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Abstract:

 Titanium-based bulk metallic glasses (BMGs) are considered to have potential for biomedical applications because they combine favorable mechanical properties and good biocompatibility. Copper represents the most common alloying element, which provides high amorphization capacity, but reports emphasizing cytotoxic effects of this element have risen concerns about possible effects on human health. A new copper-free alloy with atomic composition Ti42Zr10Pd14Ag26Sn8, in which Cu is completely replaced by Ag, was formulated based on Morinaga’s d-electron alloy design theory. Following this theory, the actual amount of alloying elements, which defines the values of covalent bond strength Bo and d-orbital energy Md, situates the newly designed alloy inside the BMG domain. By mean of centrifugal casting, cylindrical rods with diameters between 2 and 5 mm were fabricated from this new alloy. Differential scanning calorimetry (DSC) and X-rays diffraction (XRD), as well as microstructural analyses using optical and scanning electron microscopy (OM/SEM) revealed an interesting structure characterized by liquid phase-separated formation of crystalline Ag, as well as metastable intermetallic phases embedded in residual amorphous phases.
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1. Introduction


Titanium alloys still raise the highest research interest among biomaterials for orthopedic and dental applications since they possess the most favorable combination of properties [1,2]. In terms of mechanical properties, titanium alloys have good mechanical strength and ductility [3], as well as acceptable wear resistance [4]. They also have excellent resistance to bio-corrosion [4], they stimulate the proliferation of new cells and tissues [1], and reported incidence of adverse toxic, irritating, inflammatory, or allergic reactions produced by released elements is relatively moderate [1]. Therefore, over the years, some titanium alloys like Ti-6Al-4V and Ti-6Al-7Nb became standard solution for medical implants [1]. In spite of undeniable advantages, classical crystalline alloys based on titanium still present some inadequate properties: certain alloying elements such as vanadium, aluminum, nickel, etc. could release harmful metallic ions inside human body, having well established allergenic or cytotoxic effects [5,6]. They also have considerable higher rigidity than cortical bone, which is responsible for stress shielding effects of orthopedic implants and degradation of mineral density in patients’ bones (osteopenia) and still present relatively low bioactivity in relation with human tissues [1,3,4,6,7].



Development of new amorphous or composite amorphous-crystalline alloys fabricated by means of ultra-rapid melt cooling represents a most promising improvement of properties [8,9,10]. Amorphous alloys, known also as metallic glasses, have improved corrosion resistance, better mechanical properties such as tensile strength and wear resistance, and, even more importantly for medical implants, they have a lower Young’s modulus than crystalline alloys [6,11]. It may be considered that the lack of grain boundaries, segregations, and other structural heterogeneities, are responsible for these considerable enhancements with large potential for applications [8,9].



Metallic glasses could offer also technological advantages based on their good formability. Plastic deformations could be performed at high ratio at temperature levels between glass transition (Tg) and crystallization (Tx), similar to thermoplastic forming [8]. This special feature has been valorized for massive amorphous alloys with thickness over 1 mm, called bulk metallic glasses (BMGs), allowing fabrication of components with complex shapes by means of different deformation methods [8,9,12]. Very recently, it was shown that bulk porous Ti-based BMGs, replicating the topological features of the cortical human bones and with mechanical properties close to them, can be successfully prepared by thermoplastic forming of amorphous alloy powders [13].



The metallic glasses were discovered only in the last half century [14]. Among them, the titanium-based amorphous alloys are newcomers [15]. Reports of titanium—zirconium glasses with additions of different alloying elements, especially nickel and beryllium, goes back until 1993 [16]. Upon increasing the glass forming ability (GFA) of newly designed alloys, fabrication of plates and rods with increased thickness or diameters is now possible [17]. The 1 mm conventional limit set for BMGs was achieved in 1998 with compositions based on Ti-Ni-Cu family, with additions of Zr, Be, or Sn [18,19]. More recent developments in design of amorphous alloys lead eventually to exceptionally massive alloys, with critical size up to 14 mm for the Ti40Zr25Cu12Ni3Be20 alloy [20] or even 32 mm for (Ti41Zr25Be28Fe6)91Cu9 [21]. However, application of these alloys as biocompatible materials remained problematic because serious concerns were raised by the presence of some elements that are detrimental to human health such as Ni, Be, Al, and Cu [6]. Therefore, recent developments are focused on formulations that are free of these harmful elements or at least reduced in proportion.



