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Abstract

:

The search for biocompatible, non-toxic, and wear-resistant materials for orthopedic implant applications is on the rise. Different materials have been investigated for this purpose, some of which have proved successful. However, one challenge that has proven difficult to overcome is the balance between ductility and hardness of these materials. This study employed ab initio calculations to investigate the structural and mechanical properties of niobium nitride (NbN) alloyed with hafnium, indium, and zirconium, with the aim of improving its hardness. The calculations made use of density function theory within the quantum espresso package’s generalized gradient approximation, with Perdew–Burke–Ernzerhof ultrasoft pseudopotentials in all the calculations. It was found that addition of the three metals led to an improvement in both the shear and Young’s moduli of the alloys compared to those of the NbN. However, both the bulk moduli and the Poisson’s ratios reduced with the introduction of the metals. The Young’s moduli of all the samples were found to be higher than that of bone. The Vickers hardness of the alloys were found to be significantly higher than that of NbN, with that of indium being the highest. The alloys are therefore good for wear-resistant artificial bone implants in ceramic acetabulum, and also in prosthetic heads.
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1. Introduction


Advancements in medical technology have sparked the urge to better the lives of human beings. Orthopedic surgery is one of these developments, in which fractured or damaged bones can be replaced with artificial structures, which are mostly made from metallic biomaterials such as stainless surgical steel (because they are durable, non-toxic, ductile, and biocompatible), titanium alloys (since they bind well with adjacent bone, are corrosion-resistant, have elasticity that is comparable to that of bone, and are non-toxic), and cobalt–chromium–molybdenum (as they are biocompatible, have good wear, and are corrosion-resistant); ceramics such as aluminum oxide and zirconium oxide (since they are stiffer, have higher fracture toughness, are resistant to scratch and corrosion, as well as good biocompatibility); and polymeric biomaterials such as polythene and polytetrafluoroethylene (since they are non-corrosive, non-reactive, and biocompatible) are also employed [1]. These structures/materials should be strong enough to carry the body in addition to being non-toxic [2]. Stainless surgical steel remains to be the most widely used material for this purpose [3].



However, each of the above-mentioned materials has its own drawbacks. For instance, stainless steel does not have adequate resistance to corrosion in a biological environment. Moreover, it is relatively heavier compared to other materials used in the orthopedic implants such as titanium. Stainless steel is also highly radiopaque, meaning it obstructs X-rays and other medical imaging techniques, in addition to having limited elasticity or flexibility compared to the other materials like titanium or certain alloys. This lack of elasticity can impact the ability of the implant to absorb and distribute forces, potentially leading to stress concentration or increased risk of implant failure. Titanium and its alloys, on the other hand, have been found to be more expensive compared to the other materials that are being utilized in orthopedic implants, such as stainless steel or the alloys of cobalt-chromium. They have a tendency to work-harden and cause rapid tool wear during the machining process, requiring specialized tools and techniques. This can increase manufacturing costs and time. The cobalt–chromium–molybdenum alloys are brittle, and are therefore susceptible to breaking during bending, making them poor candidates for bone fracture stabilization. Ceramics produce irritating squeaking during walking if they are used in joints, in addition to being inherently brittle, with low toughness. Polymers are highly ductile but have the disadvantage of having low strength as well as low elastic modulus. For instance, ultra-high molecular weight polythene has a Young’s modulus of only 0.7 GPa [4] compared to that of bone at 10–22 GPa [5].



Recently, niobium nitride (NbN) has been investigated as a prime candidate in the orthopedic surgery, where it has been alloyed with titanium (Ti-Nb-N), since it has been found to offer protection against wear allergies in load-bearing orthopedic devices such as artificial knees, hips, and shoulders. The Ti–Nb–N alloy has been found to possess some desirable properties such as corrosion resistance and full compatibility with the human body, besides being super elastic (being able to restore its original shape after large and repeated deformations) [6,7,8].



The desirable properties of materials for orthopedic applications include superior corrosion resistance, low degradability, high strength and low elastic modulus, good fatigue- and wear-resistance, high ductility, cytotoxicity, fracture toughness, high melting temperature, and tensile strength. NbN meets these properties, except two (poor wear resistance and low fracture toughness). While its high ductility (it has a very high Poisson’s ratio of 0.41) [9] is ideal for its ability to be molded into desired shapes for different regions of the body, it is prone to wear and fracture. Thus, it cannot perform well in ceramic acetabulum and prosthetic heads. In this study, we explored the mechanical properties of NbN alloyed with hafnium (Hf), indium (In), and zirconium (Zr), with the aim of improving its wear resistance. The three metals were chosen for doping NbN, since it has been reported that they have low toxicity [10,11,12]. This investigation’s specific goals were to ascertain (i) how hafnium, indium, and zirconium affected the NbN alloys’ structural properties, and (ii) how the above three elements affected the NbN alloys’ mechanical properties.




