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In this work, the effect of substituting Cu with small amounts of Sn and Si on the passive behavior and pitting resistance of the bulk metallic glass Ti40Zr10Cu36Pd14 was investigated.

The Sn/Si substitution promoted homogenization of the solid solution and limited the presence of casting defects. In addition, unlike the heterogeneous passive film grown on TiZrCuPd, the passive films of the micro-alloyed materials were homogeneous, implying less sensitivity to film weakening and breakdown. Thus, alloying with small amounts of Sn and Si appears to be a viable approach to drastically improve the corrosion resistance of TiZrCuPd.

Introduction

Over the past few decades, bulk metallic glasses (BMGs) have attracted growing interest from researchers owing to their unique physical, chemical, and mechanical properties. The absence of long-range atomic order [START_REF] Luborsky | Amorphous Metallic Alloys[END_REF], which leads to a lack of dislocations, twinning, vacancies, and grain boundaries, endows BMGs with high strength [2], low elastic modulus [3, 4], high elastic limit [START_REF] Kundig | Reparation of high aspect ratio surface microstructures out of a Zr-based bulk metallic glass[END_REF], and generally better corrosion resistance than their crystalline counterparts [6-13].

Among the BMGs developed thus far, Ti-based BMGs have received particular attention because of their low density, high specific strength, good corrosion resistance, and excellent biocompatibility [START_REF] Wang | A Novel Ti-based bulk metallic glasses with superior plastic yielding strength and corrosion resistance[END_REF][START_REF] Gong | Ti-Based Bulk Metallic Glasses[END_REF]. Although Ti-based metallic glasses were first mentioned as early as 1977 [START_REF] Tanner | Physical properties of Ti50Be40Zr10 glass[END_REF], they began to be processed in the Ti-Zr-Ni-Be system by Pecker and Johnson in 1994 [17]. Since then, many Ti-based BMGs have been developed relying on Inoue's three empirical rules [START_REF] Inoue | High strength bulk amorphous alloys with low critical cooling rates[END_REF]. The Ti-Ni-Cu and Ti-Zr-Cu-Ni alloy systems have been principally investigated [START_REF] Amiya | Mechanical strength and thermal stability of Ti-based amorphous alloys with large glass forming ability[END_REF][START_REF] Matsumoto | Amorphous (Ti, Zr, Hf)-Ni-Cu ternary alloys with a wide supercooled liquid region[END_REF][START_REF] Johnson | Formation of Ti-Zr-Cu-Ni bulk metallic glasses[END_REF][START_REF] Glade | Thermophysical properties and glass forming ability in the alloy series[END_REF][START_REF] Park | Ti based bulk metallic glasses with high specific strength[END_REF]. These Ti-based BMGs combine the extraordinary properties of crystalline titanium alloys with the unique advantages of amorphous structures [START_REF] Gong | Ti-Based Bulk Metallic Glasses[END_REF]. The combination of high yield stress and strain makes Ti-based BMGs potential candidates for applications requiring high load-bearing capability and the storage of elastic energy [START_REF] Wang | A Novel Ti-based bulk metallic glasses with superior plastic yielding strength and corrosion resistance[END_REF]. Ti-based BMGs were first designed by adding large amounts of Ni and Be to achieve the highest possible glassforming ability (GFA). However, the probable release of these toxic elements in body fluid have limited their use in biomedical devices [START_REF] Kim | Glass forming ability and crystallization behavior of Ti-based amorphous alloys with high specific strength[END_REF][START_REF] Park | Enhancement of plasticity in Ti-rich Ti-Zr-Be-Cu-Ni bulk metallic glasses[END_REF][START_REF] Guo | Ductile titanium-based glassy alloy ingots[END_REF][START_REF] Tang | TiZrbase Bulk Metallic Glass with over 50 mm in Diameter[END_REF][START_REF] Gong | Effects of Fe addition on glass-forming ability and mechanical properties of Ti-Zr-Be bulk metallic glass[END_REF][START_REF] Jiang | Low-Density High-Strength Bulk Metallic Glasses and Their Composites: A Review[END_REF]. Furthermore, their long-term clinical performance is associated with unsatisfactory tribological behavior, which may result in some health concerns [START_REF] Goodman | Wear particles, periprosthetic osteolysis and the immune system[END_REF][START_REF] Wise | Human Biomaterials Applications[END_REF][START_REF] Geetha | Ti based biomaterials, the ultimate choice for orthopaedic implants -A review[END_REF]. In this context, Ti-based BMGs free of toxic elements (such as Ni and Be) were proposed for Ti-Zr-Cu-based systems. Among these systems, Ti-Zr-Cu-Pd (-Sn- Unlike the Cu-free systems that were only amorphous in ribbon form because of insufficient GFA, the Ti-Zr-Cu systems possess quite high GFA with critical diameters up to 10 mm [START_REF] Zhu | Effects of minor Si addition on glass formation and thermal stability of Ni free Ti-based bulk metallic glass[END_REF].