Elimination of nickel and beryllium was achieved in 2007 with the Ti-Zr-Cu-Pd family of compositions, based on a (Ti-Zr)50(Cu-Pd)50 concept and subsequent small additions of elements like Sn, Si, Ta, Nb, Co, or In [17,22,23,24,25,26,27,28]. This new approach is an important accomplishment allowing fabrication of components with critical dimensions up to 10 mm, simultaneously with elimination of nickel, which is one of the most allergenic elements, as well as beryllium, with its high cytotoxic effects.



Newly developed BMGs in the Ti-Zr-Cu-Pd system represent an important progress regarding possible biomedical applications, since they also have high corrosion resistance, mechanical strength up to 2000 MPa, and a Young’s modulus as low as 80 GPa [26,29,30]. Although biocompatibility seems to be improved in comparison with classic amorphous alloys Ti-6Al-V and Ti-45Ni [31], the most serious problem consists in the presence of copper, which is considered highly cytotoxic and could not be completely replaced so far as an amorphization element with other biocompatible additions.



The main objective of present work was the development of new titanium-based amorphous alloys completely free of copper, starting from the well-known Ti45Zr10Pd10Cu31Sn4 BMG, which allow casting of amorphous rods with diameters up to 4 mm [26]. The designing of new copper-free alloys is based on the DV-Xα molecular orbital method [32,33]. The detailed concept of the alloy design is presented in Appendix A. There, the chart portion belonging to the area of bulk amorphous glasses is shown in Figure A1 and the list of [image: there is no content] and [image: there is no content] for some alloying elements are given in Table A1. The copper was replaced with silver, which could be considered more biocompatible. The optimization results are presented in Table A2. Regarding the biosafety, it has been long known that silver has an antimicrobial effect [34]. The biological effect of both copper and silver and the differences between them, showing that it is safer to use silver instead of copper, are reviewed in Appendix B. The amount of the other elements was also adjusted in order to keep the new composition within the amorphous bell (details in Figure A1, Appendix A). The resulted alloy has the composition Ti42Zr10Pd14Ag26Sn8 at %. Despite the fact that the newly designed alloy has a composition inside the BMG domain, the rapidly quenched samples show a complex microcrystalline structure, with only residual amorphous matrix.


Figure A1. Positions of Ti45Zr10Pd10Cu31Sn4 and Ti42Zr10Pd14Ag26Sn8 alloys on the distribution chart of amorphous and glassy alloys, based on Bo and Md parameters (adapted from reference [33]).
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Table A1. Bo and Md values for alloying elements in bcc Ti [32].


	Element
	Bo
	Md (eV)





	Ti
	2.790
	2.447



	Zr
	3.086
	2.934



	Pd
	2.208
	0.387



	Cu
	2.114
	0.567



	Ag
	2.094
	0.196



	Sn
	2.283
	2.100



	Nb
	3.099
	2.424








Table A2. Compositions and orbital method parameters of considered alloys.


	Alloy
	Ti (% at.)
	Zr (% at.)
	Pd (% at.)
	Cu (% at.)
	Ag (% at.)
	Sn (% at.)
	Bo
	Md (eV)





	Ti45Zr10Pd10Cu31Sn4
	45
	10
	10
	31
	–
	4
	2.532
	1.689



	Ti42Zr10Pd14Ag26Sn8
	42
	10
	14
	–
	26
	8
	2.517
	1.589










2. Results


2.1. Thermodynamic Considerations Regarding the Master Alloy


Figure 1 shows schematically the enthalpy of mixing ΔHmix for each atomic pair of all alloy constituents, emphasizing the values characteristic to Cu-containing pairs (Figure 1a) and Ag-containing pairs (Figure 1b). The values were taken from reference [35], i.e., calculated using Miedema’s model for the corresponding binary liquids.