2. Results and Discussion


2.1. Structural Properties


For each of the four materials under consideration, Figure 1 shows the variation in total energy against normalized unit cell volumes. Among the four, In–Nb–N has the lowest total energy, making it the most stable. Zr–Nb–N was found to be the least stable. At the minima of the curves in Figure 1, the equilibrium lattice parameters were extracted, which are presented in Table 1. Table 1 clearly indicates that the lattice constants of NbN found in this investigation are in great agreement with the values found in the literature [9,13].



The formation energy, which was calculated using Equation (1), was found to have a negative value (−0.7218 Ry/atom), which indicates that NbN is structurally stable. Using the third order Birch–Murnaghan equation of state, the lattice constants of the alloys were derived by fitting the total energy–volume data. When the cell is fully relaxed, it contracted, since the estimated lattice parameter of NbN is 0.5217% less than the experimental reference value of 4.792 Å [14]. Since bone has a density of 1900 kg/m3, the density of NbN found in this work indicates that it is significantly a heavier material [15]. Strength, balance, and support for the body are among the advantages of having a higher bone density. Having better posture will make one appear more youthful and feel more energetic. Denser bones are ideal for the defense of the internal organs, and the assistance of the muscles, decreased likelihood of fragility fractures in old age, preventing bone loss, and even generating new bones. Thus, NbN and its alloys that have been explored here are good for bone replacement, since they are all much denser than bone.



Figure 2 shows the variation in the stresses and strains for the determination of elastic stiffness constants    c  i j     of the four materials in this study. It is clear from Figure 2 that    c  11     for NbN has the steepest slope and, therefore, it is expected to have the highest value of the elastic stiffness constant, while In–Nb–N is expected to have the lowest value.    c  12     is still dominated by NbN.    c  44    , on the other hand, is dominated by In–Nb–N. The elastic stiffness constants (and the uncertainties) were determined through linear fitting of the stress–strain data, as shown in the curves in Figure 2, and the data obtained are presented in Table 1.



Table 1 shows clearly that the elastic stiffness constants of NbN compare very well with those that are available in the literature [9,14]. It is worthwhile to note that after addition of the three metals to the NbN cell, the equilibrium lattice parameters increased. This is because addition of these metals led to expansion of the NbN, owing to their larger atomic radii (167 pm for hafnium, 166 pm for indium, and 160 pm for zirconium) compared to that of niobium at 146 pm. Addition of indium led to the highest expansion, as can be observed in Table 1.



Addition of zirconium lead to a decrease in the density of NbN, while addition of both hafnium and indium led to its increase. This was expected, since the density of zirconium at 6510 kg/m3 is less than that of niobium (at 8580 kg/m3). Substituting a denser atom with a less-dense atom was thus expected to lead to a decrease in the density of the doped cells. The densities of hafnium and indium are higher than that of niobium (13,310 kg/m3 for hafnium and 7310 kg/m3 for indium), which are the reasons for the higher densities of Hf–Nb–N and In–Nb–N. Applying Equation (10)’s stability criterion, we arrived at the conclusion that all the samples examined in this investigation are mechanically stable.



All the samples had elastic stiffness constant     c   11     being greater than the other two, indicating that they are more resistant to changes in volume than changes in form. As a result, they had a high degree of incompressibility under uniaxial stress in the a direction. The highest value of    c  11     for NbN shows that it is the most incompressible (least compressible), while the lowest value for In–Nb–N shows that it is the least incompressible of all the alloys. Mechanical shear and the elastic stiffness constant,    c  12    , are connected. A high value of    c  12     indicates that a material is highly resistant to shear stress. Table 1 shows that NbN is the most resistant to shear stress, while In–Nb–N is the least. Bone tissues are usually subjected to tensile, compressive, and shear stresses during routine activities, whose magnitudes are often quite minor. However, when lengthy bones are torn, the stresses can reach significant levels. Long bone fractures can occur as a result of severe torsion. Torsional loads result in helical fracture surfaces, which result in a spiral fracture [5]. Thus, materials with higher values of    c  12     are better for the alleviation of fractures in bones. Pure NbN stands out in this regard since it has the highest value of    c  12    .