In addition, these alloys exhibit excellent mechanical properties with yield strengths exceeding 2 GPa [33, [START_REF] Qin | Corrosion Behavior of a Ti-Based Bulk Metallic Glass and Its Crystalline Alloys[END_REF][START_REF] Zhu | Glass-Forming Ability and Thermal Stability of Ti -Zr -Cu -Pd -Si Bulk Glassy Alloys for Biomedical Applications[END_REF], equivalent to the bone integration and bonding ability of commercially pure Ti (cp-Ti) [START_REF] Kokubun | In vivo evaluation of a Ti-based bulk metallic glass alloy bar[END_REF], as well as good corrosion resistance in simulated physiological solutions and relatively high pitting resistance [START_REF] Qin | Corrosion Behavior of a Ti-Based Bulk Metallic Glass and Its Crystalline Alloys[END_REF][START_REF] Oak | Fabrication of Ni-free Ti-based bulkmetallic glassy alloy having potential for application as biomaterial, and investigation of its mechanical properties, corrosion, and crystallization behavior[END_REF][START_REF] Oak | Investigation of glass-forming ability, deformation and corrosion behavior of Ni-free Ti-based BMG alloys designed for application as dental implants[END_REF][START_REF] Qin | Corrosion Behavior of a Ti-Based Bulk Metallic Glass and Its Crystalline Alloys[END_REF]. This good corrosion resistance is attributed to the passive behavior of these alloys and especially the enrichment of Ti and Zr within the passive film [START_REF] Qin | Corrosion Behavior of a Ti-Based Bulk Metallic Glass and Its Crystalline Alloys[END_REF][START_REF] Oak | Fabrication of Ni-free Ti-based bulkmetallic glassy alloy having potential for application as biomaterial, and investigation of its mechanical properties, corrosion, and crystallization behavior[END_REF][START_REF] Qin | XPS study on the surface films of a newly designed Ni-free Ti-based bulk metallic glass[END_REF]. Indeed, several authors have claimed that Ti-based BMGs form a uniform, stable, and protective passive oxide film on their surface [START_REF] Gong | Effects of Fe addition on glass-forming ability and mechanical properties of Ti-Zr-Be bulk metallic glass[END_REF][START_REF] Qin | Corrosion Behavior of a Ti-Based Bulk Metallic Glass and Its Crystalline Alloys[END_REF][START_REF] Oak | Fabrication of Ni-free Ti-based bulkmetallic glassy alloy having potential for application as biomaterial, and investigation of its mechanical properties, corrosion, and crystallization behavior[END_REF]. In general, BMGs are expected to exhibit high corrosion resistance not only because of their passive behavior but also because of their chemical and structural homogeneity and lack of crystalline defects such as grain boundaries or dislocations, which could act as nucleation sites for localized corrosion. As reported by Qin et al. [START_REF] Qin | Corrosion Behavior of Ti-Based Metallic Glasses[END_REF], the expected high corrosion resistance of Ti-based BMGs has led many authors to consider only GFA, thermal stability, and mechanical properties in their studies, without focusing on corrosion behavior. However, especially for biomedical applications, Ti-based metallic glasses must possess particularly high long-term corrosion resistance in representative corrosive environments. There is thus a need to go a step further in the assessment of corrosion resistance and to better understand the corrosion behavior of Ti-based BMGs as a function of different parameters including (i) the electrolyte used, (ii) the role of the alloying elements, (iii) the distribution and homogeneity of the alloying elements within the matrix, and (iv) the presence of crystalline zones in the amorphous matrix.

The chemical composition of Ti-based BMGs has been shown to play an important role in their corrosion resistance [START_REF] Gong | Effects of Fe addition on glass-forming ability and mechanical properties of Ti-Zr-Be bulk metallic glass[END_REF]. Qin et al. [47] investigated the effects of different alloying elements on the corrosion behavior of a Ti-Cu-Ni-Zr BMG in NaCl and phosphate buffer solutions with different chloride concentrations. They observed that the addition of Nb or Ta significantly improved the corrosion resistance. Effectively, Nb or Ta contributed to the passive film chemistry but also facilitated the enrichment of Ti within the passive film, resulting in improved corrosion and pitting resistance. As another example, Wang et al. [START_REF] Wang | Effect of cobalt microalloying on the glass forming ability of Ti-Cu-Pd-Zr metallic glass[END_REF] demonstrated that microalloying with Co enhanced the corrosion resistance of a Ti-Zr-Cu-Pd alloy in simulated body fluid.

Beyond simply examining the effects of the addition of a new alloying element, the effect of the ratio of existing elements composing the alloy, especially for Cu-containing systems, may also be of interest. Indeed, improvement of the pitting resistance of Ti-Zr-Cu-Pd-Sn alloys by increasing the Zr/Cu ratio was demonstrated [START_REF] Qin | Fabrication and Corrosion Property of Novel Ti-Based Bulk Glassy Alloys without Ni[END_REF], which is consistent with the superior "biocorrosion" resistance of Ti-Zr-Cu-Fe-Sn-Si BMGs achieved by increasing the (Ti + Zr)/Cu ratio reported by Liu et al. [START_REF] Pang | New Ti-based Ti-Cu-Zr-Fe-Sn-Si-Ag bulk metallic glass for biomedical applications[END_REF]. The alloys with increased (Ti + Zr)/Cu content in this work exhibited high corrosion potential, low passive current density, and increased pitting potential.

These improvements again resulted from the formation of a surface film mainly composed of TiO2 and ZrO2. The addition of Cu to Ti-Zr-based BMGs was thus suggested to reduce the corrosion resistance. This effect is more detrimental in chloride-containing solutions [START_REF] Hiromoto | Surface characterization of amorphous Zr-Al-(Ni,Cu) alloys immersed in cell culture medium[END_REF][START_REF] Pang | Corrosion behavior of Zr-(Nb)-Al-Ni-Cu glassy alloys[END_REF][START_REF] Raju | Corrosion behavior of Zr-based bulk glass-forming alloys containing Nb or Ti[END_REF].

The effect of Cu is of particular concern for the corrosion behavior of Ti-based BMGs [36, 50, 53-55]. However, its role on the nature of the passive layer formed at the surface, on the passive behavior, and on the interaction with chloride is not well understood and may be underestimated. Thus, clarification is needed for future applications, especially those in the biomedical field.

The modification of the chemical composition of Ti-based BMGs may also have a significant effect on the metallurgical state of the BMGs and consequently on their corrosion behavior. As already mentioned, the design of BMGs relies mainly on increasing the GFA, preventing crystallization during solidification, and homogenously dispersing alloying elements within the solid solution, thereby limiting the presence of intermetallic phases. Even if the chemical composition of BMGs tends to be optimized, metallurgical defects termed "spherulites", which are spherical crystalline defects, have sometimes been reported in Zr-based In this study, we investigate the role of the substitution of 2-3 at% Cu by Sn and/or Si on the passive behavior of Ti40Zr10Cu36-(x+y)Pd14SnxSiy (with x=0 and y=0 for the reference alloy, x=2 and y=0 for that alloyed with Sn, and x=2 and y=1 for that alloyed with both Sn and Si). The passive films grown on the different BMGs are first characterized by electrochemical impedance spectroscopy (EIS) and X-ray photon spectroscopy (XPS) to assess the effect of their chemical composition on the passive properties. Applying recent advances in the study of passive materials using EIS, the impedance diagrams are analyzed using an electrical equivalent circuit (EEC) including the power-law model (PLM) to determine the capacitance of the passive film and the resistivity profile. In a second step, the pitting corrosion resistance is investigated in polarization studies in terms of metastable and stable pitting to obtain a better understanding of the microalloying effects of Sn and Si on the pitting corrosion susceptibility of BMGs. Our main goal is to understand the role of the alloying elements on the passive behavior and passive film resistance of Ti-Zr-Cu-Pd alloys and their effect on the microstructure and presence of defects.