Figure 1. Mixing enthalpies ΔHmix between the atomic pairs of the alloy constituents (in kJ/mol), emphasizing (a) Cu-containing alloy; and (b) Ag-containing alloy.
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As it can be observed, the mixing enthalpies are in general negative, with two exceptions: Ti-Zr, which is zero and Cu-Sn, which is +7 kJ/mol. The negative mixing enthalpies may indicate the possibility to form an alloy with a higher degree of dense randomly packed atomic configurations and multiple interatomic interactions in the liquid state, therefore being prone to amorphization. In fact, the starting Cu-containing composition Ti45Zr10Pd10Cu31Sn4, respects the three empirical rules as formulated by Inoue [15] and hence shows a good GFA. According to them, the replacement of Cu by Ag should be beneficial for glass-formation, because Ag has only negative heats of mixing with all elements. Experimentally observed, the new Ti42Zr10Pd14Ag26Sn8 master alloy is off eutectic and shows a large temperature interval over which liquid and solid coexists. The reasons will be analyzed later. Therefore the casting was performed with the alloy in the homogeneous liquid state, as it is described in Section 3. Even so, the resulted rods exhibit a clear phase separation. As it will be shown in the next section, one of the separated phases contains Ag up to 80 at %. Thus it is interesting to study in details the phase diagrams of binary alloys with Ag. Nevertheless, the analysis of only binary atomic pairs and binary alloys may not reflect accurately the situation in the quinary alloy, but in the absence of more elaborate models it may give at least a qualitative explanations of the observed behavior.



Ag is miscible with Pd over the entire compositional interval, in both liquid and solid state [36]. Therefore, the mixing with Pd should not put any problem. With Sn, Ag is miscible in the liquid state [36]. In the solid state, Sn is soluble in Ag over several at%. It forms also intermetalics like Ag0.8Sn0.2 and Ag3Sn. For more Sn the binary alloy decomposes and at ~96.5% Sn there it is a eutectic. The solubility of Ag in Sn below its melting temperature is almost zero. However, the total Sn content in the alloy is 8 at %, therefore only the Ag-rich part of the phase diagram might be of interest, and in this interval Sn may completely dissolve in Ag.



More problematic are the binary Ag-Zr and Ag-Ti alloys [36]. In both cases, the elements are miscible in the liquid state. In the solid state, Ag stabilizes the high-temperature phases of Ti and Zr. At room temperature, the solubility of Ag in Ti or in Zr, as well as Ti or Zr in Ag, is almost inexistent. Both Ag-Ti and Ag-Zr are not miscible in solid state over the entire compositional interval. However, there are few intermetallics, like AgTi and AgTi2 or AgZr and AgZr2. The AgTi compound is stable for a compositional interval of 50% ± 2%. As a detail, the Cu-Ti and Cu-Zr phase diagrams are characterized by the formation of far more intermetallic compounds—so in terms of competing crystalline phases and following the Inoue’s findings [15], it seems that the Cu-containing alloy may have a better GFA. Moreover, silver has a higher radius as compared with copper, i.e., 0.144 nm as opposed to 0.128 nm, which makes the atomic radius mismatch between silver and titanium smaller, titanium having its metallic radius of 0.147 nm.



Ti and Zr are completely miscible as well in both liquid and solid states [36]. There is a large temperature interval (compositional dependent, with the minimum low temperature 600 °C and minimum high temperature 1554 °C), in which the ZrTi solid solution is of the type bcc β-Ti and below of the type hcp α-Ti. Pd and Ti form solid solution from room temperature up to the melting point (i.e., up to at least 1400 °C, function of composition) in the Pd-rich side (Ti up to 20 at %), while above 50 at % Ti the bcc β-Ti type solid solution is stable over a large temperature interval (depending on the composition), showing an eutectoid decomposition for 90% Ti [36].