The elastic stiffness constant,    c  44    , indicates mechanical hardness. NbN exhibits the lowest value, which implies that it is the softest (least hard) of all the materials explored in this study. In–Nb–N possesses the highest value of    c  44    , which implies that it is the least soft (hardest) of all the materials presented here. Of all the three elastic stiffness constants,    c  44     was found to be the lowest. The much lower values of    c  44     indicates that the all the samples are relatively soft. Table 1 illustrates how well the estimated elastic stiffness constants for NbN acquired in this investigation match the data that are accessible in the literature, with very-low values of uncertainty.




2.2. Mechanical Properties


Table 2 displays the mechanical parameters of the samples, which were computed based on the elastic stiffness constants    c  i j    . Excellent agreement was discovered between the estimated mechanical parameters of NbN in this study and some from earlier research [9]. All the four materials examined in this study had quite-high bulk moduli, a measurement of a material’s resistance to changing shape. This is an indication that the materials are resistant to fracture. NbN was found to have the highest bulk modulus and, therefore, is the most resistant to fracture, while In–Nb–N is the least resistant to fracture. Bone fracture is a common occurrence in bones, whose common cause is an impact or stress with considerable force. However, those who have osteoporosis or bone cancer might develop bone fracture from very little impact [16]. As such, they are prone to fracture. The human femur has a bulk modulus of only 17 GPa [17]. Replacement of the fractured bones with biocompatible materials with higher resistance to fracture saves the risk of having subsequent fractures, including fractures on the artificial structures.



The shear modulus, also referred to as the modulus of stiffness, is the proportion of shear stress to shear strain. Table 2 shows that the shear moduli of the doped NbN are superior to that of the pure NbN. Materials with high values of the shear modulus are characterized by extreme rigidity (also known as super hard materials) such as diamond. These materials have very-high thermal conductivity, compressive strength, and microhardness values [18]. Thus, all three of the alloys considered in this study are more rigid compared to NbN, which is ideal for bones such as the trabecular bone that is usually found at the end of long bones like the femur [19]. The typical values of the shear modulus of bone are 1.15 GPa for the subchondral, 4.59 GPa for the trabecular, and 5.44 GPa for the cortical [5]. These alloys are therefore ideal for replacement of damaged trabecular bone.



Young’s modulus is one of the most important material parameters for any technology application. The Young’s modulus is a metric for longitudinal tension resistance. In an ideal rigid body, the Young’s modulus would be infinite, meaning that much greater stress will be required to produce the same amount of strain. On the other hand, a very-soft substance (such a fluid) would deform naturally and, therefore, have no Young’s modulus [20]. Higher values of the Young’s modulus are ideal for the femur and the temporal bone of the skull. The Young’s moduli obtained in this study are relatively very high compared to that of the bone at 10–22 GPa [5]. They are therefore ideal as replacement for broken/fractured femurs or temporal bones of the skull. The Young’s moduli of the alloy samples were also found to be higher than that of the NbN, with that of Hf-Nb-N being the highest.



Since it typically falls between 0 and 0.5 for most materials, the Poisson’s ratio, which measures how much a material expands or contracts in directions perpendicular to the direction of force, is definitely high in this study at 0.362–0.421. This illustrates that even in the face of relatively minor strain, all the materials examined in this work exhibit significant elastic deformation. Such materials are referred to as ductile if they distort quickly while under slight tension. A material’s ductile/brittle properties can be determined using Poisson’s ratio. A brittle material has a value lower than 0.27, whereas a ductile material has a value higher than 0.27. The Pugh’s modulus ratios of the materials used in this investigation are also shown in Table 2. Brittleness is indicated by a Pugh’s ratio number of less than 1.75, and ductility is indicated by a value greater than 1.75 [21]. Since all of the materials used in this investigation complied with the two requirements for ductility, it was determined that they were all ductile.



The ability of bone to flex or stretch under tensile stress before breaking is gauged by its ductility. However, as tough and inflexible as it may be, bone does have some ductility. Bone can undergo plastic deformation, which means it can stretch or bend without breaking when subjected to slow and mild stresses. The bone will eventually fracture if the applied force is greater than its maximum tensile strength. The composition, age, and precise placement of the bone in the body are all factors that affect how ductile it is. Bone often has lower ductility than substances like rubber or some metals. However, due to its hierarchical structure, bone exhibits a significant amount of toughness and may withstand fracture to some extent in comparison to other brittle materials. In contrast to other mechanical properties such as strength or stiffness, the ductility of bone is not commonly studied. When investigating bone biomechanics, researchers are primarily concerned with elements like bone density, elasticity, and fracture toughness. However, a Poisson’s ratio of 0.62 has been reported for bone [22]. All the three metals investigated in this study were found to lower the ductility of NbN. However, all the values of ductility are well above the boundary of 0.27. Indium reduced it the most, while zirconium caused the least reduction.