Materials and Methods

Materials preparation and initial characterization a. Materials

Arc melting from pure elements (purities above 99.9%) was used to prepare three ingots with the targeted compositions of Ti40Zr10Cu36Pd14, Ti40Zr10Cu34Pd14Sn2, and Ti40Zr10Cu33Pd14Sn2Si1 (at.%). A tilt copper mold-casting apparatus was used to prepare 5-mmdiameter rods under a high-purity argon atmosphere. The chemical composition of the ingots was verified using energy-dispersive X-ray spectroscopy (EDX) at an acceleration voltage of 15 keV coupled with scanning electron microscopy (SEM; Zeiss Supra55, Oberkochen,

Germany).

b. Structural analysis

The amorphous nature was estimated using X-ray diffraction (XRD; Bruker AXS D8 Advance, Germany) with Cu-Kα radiation. This structural analysis was performed after processing the three BMGs.

c. Thermal stability

The glass transition temperature (Tg) and crystallization temperature (Tx) were measured using differential scanning calorimetry (DSC; Perkin Elmer, DSC-7, United States) with a heating rate of 20 K/min and a high-purity dry nitrogen atmosphere at a flow rate of 20 mL/min.

d. Defect analysis

The presence of casting defects in TiZrCuPd was investigated by SEM analysis of fractured specimens combined with transmission electron microscopy (TEM) imaging. TEM thin foils were prepared from two different locations, a defect and the matrix, to analyze their crystallographic nature (i.e., crystalline or amorphous). The TEM sample preparation was performed using a focused ion beam (FIB)/SEM workstation (NVision 40; Carl Zeiss Microscopy GmbH, Oberkochen, Germany) combining a SIINT zeta FIB column (SeikoInstruments Inc. NanoTechnology, Japan) with a Gemini I column. Gentle conditions for the TEM foil preparation were used to avoid crystallization of the metallic glass as much as possible. TEM trenches were milled with beam currents from 13 to 3 nA to enable the extraction of 1-2-μm-thick lamellas, which were then transferred and glued onto a TEM copper grid for further thinning. A 30-kV ion accelerating voltage was used with decreasing beam currents (700 to 40 pA) and probe sizes to reach a suitable foil thickness for TEM analysis (approximately 100 nm).

Corrosion resistance

The corrosion behavior of the Ti40Zr10Cu36Pd14, Ti40Zr10Cu34Pd14Sn2, and Ti40Zr10Cu33Pd14Sn2Si1 BMGs was investigated using a sequence of electrochemical measurements and compared with that of the medical grade Ti-6Al-4V reference alloy (ISO 5832-3). Electrochemical measurements were performed in a typical three-electrode cell using a potentiostat (Reference 600+, Gamry Instruments; Warminster, USA) with a graphite rod as the counter electrode and a Ag/AgCl reference electrode (RedRod, Radiometer Analytical-Hach; Loveland, Colorado, USA) (E = 0.209 V vs. SHE). The working electrode was the studied material. Both the BMG and reference samples were covered with a heat-shrinkable sheath, leaving only the tip of the cylinder in contact with the solution. Before the electrochemical measurements, the disc surface was ground down to #2400 (8 µm) using abrasive papers, following ISO 10271 standard. Aerated saline solution (0.9% NaCl, pH: 7.4

(ISO 10271)) was used as the electrolyte at 37 °C. This solution was selected because of the potential application of the studied materials in dental and biomedical devices. The electrolyte was prepared from NaCl (Carlo Erba Reagents, Val de Reuil, France) and deionized water (resistivity 18 MΩ cm, Aquadem Veolia, France).

a. Passive film analysis

Electrochemical techniques and analysis

Open-circuit potential measurements were performed for up to 24 h to stabilize the samples in the saline solution and ensure the stationary of the system required for EIS experiments. 
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As generally observed in the high-frequency domain in passive material studies, enhanced graphical representations are used to provide evidence of the constant phase element (CPE)

behavior and estimate the related parameters [59, 60]. The mathematical formulation for the CPE is
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The α parameter of the CPE is determined by measuring the value of the plateau of the corrected phase angle in the suitable frequency range (φadj(plateau)= -90α). Q, the CPE coefficient, is estimated from the value of the plateau of a plot of the calculated pseudo-capacitance (Qcal) vs. log(frequency):
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As demonstrated in recent studies [61-63], the dielectric capacitance of an oxide film grown on a passive material can also be graphically determined using the complex capacitance representation. The complex capacitance is calculated using the ohmic-resistance-corrected impedance data:
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From the complex capacitance plot (imaginary part vs. real part of the capacitance), extrapolation of the real part of the capacitance to high frequency leads to an estimated value of the capacitance of the oxide film, Cox [START_REF] Tribollet | EIS Technique in Passivity Studies: Determination of the Dielectric Properties of Passive Films[END_REF][START_REF] Benoit | Comparison of different methods for measuring the passive film thickness on metals[END_REF]. The thickness of the oxide film is then calculated using the formula of a parallel-plate capacitor:
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where εox is the relative permittivity of the oxide (here, for titanium-rich oxide, εox= 50 [64]), ε0 is the vacuum permittivity (ε0 =8.85 10 -14 F cm -1 ), and δox is the oxide thickness.