Altogether, it is therefore not wrong to suppose that the entire alloy may be treated as a pseudo-binary (Ag,Sn,Pd)-(Ti,Zr,Pd) alloy. The casting features are completed by the further experimental investigations. Figure 2 presents an optical micrograph (OM) of the coarse separation in the 5 mm diameter rod. Even if the alloy was quenched from the homogeneous liquid state, as it is in this actual case, the cooling rate is not high enough to freeze that state and obtain a fully amorphous phase. The spherical appearance and the morphology indicate that the precipitation took place in the liquid state and then it was frozen upon quenching. Then, each domain developed its own microstructure, as it will be shown later. The 5 mm diameter rods are characterized by a hard outer shell, the dark contrast in Figure 2, and a soft core, as illustrated by the light contrast in Figure 2. Judging from the appearance, it is reasonable to suppose that the soft core is very rich in Ag, while the hard margins are Ti rich. Hence the coexistence of liquid and solid phases can be assumed to have the root in the Ag-Ti phase diagram, but nevertheless the new quinary Ti42Zr10Pd14Ag26Sn8 liquid alloy has multiple atomic interactions.


Figure 2. Optical micrographs showing the coarse separation from the liquid state. Centrifugal-cast rod with 5 mm diameter.
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2.2. Structural Characterization


As mentioned previously, the 5 mm diameter rods are characterized by a soft inner core and a much harder outer shell. Figure 3a shows the appearance of the border zone between such two areas (optical microscopy, transversal section). The brighter area is the soft zone, while the darker area is the hard zone. Both dark and bright phases also embed globules that seem to be secondary separations of the same constituents. Additionally, one can observe the formation of some dendrites (marked by an ellipse in both Figure 3a,b). Unlike the 5 mm sample, the smaller rods with 2 and 3 mm diameter did not form large distinct bright and dark areas, only separations between the bright-colored phase inside the dark matrix, similarly to 5 mm rod (see Figure 3b). The higher cooling rate attained during casting by the rods with smaller diameters made the precipitated features to be finer, thus for the clarity, the OM image in Figure 3b was taken at higher magnification (see the scale bar). The larger magnification reveals not only the existence of another phase, the black-colored dendritic-shape as marked in both Figure 3a,b, but also the presence of a much finer structure embedded in the dark phase. Scanning electron microscopy (SEM) using back-scattered electrons (BSE) mode, and energy dispersive X-ray analysis (EDX) were performed on samples extracted from transversal section 5 mm and 2 mm diameter rods, using a FEI Quanta 250 FEG scanning electronic microscope (FEI, Eindhoven, The Netherlands) equipped with an EDAX SDD Apollo X sensor (EDAX Inc., Mahwah, NJ, USA). Considering the complexity of resulted microstructure, quantitative investigations were performed separately on characteristic zones in order to determine compositions of microstructural constituents. Large scale magnifications by mean of SEM (Figure 4) reveal the complex nature of dark constituent evidenced by mean of optical microscopy, as well as homogeneous appearance of the bright phase.


Figure 3. Optical micrographs showing the phase separation in (a) 5 mm diameter rod; and (b) 2 mm diameter rod.
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Figure 4. SEM and HR-TEM micrographs and position of characteristic zone for EDX analysis. (a) Transversal section trough 5 mm diameter rod, SEM; (b) Transversal section trough 2 mm diameter rod, SEM; (c) HR-TEM micrograph showing the interface between the amorphous zone (3) and an adjacent crystalline area; (d) HR-TEM micrographs, showing in detail only the amorphous area. The inset represent the corresponding selected area diffraction pattern (SAED).
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Several features can be easily identified in Figure 4. The bright, mechanically soft area (see the polishing scratches) labelled there with 1, should be the bright area as seen in the optical micrographs. The EDX analyses confirmed that it is almost 100% Ag, as it was supposed previously. The harder zone contains polygonal crystals with hexagonal appearance (labelled with 2), which may be an intermetallic phase. There are also other brighter phases, labelled with 4 and 6, then a darker dendrite (labelled with 5) and the matrix (labelled with 3). Finer dendrites are observed also in the spherical separation (left side of Figure 4a), but they were not marked here in order to keep the micrographs as clear as possible. The EDX analysis of all these features revealed the corresponding elemental composition and the data are summarized in Table 1.


