~86%, respectively, the UCS decreased by 18% and 25%, respectively. Further, compressive failure strains in angular and horizontal drill samples also exhibited a drop, as shown in Table 2. This implies that the component is not as stable as the vertical drill hole scenario.




3.2.2. Fractography Analyses


To evaluate whether a change in the mode of fracture was observed, fractographic analyses were conducted on the failure surface of each drill orientation (Figure 10). Fractography analysis using SEM micrographs revealed a shear mode of fracture in all three drill hole orientations as shown in Figure 10 indicating no change in microscopic failure mode. However, on a macroscopic scale, the monolithic and vertical drill hole samples failed at a 45° angle (see insets of Figure 10), while the angular drill hole and horizontal drill hole orientations failed at slightly different angles. The change in shear plane direction can be attributed to the development of shear, as discussed in Section 3.1.1 and shown in Figure 5.




3.2.3. Summary of Experimental Results


Experimentally, the following observations were made:




	
Compression tests showed the ductility and ultimate tensile strength reduced as the drill hole orientation changed from vertical to angular to horizontal, respectively.



	
The load to failure for each of these individual components indicates that the horizontal drill hole orientation fails first and the vertical drill hole orientation lasts the longest.



	
Another observation was that all three drill hole orientations increased the yield strength of the component if the 0.2% offset method was considered. This can be attributed to the lower stiffness of each of these components in general when compared to the monolithic condition, thereby giving rise to local flexure and local yield and thereby, longer duration to global yield.



	
Microscopic observations indicated that the presence of the drill hole did not change the microscopic deformation and failure mechanisms with the shear mode still being prevalent in all cases.



	
Macroscopic observation of the fractured sample indicated a difference in orientation of the final crack. While the monolithic and vertical drill hole orientations experienced near 45° failure crack propagation, the angular drill hole experienced a failure angle of more than 45° with the horizontal and horizontal drill orientations experienced a failure angle of less than 45° with the horizontal. These deviations are shown in the insets of Figure 10.










3.3. Reflections on Simulations and Experiments


Comparing the simulation results and the experimental results, we found good agreement between the two.




	
Both simulations and experiments predict the vertical drill hole orientation to be the strongest.



	
Simulations predict higher stress in the angular and horizontal drill hole components (Figure 5), while experiments also validate the same by showing higher stress in them for the same amount of engineering strain.



	
In the angular drill hole scenario, simulations can also approximately predict the failure orientation. Alignment of shear stresses around the hole (i.e., the red region in Figure 5B2) is along the same lines as the macroscopic failure crack in the inset of Figure 10C.








In essence, we noticed that the observations from simulations are backed by experimentation. This similarity gives particular importance to the use of computational software in determining the best possible design for a particular material. Since the shear mode of failure is prominent in compression testing, the increase in plastic zone size in conjunction with possible failure modes (including ease of shear due to controlled defect) could be the reason for the observed decrease in ultimate compressive strengths of angular and horizontally drilled samples.



Future studies could, therefore, make use of simulations first to predict the plastic zone development and shear stress orientations prior to carrying out experiments. Research on increasing the number of drill holes, changing the location of drill hole and their orientation has plenty of applications, especially in the real time monitoring of engineered components.





4. Conclusions


In this study, drilling experiments were carried out on pure Mg samples synthesized using the disintegrated melt deposition method followed by hot extrusion with a special emphasis on drill hole orientation. The simulation results in conjunction with experimental results suggest that the best combination of compressive properties is achieved in the vertical drill hole orientation. Experiments and simulations also concur that the horizontal drill hole scenario may be the worst-case scenario. Fractography shows that, no matter what the drill hole orientation is, the mode of failure continues to be shear dominated as no changes were observed in all three cases. Hence, choosing a controlled drill hole in the vertical orientation can either aid in improving the load-bearing capacities of cylindrical components.
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Figure 1. Drill hole positions and orientations for (a) Vertical (b) Angular and (c) Horizontal drills. 
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Figure 2. Finite Element Mesh around the drill hole in the three cases (a) Vertical drill hole, (b) Angular drill hole and (c) Horizontal drill hole. 
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Figure 3. Experimentally obtained Engineering Stress–Strain curve for undrilled monolithic magnesium that was converted to true stress–true strain curve for use in simulations. 
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Figure 4. Illustration of the loading and boundary conditions used during simulations of different drill hole orientations. 
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Figure 5. Maximum shear stress plots at 9000 N for (A) vertical drill hole orientation, (B1,B2) angular drill hole orientation and (C1,C2,C3) horizontal drill hole orientation. 
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Figure 6. Development of plastic zone volume with increasing load for different drill hole orientations. 
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Figure 7. (a) Development of normalized plastic zone area with load for different drill hole orientations and (b) a visual representation of the normalized plastic zone area around the drill hole (considering it to be a crack) at 15,000 N compressive load. 
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Figure 8. Deflection patterns for (A) vertical drill hole (B) angular drill hole and (C1,C2) horizontal drill hole orientations with the arrows indicating the deformation direction for each surface. 
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Figure 9. Experimental compression response of magnesium for different drill hole orientations. 
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Figure 10. Compressive fracture surface for (a) monolithic Mg, (b) vertical drill hole orientation, (c) angular drill hole orientation and (d) horizontal drill hole orientation with insets showing the respective fractured specimen. 
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Table 1. Plastic zone volume above 9% strain observed at various drill hole orientations.
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	Drill Hole Orientation
	Plastic Zone Volume above 9% Strain
	Total Volume





	No Drill (Monolithic)
	58.80 mm3
	402 mm3



	Vertical Drill
	68.47 mm3
	388 mm3



	Angular Drill
	107.29 mm3
	384 mm3



	Horizontal Drill
	102.60 mm3
	388 mm3
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Table 2. Comparison of experimental results of compressive properties of various drill orientations to that of monolithic magnesium.
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Drill Hole Orientation

	
Compressive Yield Strength (CYS) in MPa

	
Ultimate Compressive Strength (UCS) in MPa

	
Fracture Strain at UCS (%)






	
Monolithic (No Hole)

	
65 ± 1

	
297 ± 4

	
19.1 ± 0.5




	
Vertical Drill Hole

	
105 ± 2

	
330 ± 3

	
19.7 ± 0.6




	
(↑ 61.53%)

	
(↑ 11.11%)

	
(↑ 3.14%)




	
Angular Drill Hole

	
133 ± 4

	
245 ± 3

	
11.5 ± 0.5




	
(↑ 104.61%)

	
(↓ 17.5%)

	
(↓ 39.79%)




	
Horizontal Drill Hole

	
121 ± 5

	
224 ± 2

	
10.3 ± 0.3




	
(↑ 86.15%)

	
(↓ 24.6%)

	
(↓ 46.07%)
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