According to some authors [65, 66, 67], when high-frequency CPE behavior is observed at a passive material/electrolyte interface, the PLM is a suitable and relevant mathematical approach that provides a description of the oxide properties. In this model, the CPE behavior and the related distribution of time constants, are the consequence of the normal distribution of the resistivity through the passive film. This model considers that the resistivity varies along the oxide thickness following a modified power law, as described as a function of the normal coordinate, x, here:
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Here, ρ0 and ρδ are the limit values of the resistivity at the metal/oxide and oxide/electrolyte interfaces, respectively, and γ is calculated from α (γ=1/(1-α)). Assuming that the permittivity along the oxide is uniform and for a frequency domain lower than fδ=(2πρδεoxε0) -1 , Hirschhorn et al. [START_REF] Orazem | Dielectric Properties of Materials Showing Constant-Phase-Element (CPE) Impedance Response[END_REF] proposed the following analytical expression of the impedance of the oxide film:
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where g is defined as
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By applying graphical methods, the value of ρδ can be estimated using equation [START_REF] Wang | Bulk Metallic glasses[END_REF]. Thus, almost all of the parameters associated with the capacitive behavior of the oxide film can be directly or indirectly determined using graphical methods. With this methodology, it is worth mentioning that the capacitance graphically determined [61, 62] and the effective capacitance deduced by the PLM [66] are approximatively the same. In both cases, the major parameter involved in the calculation is the thickness.

To describe the overall behavior of the BMG/electrolyte interface, impedance spectra were analyzed by fitting the data according to an electrical equivalent model including the PLM. The electrical equivalent model accounts for the electrolyte resistance (Re) in series with the PLM impedance (which represents the capacitive behavior of the oxide), which is in parallel with a R1 + CPE2/R2 circuit. This type of circuit is generally used when the impedance spectra exhibit two defined time constants as for an electrode covered by a porous or heterogeneous layer. This model is often used to study the electrochemical behavior of titanium alloys in saline solution [START_REF] Ouerd | Reactivity of Titanium in Physiological Medium I. Electrochemical Characterization of the Metal/Protein Interface[END_REF][START_REF] Cvijović-Alagić | Composition and processing effects on the electrochemical characteristics of biomedical titanium alloys[END_REF][START_REF] Hu | Influence of concentrations of chloride ions on electrochemical corrosion behavior of titanium-zirconium-molybdenum alloy[END_REF]. Further details on the physical meanings and values of R1, CPE2, and R2 will be provided in the discussion section. Finally, the total impedance, associated with the equivalent electric model used for the three BMGs, is expressed as
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In the present work, the oxide grown on the BMGs is assumed to dominate the capacitive response of the interface at high frequencies, and thus, the double-layer capacitance is neglected for the modeling of the impedance spectra. The EEC related to this impedance is presented in 

XPS analysis

The passive oxide film formed on the surface of the BMG after 6 h of immersion at EOCP was characterized using XPS (Thermo-Fischer K-Alpha+, Waltham, Massachusetts, USA) with monochromatized Al-Kα excitation (hν = 1486.6 eV) and an analyzed area diameter of 200 µm.

Atomic quantification of the elements was performed from detailed XPS spectra. Data were recorded in high-resolution mode in the range of 452-470 eV for Ti 2p, 178-188 eV for Zr 3d, 925-960 eV for Cu 2p, 330-350 eV for Pd 3d, and 480-500 eV for Sn 3d. The thickness of each passive oxide film was calculated using equations suggested by Strohmeier [71],

considering the proportion of the oxide and metal forms and a film composed of 100% titanium oxide (to facilitate the calculation). The thickness of the passive oxide film δ is expressed as
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where λox is the inelastic mean free path of a photoelectron in the oxide, θ is the incident angle of the X-ray beam (electron take-off angle), Nmet is the average atomic concentration of metal in the analyzed surface (volume density of metal atoms in the metal), λmet is the inelastic mean free path of a photoelectron in the metal, Iox is the intensity of the photoelectron oxide peak, Nox is the average atomic concentration of the oxide in the analyzed surface (volume density of metal atoms in the oxide), and Imet is the intensity of the photoelectron metal peak. Even if the determination of the mean free path values provides the main uncertainty, this calculation was mainly used to obtain estimated thickness reliable and consistent with impedance measurements.

Benoit et al. evaluated that the discrepancy in thickness due to the choice of the values of the mean free path is approximatively 15% [62].

b. Pitting resistance

Potentiodynamic polarization

After the EIS measurements, polarization curves were recorded at a scan rate of 0.166 mV/s from -0.5 to +1 V vs. Ag/AgCl. As the materials studied were passive materials, the current density and the length in potential of the passive plateau were principally investigated. The pitting potential (Epit) was also determined from the polarization curve. The potentiodynamic polarization tests were repeated at least six times for each composition to ensure high repeatability of the results. The pitting probability was calculated as a function of the potential after potentiodynamic polarization experiments on six different samples for each alloy. The mean pitting potential was then calculated and defined as the potential at which an alloy has a 50% probability to pit. For clarity, only one representative curve for each material will be shown.

The repeatability of the measurements was evaluated by calculating the standard deviation (SD), as indicated in the tables summarizing the results.

After the electrochemical tests, the corroded surface morphology of the specimens was further examined using SEM.

Metastable pitting behavior

Potentiostatic experiments were performed at 0.2 or 0.3 V vs. Ag/AgCl for 1 h on each material after 6 h at EOCP to stabilize the samples in the electrolyte and after the EIS measurements. At each applied potential, the current was recorded as a function of time and the final current density was measured. One sample of each BMG was tested at 0.2 V vs. Ag/AgCl and 0.3 V vs. Ag/AgCl. The pitting rate was also calculated as a function of the applied potential.

Potentiostatic staircase experiments were performed with an initial OCP step during 6 h to stabilize the samples in the electrolyte. EIS spectra were then recorded. Finally, several potentiostatic polarizations were performed successively at 0.1, 0.2, 0.3, and 0.4 V vs. Ag/AgCl

for 1 h at each potential value. At each applied potential, the current was recorded as a function of time and the final current density at each step was measured. Two different samples for each composition were tested. The pitting rate was then calculated as a function of the applied potential.