Table 1. Atomic compositions of labelled zones in Figure 4.


	Element
	Zone 2
	Zone 3
	Zone 4
	Zone 5
	Zone 6





	Pd
	13.60
	24.14
	0.96
	10.89
	4.32



	Ag
	3.97
	7.00
	75.06
	2.28
	53.51



	Sn
	7.54
	6.88
	1.66
	6.37
	3.60



	Ti
	52.37
	29.26
	0.85
	39.93
	14.34



	Zr
	22.51
	32.72
	21.47
	40.54
	24.23



	Total
	100
	100
	100
	100
	100









As concluded in Section 2.1 and based on thermodynamic aspects, the early precipitation is indeed Ag-rich in a TiZrPdSn liquid matrix. The bright zones 4 and 6 are again Ag rich and they are formed most probably by a secondary precipitation during rapid quenching. The dendrite (i.e., the dark fifth zone) is almost 50-50 Ti-Zr, therefore it is not wrong to suppose that it is a bcc β-Ti type solid solution. The intermetallic phase, marked in Figure 4 with 2, has a more complex composition. Nevertheless, judging from all possible combinations, the most plausible one is of the type Ti3.2Pd0.8. The featureless gray area marked here with 3 seems to have the approximated composition Ti29.26Zr32.72Pd24.14Ag7Sn6.88. Judging from the absence of any features, it is to suppose that this matrix is amorphous. Nevertheless, the SEM magnification is not high enough to rule-out the presence of additional small crystalline features. Further studies, as high-resolution transmission electron microscopy (HR-TEM) were performed. Figure 4c shows in details the interface between matrix and one of the crystalline feature present around. As it can be observed, the matrix appears to be featureless. Further micrographs, one of them presented in Figure 4d, clearly proved that the matrix is amorphous. Additional details are given in the inset in Figure 4d, which shows the selected area diffraction pattern (SAED) of the corresponding zone. Additionally, further casting tests with a closed composition, Ti30Zr32Pd24Ag7Sn7, revealed that fully amorphous ribbons may be fabricated upon melt spinning (results not presented here).



The structure of the rapid-quenched rod samples appears to be relatively heterogeneous, with coarser features as the diameter increases. This is certainly related to the casting parameters and the cooling rates attained by the samples during preparation. The rods with larger diameters are cooled at lower rates as compared to the rods with smaller diameter, therefore the observed microstructural differences (see for example Figure 3). However, as seen in Figure 4, the crystalline precipitations seem to be identical, so the casting parameters influence only the microstructure. As a consequence, further optimization of all parameters during sample preparation may lead toward samples with more homogeneous structure.




2.3. XRD Studies and Thermal Characterization


The samples were investigated by X-ray diffraction in Bragg-Brentano configuration (FEI X’Pert PRO MPD diffractometer (PANalytical B.V., Almelo, The Netherlands) with a copper anode X-ray tube having λ = 0.155 nm, PixCEL detector (PANalytical B.V., Almelo, The Netherlands), vertical θ-θ goniometer and spinning sample holder) in continuous scanning mode using a step size of 0.0130 degrees and 80 s step time, at room temperature. The patterns were further analyzed using the X’Pert HighScore Plus software from PANalytical B.V., Almelo, The Netherlands linked with the ICDD PDF-4+ Database provided by International Centre for Diffraction Data, Newtown Square, PA, USA.



Surprisingly, in contrast with the numerous features as observed in SEM, the XRD revealed only a few features. Figure 5 shows the diffraction pattern stemming from the (a) 2 mm; and (b) 3 mm diameter rod. The main three peaks are characteristic to the fcc-Ag. The patterns show only a few other crystalline peaks, as the one centered at 2θ = 46° in Figure 5a and 2θ = 44°, 2θ = 46° and 2θ = 62° in Figure 5b. These peaks cannot be identified with acceptable accuracy.