Hardness is the ability of a material to withstand external mechanical forces that could potentially scratch, abrade, indent, or otherwise permanently modify its surface [23]. For bone, the low compressibility and good wear resistance of hard materials like diamond are highly desired. Hardness in bones is ideal because it provides protection of the organs such as the brain and the spinal cord, durability and resistance to wear, structural support and protection of vital body organs, and load-bearing function when the body is subjected to various mechanical activities such as walking and running [24]. However, while hardness is essential for the mechanical properties of bone, it must be balanced with other properties such as toughness and ductility.



The cubic NbN in the zinc blende structure that was studied in this work is characterized by very-low Vickers hardness, as can be observed in Table 2. It is therefore not suitable for artificial bone implant, since low Vickers hardness implies that it has low wear resistance. Addition of the three metals to NbN was found to significantly improve the Vickers hardness values of NbN. Indium was found to produce the largest increase in the Vickers hardness, while Zirconium was found to have the least increase. The Vickers hardness of Zr–Nb–N obtained in this study is much higher than that of bone at 33.3–43.8 Hv [25], corresponding to 0.3266–0.4295 GPa. It can thus form a good replacement for defective cortical bones such as the femur and tibia, which are dense and compact, since they are the major weight-bearing bones in the human body. This will enable them to effectively bear weight, provide stability, protect vital structures, and resist fatigue and fracture. These properties are essential for supporting locomotion and maintaining the overall strength and functionality of the lower limbs.





3. Materials and Methods


3.1. Crystal Structures for Input


Starting with a NbN simple cell (Figure 3), 2 × 2 × 2 supercells were built in order to make the computation in this study possible. The NbN cell was a simple cube of the zinc blende phase, with an Fm-3m space group (number 225), containing 8 atoms (4 atoms of niobium and 4 atoms of nitrogen). The lattice parameter of the unit cell was 4.792 Å [14]. The supercells contained 64 atoms (32 of niobium and 32 of nitrogen), and they were then substitutionally doped by replacing 6 of the niobium atoms with 6 atoms of hafnium, indium, and zirconium separately in three different supercells. The modelling was performed using the SOD (site-occupation disorder) algorithm [26]. The supercells were given sample numbers of Hf–Nb–N, In–Nb–N, and Zr–Nb–N. Figure 4 shows the doped supercells. The doping was performed with the help of Burai 1.3.2 (a Quantum Espresso graphical user interface).



Doping of the supercells was conducted in such a way that the supercells remained cubic. This was achieved by replacing the Nb atoms (with hafnium, indium, and zirconium) along the symmetry lines of the crystal. The bonds between the dopants and niobium or nitrogen were also not broken in the process of doping. This is because the dopants are large atoms, which are almost the same size as that of niobium. Thus, the dopants were able to fit into the vacancy left by niobium.



Because there were many atoms (64 in total) in each supercell, a moderate kinetic energy cut-off of 50 Ry and an unshifted Monk-host Pack mesh [27] of 5 × 5 × 5 were used in all of the supercells. We applied density functional theory under the generalized gradient approximation for all the calculations. The Perdew–Burke–Ernzerhof (PBE) functionals [28] were employed in this study. Scalar relativistic PBE ultrasoft pseudopotentials were utilized.



The doped supercells were then subjected to structural optimization, where a variable cell relaxation was applied to them in order to relax the lattice points and the lattice parameters. This was made possible using the Broyden–Fletcher–Goldfarb–Shanno algorithm, with a pressure of 0.00 GPa and a pressure convergence threshold of 0.05 GPa. The cutoff values for charge density and kinetic energy were established at 50 Ry and 400 Ry, respectively. The charge density cut-off was determined through multiplying the kinetic energy cu-off by 8, since the pseudopotentials employed here were ultrasoft. The forces operating on the atoms at the conclusion of the optimization were within ×10−3 Ry/au.



We computed the formation energy    (   E F   )    of the NbN phase so as to assess its structural stability. The procedure involved calculating the total energies of the optimized unit cells of NbN, nitrogen, and niobium, then inserting the total energies into Equation (1):


   E F  =  ∑  A −  ∑  B −  ∑  C ,  



(1)




in which A, B, and C represent NbN, Nb, and N, respectively. The nitrogen cell was a simple cube of nitrogen atom.