Results

Materials characterization a. Chemical composition and amorphous state

The chemical compositions of the alloys determined using EDX (Table 1) corresponded well to the target compositions (Ti40Zr10Cu36Pd14, Ti40Zr10Cu34Pd14Sn2, and Ti40Zr10Cu33Pd14Sn2Si1

(at.%)). The XRD patterns of the three BMGs in Figure 2 only show the presence of typical amorphous humps.

b. Thermal stability

The glass transition temperature (Tg), onset temperature of crystallization (Tx), and supercooled liquid region (∆Tx = Tx -Tg) are shown on the DSC scan in Figure 3 and are summarized in Figure 3 and Table 1 show that the addition of Sn and Si had a beneficial effect on the thermal stability of TiZrCuPd with an improved GFA, with a more significant effect with the addition of both Si and Sn compared with simple Sn addition. This finding is consistent with previous results in the literature the TiZrCuPd melt, they are considered good glass formers. As Si has a lower heat of mixing and a higher atomic-size mismatch with Ti than does Sn, alloying with Si leads to a higher increase in the GFA than alloying with Sn, which is consistent with the ΔTx values (51 °C and 60°C for TiZrCuPdSn and TiZrCuPdSnSi, respectively) (Table 1). However, as demonstrated Consequently, to achieve an enhanced GFA, the constituting elements must be chosen to simultaneously increase the negative enthalpy of mixing and modify the effective viscosity of the alloy. For the three tested alloys, Thermo-Mechanical Analysis (TMA) (not shown in the present study) has demonstrated that alloying with Sn and Si leads to a higher overall effective viscosity of the alloy. According to [77], the increase of the viscosity is higher with Sn and Si addition than with Sn only. These results confirmed the DSC measurement.

c. Defect observations

Figure 4 presents SEM images of the fracture surfaces of the TiZrCuPd, TiZrCuPdSn, and TiZrCuPdSnSi BMGs after mechanical testing and representatives TEM images of a casting defect and the BMG matrix. The SEM images reveal that only the non-alloyed TiZrCuPd material showed evidence of large, visible, and randomly dispersed casting defects, ranging between 10 and 350 µm in diameter. For both the TiZrCuPdSn and TiZrCuPdSnSi samples, as no defects were visible on the fracture surface or inside the samples, only the matrix was investigated. The high-resolution TEM images reveal that the three BMGs were fully amorphous, even at the nanoscale. In contrast, the observed defects appeared to be crystalline, consistent with previous findings [56 -58]. EDX analysis revealed that the chemical composition of the spherulites was similar to that of the amorphous phase. These crystalline spherulites were not detected by XRD measurements. In the presented figures, no casting defects were observed in the TiZrCuPdSn and TiZrCuPdSnSi BMGs. However, for TiZrCuPdSn, these spherulite defects were a posteriori detected in some samples.

Passive film behavior at EOCP

The for TiZrCuPd, TiZrCuPdSn, and TiZrCuPdSnSi, respectively) (Figure 5 and Table 2). This result indicates the similar electrochemical reactivity of the three BMGs with comparable kinetics (~ 5 h needed to stabilize the EOCP value). In contrast, for Ti-6Al-4V, the time required for stabilization of the EOCP was longer (~20 h needed to stabilize the passive film formed at the surface), which implies that it takes longer to reach the redox equilibrium on the surface, which was likely already oxidized in air. After 24 h, all four alloys exhibited similar EOCP, with Ti-6Al-4V showing an OCP value of 191 mV vs. Ag/AgCl (Table 2), suggesting an oxidized surface with common features and indicating that the electrochemical interfaces of the BMGs and Ti-6Al-4V appeared comparable.

The EIS spectra of the three tested BMGs after 6 and 24 h of immersion in 0.9% NaCl solution are displayed in Figures 6a-d TiZrCuPdSnSi. For TiZrCuPdSn, the capacitive loop was roughly the same, and the curves at 6 and 24 h overlapped, except for a slight increase at low frequencies. All three BMGs exhibited similar behavior after 24 h of immersion.

Figure 7 shows examples of the deconvolution of the Ti 2p, Zr 3d, Cu 2p, Pd 3d, and Sn 3d XPS spectra measured for the three BMGs after immersion in 0.9%NaCl for 6 h. The Ti 2p spectrum (Figure 7a) consists of one set of 2p3/2 and 2p1/2 peaks of the oxidized state. The peaks at ~459 and ~465 eV are assigned to Ti 2p electrons of Ti 4+ ions. As the Ti 4+ feature were mainly identified on the Ti 2p peak, it was difficult to properly define the contribution of the metal form. Ti was thus considered to be fully in the oxidized form. In Figure 7b . The oxide film was mainly composed of titanium and zirconium oxides (64%-75% and 14%-20%, respectively); however, a large amount of copper oxide was also detected (8%-18%). The tin oxide plays a minor role in the film, making up only 1%-2% of the total oxide composition. This is related to its low content and the fact that it may also appear in metal form underneath the film. These results are in good agreement with the results obtained by Qin et al. [START_REF] Qin | XPS study on the surface films of a newly designed Ni-free Ti-based bulk metallic glass[END_REF]. They observed that the underlying metal surface was enriched with Cu, Sn and Pd and depleted in Ti and Zr, which mainly contributed to the passive film. Therefore, it appears that the addition of Sn and Si in the alloy does not lead to a significant modification of the oxide film nature and that all three BMGs possessed a similar passive film at their surface after 6 h at EOCP. These results may be explained by the fast oxidation of elemental Ti and Zr compared with Cu or Sn, as elemental Ti and Zr have a high negative heat of formation of oxide compared with elemental Cu [START_REF] Sharma | XPS study of the initial oxidation of the bulk metallic glass Zr46.75Ti8.25Cu7.5Ni10Be27.5[END_REF]. Figure 9 presents SEM images of the three BMGs after immersion at OCP for 6 h and potentiodynamic polarization from -0.5 to 1 V vs. Ag/AgCl in 0.9% NaCl. Pitting and crevice corrosion were observed for all the samples. The crevice corrosion may be related to the low scan rate and the ending conditions used in this study or to the use of the heat-shrinkable sheath.

Potentiodynamic polarization curves and susceptibility to stable and metastable pitting

TiZrCuPd was the most degraded with a completely damaged surface fully covered by corrosion products. TiZrCuPdSn was less degraded with a metallic surface still visible but was covered by numerous pitting sites. Notably, the pattern of the pitting damage was not completely random, suggesting that some nucleation sites must exist and act as preferential sites for pit propagation. The spherical morphology and size of the pits coincided with the morphology of the casting defects observed on the fracture surface of TiZrCuPd (Figure 4) and of those previously reported for Ti-based BMGs with similar compositions [55, 58]. These microstructural defects appear to be favorable for pit initiation for both TiZrCuPd and TiZrCuPdSn BMGs. TiZrCuPdSnSi exhibited the highest resistance against pitting with a softly damaged surface containing only one or two pitting sites and an absence of casting defects.