Figure 5. XRD patterns of the Ti42Zr10Pd14Ag26Sn8 bulk sample with (a) 2 mm; and (b) 3 mm diameter.
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Figure 6 presents the thermograms of the 5 mm diameter rod, for both a ductile core and hard margin. There are clear differences, the most notable being huge relaxation up to 650 °C and a single melting peak (curve (b)-the core). Due to the technical limitations, the DSC was performed only up to 1000 °C, the temperature at which, as observed during casting, the alloy is in the liquid + solid state. The liquid temperature of the core (measured as the onset of the melting event) is at 965 °C, proving that this core is almost pure Ag (i.e., melting temperature 962 °C). Therefore, the relaxation-like event may be generated by the annihilation of the mechanical stress induce upon rapid cooling or by the huge thermal expansion that characterizes the Ag metal. The hard margin (curve (a)) shows a double endothermic peak prior 1000 °C. The first of them may be associated with the melting of Ag, stemming from the rest of the Ag trapped in the Ti-rich area and as identified in SEM pictures, while the second one is most probably an allotropic transformation.


Figure 6. DSC thermograms of the 5 mm diameter rod: (a) sample taken from margin; (b) sample taken from the core.
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The curve also shows a small exothermic event at around 550 °C (which may be associated with the crystallization of the remnant amorphous phase) and a small endothermic peak centered at approximatively 840 °C. This peak indicate an allotropic transformation as well, and, together with the exothermic one, it is also present in the thermograms measured for 2 mm and 3 mm diameter rods (Figure 7, curves (a) and (b), respectively). For better comparison, the DSC curve of the hard margin of the 5 mm diameter rod is re-plotted in Figure 7 (curve (c)). All curves show the melting event characteristic of Ag, more pronounced in the case of 2 mm and 3 mm diameter rods, because there the precipitated Ag is better dispersed.


Figure 7. DSC thermograms of rods with 2 mm and 3 mm diameter. For comparison, the thermogram stemming from the margins of 5 mm diameter rod is also presented. (a) sample taken from rod with 2 mm diameter; (b) sample taken from rod with 3 mm diameter; (c) sample taken from a margin of a 5 mm diameter rod.
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3. Materials and Methods


Cylindrical rods with 2, 3, and 5 mm diameter and atomic composition Ti42Zr10Pd14Ag26Sn8 were produced by mean of two-step fabrication technique. Preliminarily, several ingots weighing maximum 10 g of master alloy were prepared using high purity elements (99.9% and better) by arc melting under Ti-gettered 99.998% argon atmosphere. Each ingot was flipped and re-melted several times to assure the mixing. The master alloy ingots presented heterogeneous microstructure, characterized by ductile outer skin and fragile cores, indicating the separation of Ag. Therefore, in order to minimize errors due to the master alloy heterogeneity, each ingot was used for one single casting trial. The ingots were re-melted in a graphite crucible by induction and then centrifugally cast into a copper mold. In order to avoid the separation, the casting was performed from a temperature of 1520 °C, where the liquid looked homogeneously. The samples were investigated by X-ray diffraction in Bragg-Brentano configuration, using an FEI X’Pert PRO MPD diffractometer (PANalytical B.V., Almelo, The Netherlands) with a copper anode X-ray tube having λ = 0.155 nm, equipped with a PixCEL detector (PANalytical B.V., Almelo, The Netherlands), vertical θ-θ goniometer and spinning sample holder, in continuous scanning mode using a step size of 0.0130 degrees and 80 s step time, at room temperature. The patterns were further analyzed using the X'Pert HighScore Plus software (PANalytical B.V., Almelo, The Netherlands) linked with the ICDD PDF-4+ Database (International Centre for Diffraction Data, Newtown Square, PA, USA). The thermal behavior of the cast samples was determined by heating small samples of the material up to a temperature of 1000 °C under Ar flow in a Netzsch differential scanning calorimeter (DSC). The heating rate was set to 20 K/min. The temperature was limited due to technical reasons: in a liquid state, Ag evaporates and further deposits onto the measuring head. Due to its very high electrical conductivity, it makes bridges between different electrical wirings and makes the continuation of the measurement impossible. Scanning electron microscopy (SEM) using back-scattered electrons (BSE) mode, and energy dispersive X-ray analysis (EDX) were performed on samples extracted from transversal section 5 mm and 2 mm diameter rods, using a FEI Quanta 250 FEG scanning electronic microscope (FEI, Eindhoven, The Netherlands) equipped with an EDAX SDD Apollo X sensor (EDAX Inc., Mahwah, NJ, USA). The high-resolution transmission electron microscopy (HR-TEM) investigations were carried out at 200 kV accelerating voltage on a FEI Tecnai G2 200 kV S/TEM microscope (FEI, Eindhoven, The Netherlands). The TEM samples were prepared with a FEI Quanta 3D dual beam microscope (FEI, Eindhoven, The Netherlands), using focused beams of gallium ions.