3.2. Calculation of Mechanical Properties


Solid materials resist external forces that have a tendency to distort them [29]. A material’s elastic properties determine how it reacts to external loads and can be used in a variety of ways. Hooke’s law governs the elastic properties of materials. It asserts that the stresses    σ i    in a material are proportional to the corresponding applied strains    δ j    within the linear domain of the crystal. One way to express the law is as follows:


   σ i  =   ∑   j = 1  6   c  ij    δ j  ,  



(2)




in which    c  i j     are the elastic stiffness constants. By applying stress to the lattice vector R using the formula R’ = RD, where D is the symmetric distortion matrix that contains the strain components and R’ is a matrix holding the elements of the deformed lattice vectors, one can obtain the combined linear elastic constants.



Computation of elastic constants (and consequently, the mechanical properties) in this study employed the stress–strain approach of Ongwen, Ogam, and Otunga [30]. For each supercell, the stains given to the equilibrium crystals ranged from −0.0075 to +0.0075 in increments of 0.0025. The tensions were then determined. The elastic stiffness constants    (   c  ij    )    could be obtained by linearly fitting the stress–strain data.



Only three distinct elastic stiffness constants (   c  11    ,    c  12    , and    c  44    ) were required in order to ascertain the elastic constants and, in turn, the mechanical properties of the materials for the cubic crystals. According to Voigt [31] and Reus [32], there is the following connection between the elastic constants and elastic stiffness constants:


   B v  =      B   R  =  1 3  (  c  11   + 2  c  12   ) ,  



(3)






   G v  =  1 5   (   c  11   −  c  12   + 3  c  44    )  ,      G   R  =   5  (   c  11   −      c    12    )   c  44     4  c  44   + 3  (   c  11   −      c    12    )    ,  



(4)




where    B V    and    B R    stand for the Voight and Reuss shear moduli, and    G v    and    G R    for the Voight and Reuss bulk moduli, respectively. Muslov, Lotkov, and Arutyunov [33] found the following connection between the elastic stiffness constants and the elastic compliance constants    (   S  ij    )    for cubic crystals:


   s  11   =    c  11   +  c  12      (   c  11   −  c  12    )   (   c  11   + 2  c  12    )     



(5)






   s  12   =   −  c  12      (   c  11   −  c  12    )   (   c  11   + 2  c  12    )     



(6)






   s  44   =  1   c  44      



(7)







The Hill’s approximation [34] is the result of averaging the two approximations:


  B =    B V  +      B   R   2  ,    G  =    G V  +      G   R   2   



(8)







The resultant Young’s modulus (E) and Poisson’s ratio (v) are obtained using the relationships given by Chen et al. [35], using the computed bulk and shear moduli:


  E =   9 BG   3 B + G   , v =   3 B − 2 G   2  (  3 B + G  )     



(9)







The mechanical stability of cubic crystals is governed by the following stability criteria [36,37]:


   c  11   + 2  c  12   > 0 ,  c  44   > 0 ,      c    11   >  |   c  12    |   



(10)







The Vickers hardness (for determining the wear resistance) in this study was determined using the Tian model [38]:


   H v  = 0.92  k  1.137    G  0.708    



(11)




where k =    G B   , the reciprocal of the Pugh’s modulus ratio.





4. Conclusion


This study successfully showed that through alloying of NbN, it is possible to come up with artificial orthopedic implants that are ductile, in addition to having higher wear resistance as a result of their improved Vickers hardness. This study demonstrated that indium is the best in producing a NbN alloy among the three metals, with a Vickers hardness that is much higher than that of bone. The addition of the three metals led to an increase in the Young’s modulus, shear modulus, and Vickers hardness, while the bulk modulus and Poisson ratio reduced. The higher densities Hf–Nb–N and In–Nb–N are good for stronger materials as a replacement for fractured bones. However, since there are many factors that determine the suitability of a structure for orthopedic implant application, other factors such as toxicity and irritancy of the modelled materials need to be investigated since they were not considered in this study.
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Figure 1. Total energy per atom as a function of the normalized unit cell volume (a) NbN, (b) Hf−Nb−N, (c) In−Nb−N, and (d) Zr−Nb−N. 
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Figure 2. The curves of stress against strain for determination of stiffness constants    c  i j    : (a)    c  11    , (b)    c  12    , and (c)    c  44    . 
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Figure 3. The crystal structure of the cubic NbN crystal structure viewed by Burai. 
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Figure 4. The crystal structures of the three sup