Therefore, the three BMGs exhibited three different pit morphologies directly related to the alloy composition, the presence of internal casting defects, and likely also the chemical homogeneity of the amorphous matrix of the materials.

The pitting probability is plotted as a function of the applied potential for the three different

BMGs in Figure 10. The mean pitting potential, the potential at which the probability of pitting is 50%, was 362, 393, and 464 mV vs. Ag/AgCl for TiZrCuPd, TiZrCuPdSn, and TiZrCuPdSnSi, respectively (the values are shown in Table 2). This increase in mean pitting potential is in perfect agreement with the potentiodynamic polarization curves (Figure 8) and SEM analysis of the surfaces after the potentiodynamic experiment (Figure 9). These results highlight the improved resistance against pitting of TiZrCuPdSnSi and TiZrCuPdSn relative to that of TiZrCuPd, with the highest resistance observed with the addition of both Sn and Si.

An example of the variation of current as a function of the applied potential on TiZrCuPd during a potentiostatic staircase experiment is shown in Figure 11. The number of pitting events increased with increasing applied potential with stable pitting reached at 0.3 V, characterized by an extremely high current. Two minor pitting events can be observed at 0.1 V, and two more important pitting events are observed at 0.2 V with a final current density of 0.039 µA/cm 2 . At 0.3 V, stable pitting was reached with a final current density of 240 mA/cm 2 . During potentiostatic experiments, the final current densities values for all the BMGs ranged from between tens of nA/cm 2 to hundreds of nA/cm 2 at applied potentials of both 0.2 and 0.3 V, except for TiZrCuPd, which exhibited visibly stable pitting at 0.3 V, as illustrated in Figure 11.

The pitting rate is plotted as a function of the applied potential obtained after both potentiostatic and staircase tests for the three tested BMGs in Figure 12. An increase in pitting rate was observed for TiZrCuPd upon increasing the potential with stable pitting reached at 0.3 V for the two tested samples used during the staircase measurement. Similar results were observed for the samples tested in potentiostatic mode at 0.2 and 0.3 V. Both TiZrCuPdSn and TiZrCuPdSnSi exhibited a stable number of pitting events (almost zero) with increasing potential during the staircase measurement and then a fast increase of the pitting rate at 0.4 V.

Both BMGs exhibited stable pitting at 0.4 V for at least one of the two tested samples. Stable pitting was not observed for the second tested samples, even at 0.4 V. During the potentiostatic experiment, no pitting events were observed for TiZrCuPdSn and TiZrCuPdSnSi at 0.3 V. At 0.2 V, and a small pitting rate of 0.116/cm 2 .min was observed for TiZrCuPdSn. Ti-6Al-4V also showed a stable number of pitting events (almost zero) with increasing potential. Neither of the two tested samples of Ti-6Al-4V achieved stable pitting, even at 0.4 V during the staircase experiment. Similar results were observed for the Ti-6Al-4V samples tested in potentiostatic mode at 0.2 and 0.3 V.

Discussion

Passive film on BMGs

As shown in Figure 5 and Table 2, the three BMGs exhibited similar EOCP values after 6 and 24 h of immersion in 0.9%NaCl solution, indicating that the three alloys tended to form the same oxide film at their surface. XPS analysis (Figure 7 and Table 3) confirmed that the nature of the passive oxide film was comparable for the three BMGs and that the film was mainly composed of Ti oxides (60%70%), Zr oxides (10%-20%), and Cu oxides (10%-20%). Thus, no significant differences were observed in the average chemical composition or the nature of the oxide film at the surfaces of the tested alloys.

The impedance spectra were analyzed using graphical methods and were adjusted considering the EEC presented in Figure 1. Table 4 presents the electrochemical parameters determined by graphical methods (Re, α, Qox, Cox) and by calculation using Equation ( 6) and (10) (δox, ρδ, fδ)

for the impedance diagrams after 6 and 24 h of immersion. The thickness evaluated by XPS measurement is also given.

For the three BMGs, after 6 and 24 h of immersion, the value of the CPE exponent was similar (between 0.8 and 0.9) (Table 4). This value is consistent with the presence of a heterogeneous oxide film acting as a dielectric layer. According to the PLM, this CPE behavior with such α values indicates a significant variation of the resistivity through the oxide film. The value of Qox was also similar for the three BMGs for both exposure times. Nevertheless, the capacitance determined by extracting the high-frequency limited capacitance showed two trends. For TiZrCuPd, the capacitance was approximately 5.9 µF.cm -2 , corresponding to a thickness of approximately 7.5 nm, whereas for TiZrCuPdSn and TiZrCuPdSnSi, the capacitance was between 7 and 9 µF.cm -2 , indicating a thickness of 5-6 nm (Table 4). These results are in good agreement with the order of magnitude generally obtained for passive films on titanium or aluminum alloys and are consistent with the estimated thickness determined by XPS (δXPS) (Table 4). On one hand, adding Sn or Si appears to have induced a slight thinning of the passive layer. On the other hand, the calculated resistivity ρδ was to some extent higher for TiZrCuPd than for the alloyed materials. The latter result suggests that the contribution of Sn in the passive film induced a chemical difference at the passive film/electrolyte. The associated frequency fδ of a few kHz indicates that the PLM could be used from this frequency range to low frequency and explains the small deviation between the experimental results and fitting curves at higher frequencies (Figure 6).

The electrochemical parameters obtained from the adjustment of the experimental data with the EEC are provided in Table 5; their deviations are also indicated. It is worth mentioning that the values of the parameters determined using the fitting procedure were close to those previously determined (the same order of magnitude and/or similar values). Only minor differences were observed between the fitted and the calculated values of ρδ and δox for TiZrCuPdSn and TiZrCuPdSnSi. The ρ0 values are provided without their deviations in Table 5, and it is noticeable that the value was the same regardless of the material. It remains difficult to accurately determine this parameter by fitting because its associated frequency is in the very low frequency domain. ρ0 is related to the limit resistivity at the metal/passive film interface.