4. Conclusions


The alloy design by means of molecular orbital method seems to have limitations, and replacement of Cu with Ag did not result in a fully amorphous structure. The resulting Ti42Zr10Pd14Ag26Sn8 alloy samples prepared by means of copper mold centrifugal casting method reveal a composite structure, where only remainders of amorphous matrix are present. More interestingly, crystalline fraction is represented predominantly by metallic Ag, which separates as small globules with dimensions within few micrometers of range. This microstructural configuration could take full advantage of bactericide effect of metallic silver.
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Appendix A. Theoretical Design of New Alloy Composition


Composition of new biocompatible alloys is determined using the molecular orbital method for the bcc Ti, based on two alloying parameters, bond order (Bo) and the metal d-orbital energy level (Md), which are determined theoretically. Parameter Bo measures the covalent bond strength between Ti and an alloying element, while Md correlates the electronegativity and the metallic radius of elements.



The values [image: there is no content] and [image: there is no content] for the alloys are determined as atomic compositional averages of the parameters for each pure metal used as alloying element, calculated by Morinaga [32]:


[image: there is no content]



(A1)






[image: there is no content]



(A2)







Coordinates [image: there is no content] and [image: there is no content] are locating each alloy inside a distribution chart area corresponding to an estimated structural state: amorphous, glassy, BMG, crystalline etc. [33]. The chart portion belonging to the area of bulk amorphous glasses is shown in Figure A1 and the list of [image: there is no content] and [image: there is no content] for some alloying elements are given in Table A1.



The reference alloy for development of new copper-free compositions is the BMG with atomic composition Ti45Zr10Pd10Cu31Sn4, having a critical diameter of 4 mm and compression strength of 1970 MPa [29]. The parameters determined by the molecular orbital method are [image: there is no content] = 2.532 and [image: there is no content] = 1.689, which situate the alloy inside the BMG area (see the position of the round dot in Figure A1), confirming the d-electron alloy design theory. Replacement of copper with silver requires that the resulting alloy remain inside the BMG area, therefore final composition was optimized to produce appropriate values of [image: there is no content] and [image: there is no content]. Optimization results are presented in Table A2, while in Figure A1 the square symbol corresponding to the new alloy is positioned inside BMG domain.