Its value is relatively high for that of a dense and compact oxide. For example, the resistivity of bulk TiO2 is between 10 13 and 10 18 Ω.cm [79, 80]. Resistivity profiles through the passive film thickness obtained using Equation 7 are plotted on Figure 13. For all the tested materials, a small plateau was observed in the resistivity profile at the metal/passive film interface with different lengths depending on the material, followed by power-law decay. The length of the plateau was approximately 0.7-0.8 nm for TiZrCuPd and between 1 and 1.2 nm for the other two BMGs. According to the transition-layer model, this plateau characterizes the dense inner layer of the oxide film, and the decay can be attributed to the progressive hydration of the oxidehydroxide outer layer and to heterogeneous chemical composition within the passive film.

The four parameters α, ρ0, ρδ, and δ are linked to the non-faradaic branch of the EIS measurement. According to Charki et al. [START_REF] Chakri | Improved EIS Analysis of the Electrochemical Behaviour of Carbon Steel in Alkaline Solution[END_REF], they are also related to the ionic contribution of the passive film and the anodic contribution within the EIS response. The other parameters must be linked to the faradaic process, which can be mainly attributed to a cathodic process at EOCP (oxygen reduction reaction). As previously mentioned, a second time constant is required to analyze the low-frequency domain within EIS diagrams. However, it is worth mentioning that the impedance diagrams, shown in Figure 6, did not exhibit two well-defined time constants.

These time constants were overlapped and the proposed fitting of the second time constant remains an assumption based on literature [68-70].

For the three BMGs, the values of R1 and R2 are high, on the order of 10 5 and 10 6 Ω.cm 2 , respectively. These high values suggest the protective behavior of the oxide layer. The Q2 values were equivalent for all the BMGs at 6 and 24 h; however, the exponent of the second CPE was more sensitive to the material. The α values were close to 0.5-0.6 for TiZrCuPdSn and TiZrCuPdSnSi, whereas they were between 0.7 and 0.9 for TiZrCuPd, indicating that the behavior of TiZrCuPd differs from that of the two BMGs alloyed with Sn and Si. Indeed, for TiZrCuPdSn and TiZrCuPdSnSi, the values of α suggest the occurrence of a diffusion process or the presence of a tortuous porous structure, whereas for TiZrCuPd, the values indicate the presence of an electrochemical double layer or another electrolyte/oxide interface inside the pores on the passive film (Table 5). For the latter, the evolutions of R1, R2, and α, which all increased with immersion times, likely indicate modification of the interface due to the formation of corrosion products within the porous structure of the initial passive film. This difference in behavior also suggests that the passive film is heterogeneous, likely due to the heterogeneous chemical composition of the solid solution underneath. Furthermore, the increase of R1 and R2 was associated with a local densification of the passive film reducing the movement of ions or reactive species inside the porous structure. For TiZrCuPdSn and TiZrCuPdSnSi, the fitted parameters evolved marginally between 6 and 24 h of immersion (Table 5). Only the resistances slightly increased, suggesting densification of the passive layer.

This slight modification of the second time constant (R2, Q2 and α2) for TiZrCuPdSn and TiZrCuPdSnSi may be attributed to the diffusion of oxygen that is limiting the faradaic process.

The effective capacitance, CBrug, associated with the Q2 was calculated with the modified Brug formula related to a surface distribution and generally used to estimate double layer capacitance

[66]. The capacitances determined for TiZrCuPdSnSi, in a lesser extent for TiZrCuPdSn, were smaller than for TiZrCuPd but remain in the order of magnitude of double layer capacitance for covered electrode. This slight difference may be also related to the value of α2. The increase of the capacitance is consistent with the densification of the oxide layer associated to a decrease of the active surface area.

This interpretation of the impedance diagram suggests that the chemical heterogeneity of the BMG underneath may affect the growth and structure of the passive film. The average behavior of the surface was similar for all the BMGs; however, local heterogeneity or casting defects may have induced different behavior, as mainly suggested by the value of the parameters of the second time constant. Thus, in addition to the distribution of the property or chemistry through the passive film thickness attributed to the resistivity profile, there is also a 2D dispersion spread all over the surface of the material related to the substrate chemistry or microstructure (spherulites dispersed in the amorphous matrix). This description of the heterogeneous oxide layer is consistent with the behavior of TiZrCuPd and its sensitivity to pitting phenomenon (Figure 9). Conversely, the interpretation of the EIS results for TiZrCuPdSn and TiZrCuPdSnSi suggests a more homogenous solid solution of the BMG and consequently a more homogenous passive film that is less sensitive to breakdown due to the presence of chloride ions.

Role of alloying elements on the susceptibility to pitting corrosion a. Interactions with chloride ions: Formation of complexes and hydrolysis

Depending on the chemical elements present within the passive film, the affinity with chloride ions may vary. As an example, Si, Ti, and Zr are not very reactive with Cl -ions in neutral solution; they only form solid and gaseous complexes (such as SiCl2, SiCl4, TiCl4, or ZrCl2 complexes). Conversely, Sn and Cu appear to be much more reactive with chloride ions, forming numerous aqueous precipitates and complexes that are both soluble and insoluble. Sn may form SnCl + complexes (in aqueous form with a formation enthalpy of -167.9 kJ/mol) and Cu may form CuCl 2-complexes (in aqueous form with a formation enthalpy of -240.5 kJ/mol).

Then, Sn and Cu likely react with Cl -ions, leading to the formation of chlorinated complexes in solution and inducing destabilization and thinning of the passive film. These chemical reactions must be accounted for considering the pitting corrosion of the three Cu-rich BMGs.

Furthermore, some authors have suggested that during pit growth, the local selective dissolution of Ti and Zr leaves the surface locally rich in Cu species, which then react with chloride ions to form CuCl complexed species. These CuCl complexes, in turn, undergo hydrolysis inside the pit to form a Cu2O oxide, which is then deposited within the pit [81-87]. The as-formed porous oxide is not protective and may maintain dissolution conditions for the material and propagation of the pit, which will in turn lead to an "autocatalytic reaction" with the chloride ions, as mentioned in [81]. This phenomenon was observed when weaker passive films were grown over regions with physical defects, crystalline inclusions, and chemically inhomogeneous cluster zones. These heterogeneities were observed to create favorable surface sites for the adsorption and penetration of aggressive anions such as chloride ions [START_REF] Kamachi Mudali | Pitting corrosion of bulk glass-forming zirconium-based alloys[END_REF]. In the present study, the impedance diagram analysis (Table 5) suggests that the passive film grown on TiZrCuPd (and, to a lesser extent, on TiZrCuPdSn) is not homogenous because of the presence of casting defects but also potentially due to variation of the chemical composition at the alloy subsurface. These zones may be considered regions where the passive film was weaker, promoting the autocatalytic dissolution.

b. Role of Cu in the corrosion behavior of TiZrCuPd(-Sn-Si) alloys

The pitting resistance of the three BMGs differed and appeared to be related to their Cu content.