Appendix B. Biological Effect of Copper and Silver


Biocompatibility evaluation of different materials, which are in contact with the human body for long periods, is a very complex issue [3]. Allergenic, cytotoxic, and inflammatory effects are some of the most important properties that are usually investigated for assessment of metallic alloys for biomedical use [1,2]. Unlike nickel, cobalt, or chrome, neither copper nor silver have been reported so far for significant allergenic potency [37]. Therefore, studies are focused on the cyto-compatibility and possible inflammatory reactions. Material cytotoxicity is most commonly estimated in vitro by relative viability, proliferation, and morphological changes of different cell lines in contact with metallic alloys for some periods of time, while the test of inflammatory reactions consisted of quantifying the multinucleated giant cells (MGC) appearing in monolayer cell cultures. These results could be aggregated with measurements of the rates on which ions of alloying elements are released from biomaterials, since metallic ions released by biomedical implants represent the main cause of unwanted secondary reactions in organisms. The resulting cytotoxicology index (CI) allows scoring of metallic alloys between CI = 0, when the tested alloy is highly cytocompatible, and CI = 100 for highly cytotoxic or even lethal materials or substances. Although effects of pure copper and silver may be comparable in terms of in vitro viability of cell cultures, the ranking by the CI reveals the most unfavorable effect of copper-containing alloys, while the presence of silver as an alloying element is not an unfavorable factor, mostly because the silver ion release rate seems to be very low. For example, a palladium-based alloy containing 28 mass percent of silver has a CI of only 18, while a palladium alloy with 20 mass percent of copper has a CI of 43 [38]. Cytotoxicity ranking of casting alloys evaluated by cell culture tests revealed that Au, Pd, and Ti were the least cytotoxic (rank 1), followed by Ag (rank 2), then Ni (ranked 4), and finally Cu (rank 5), which is the most cytotoxic [39]. In vitro experiments of long-term and low-dose exposure to metallic ions determined that Ag+ and Hg2+ did not produce any deterioration of cell cultures even after four weeks, while the increase of cell death for Cu2+ and Ni2+ was significant [40].



Major concerns about biosafety of silver lead recently to more detailed studies, which concluded that silver neither had cytotoxicity nor resulted in inflammatory expression if effective concentration of released ions into the organism is maintained within certain limits, specific for each type of organism [41]. Only a few relatively alarming results have been reported so far, exclusively on dental alloys with high silver content, indicating that silver may have, in the worst conditions, only intermediate cytotoxic effect, while copper is considered a highly toxic element, belonging to the same category as zinc and nickel [42]. A more general classification by tissue reaction around metallic implants considers reaction to silver of “capsule” type, triggering only moderate reactions from organisms, in same category as metals like aluminum, iron, molybdenum, and gold, but also consecrated biomaterials such as stainless steels or Co-Cr alloys [43]. Meanwhile, copper belongs to the “toxic” group together with vanadium, nickel, and cobalt. Members of the highly biocompatible “vital” response category are platinum, tantalum, niobium, titanium, and zirconium [44]. Most worrying, some reports evidence genotoxicity of copper, which could be responsible for DNA damage, via some oxidative mechanisms, similar as cadmium, chromium, mercury, nickel, vanadium, and lead [45].



The most recent reference works on metallic implant biomaterials consider that, although health effects of silver are still disputed, metallic silver is non-toxic, while only some silver salts are. Meanwhile, apart from cytotoxic effect, excessive copper amounts have been linked to neurodegenerative diseases (Alzheimer, Menkes, Wilson) [2].



At the same time, germicidal and antimicrobial effects of silver ions are frequently emphasized. It has been documented that silver not only reduces bacterial adhesion, but also inhibits bacterial growth, having pregnant bacteriostatic effect on highly dangerous bacteria such as Bacillus subtilis, Escherichia coli, etc. [41,46]. Anti-biofilm activity was reported against Pseudomonas aeruginosa and Staphylococcus epidermidis [47]. Silver ions were determined to be non-toxic, safe antibacterial for human body, within certain limits. They also possess anti-fungal activity, anti-inflammatory effects, and anti-viral and anti-angiogenic activity. It may be added that almost all research stresses that safely applied therapies imply control on released concentrations of silver ions [47].



It may be concluded that, considering necessary precaution about resulting concentrations of released ions, silver has already won considerable attention for applications for use in cosmetics, ophthalmology, alloying elements for fabrication of anti-microbial surgical tools, additives for synthetic elastomers in medicine, and even coatings on titanium implants [48]. Therefore, it may be considered that using silver as amorphization element for fabrications of titanium-based BMGs may be reasonable from the point of view of health safety, with respect of some precautions and as a result of specific investigations regarding in vivo biocompatibility for certain applications.
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