With increasing Cu content, more damage was observed with low pitting potentials and a very narrow ΔE plateau, as for TiZrCuPd (Figures 8 and9 and Table 2). The effect of Cu on the corrosion resistance of Ti and Zr-based metallic glasses has already been discussed in the literature and appears to be a common phenomenon. For example, Tang et al. Generally, in such systems, Cu is assumed to be depleted in the passive film with a tendency to accumulate at the metal/film interface in the metallic state, drastically decreasing the corrosion resistance [81-82]. The authors reported that Cu is considered to play a central role in the pit growth mechanism of Zr-Cu-based metallic glasses and may determine their pitting resistance.

This statement is consistent with our results for the TiZrCuPd system, suggesting a reaction between the Cu and Cl ions, leading to a high sensitivity to pitting with increasing Cu content.

Gostin et al. [START_REF] Gostin | Comparing the pitting corrosion behavior of prominent Zr-based bulk metallic glasses[END_REF] observed that the pitting and repassivation potentials (Ep and Er, respectively) appear to decrease almost linearly with the Cu content. However, the corrosion potential, Ecorr, remained almost constant for all the alloys, indicating no clear dependence of Ecorr on the alloy composition or Cu content. For the authors, the similar Ecorr values of the glassy alloys studied were attributed to their similar surface chemistry (i.e., an oxide film consisting mostly of Zr oxides). In conclusion, Cu was observed to increase the pitting susceptibility of Zr-Cu-based BMGs, as confirmed by SEM and EDX analysis, which revealed the enrichment of Cu species in the porous walls of well-developed pits at the surface of the tested BMGs.

These studies all focused on Zr-based metallic glasses. However, in our case, we investigated Ti-based BMGs, which may raise some concerns about the direct translation of these conclusions to our materials. In this regard, a comparative analysis of different electrochemical results obtained on Ti-Zr-Cu-Pd-Sn BMGs was performed to highlight the effect of the Cu content on the corrosion resistance of the Cu-containing Ti-based amorphous alloys. The results from the literature are summarized in Table 6. Figure 14 shows the evolution of the corrosion potential (Ecorr), pitting potential (Epit), and ΔE parameter (defined as Epit -Ecorr) as a function of the Cu content (at%). The results from the literature (empty symbols) were compared with the values obtained in this work (full symbols), and our results were observed to be in perfect agreement with the literature values. The small variations from one study to another might be related to the differences in the electrolytes used, the sample geometry (ribbon, cylinders, or plates), or the potential sweep rates. In particular, the lower sweep rate we used (10 mV/min compared with 50 mV/min for the other studies) may explain the higher sensitivity to pitting and crevice corrosion (Table 6). Moreover, Ecorr is not affected by the Cu content, as previously observed by Gostin et al. 

c. Role of Sn and Si microalloying on the corrosion behavior of TiZrCuPd(-Sn-Si) alloys

According to the potentiodynamic polarization curves, current density measurements, potentiostatic tests, and staircase tests, TiZrCuPd appeared to be the most sensitive to pitting corrosion with stable pitting at 0.3 V of all the tested samples, whereas TiZrCuPdSn and TiZrCuPdSnSi appeared to be more resistant to stable and metastable pitting (Figures 10 and12). The main difference between the Sn-and Si-containing alloys and TiZrCuPd is that their breakdown appeared suddenly without a weakening effect at potentials lower than the stable pitting potential. Conversely, for TiZrCuPd, the pitting events increased gradually upon increasing the potential, suggesting that this alloy may be damaged even at a potential far below its stable pitting potential. This result suggests that the number of nucleation sites for pitting occurrence is higher for TiZrCuPd than for the other alloys.

Based on the previous observations, it is reasonable to assume that one of the main discriminating factors is not the mean chemical composition of the passive film (similar for all the tested material) but the local one based on the chemical composition of the substrate. Indeed, more than simply affecting the Cu content inside the alloy, the addition of both Sn and Si may play a role in the metallurgy and overall homogeneity of the bulk amorphous materials. The addition of Sn and Si decreases the ability to form crystalline phases, resulting in the absence of casting defects for TiZrCuPdSnSi. Furthermore, acting as better dispersants, Sn and Si promote a more homogenous supercooled liquid and thus a more homogenous solid solution, limiting the formation of a cluster rich in Cu. This metallurgical quality appears to consequently improve the corrosion resistance by forming a more homogeneous passive film.

Confirming this assumption, SEM analysis after the potentiodynamic tests revealed that the three BMGs exhibited completely different pit morphologies: TiZrCuPd was the most highly damaged alloy with many pits, whereas TiZrCuPdSnSi showed the least damage with very few

(1-3) pits. TiZrCuPdSn exhibited intermediate damage but with a large number of pits. For both TiZrCuPd and TiZrCuPdSn, a corrosion pattern was clearly visible, with all the composition heterogeneities and defects in the alloy acting as pit nucleation sites during potentiodynamic polarization. It is worth mentioning in Figure 9 that for TiZrCuPd and TiZrCuPdSn pitting sites are observed at the vicinity of casting defects. These "spherulites"

[56-58] observed in our previous work on TiZrCuPd [START_REF] Liens | On the Potential of Bulk Metallic Glasses for Dental Implantology: Case Study on Ti40Zr10Cu36Pd14[END_REF] were randomly dispersed inside the materials. The fact that these defects are crystalline inside the amorphous matrix, which is consistent with [55-58], cause them to act as chemical and composition inhomogeneities, therefore locally weakening the passive film and serving as pitting nucleation sites. When examining the morphology of these defects (Figures 4 and9), three possible scenarios for the pitting phenomenon can be addressed. First, the least likely situation is that the defects may corrode preferably, leading to the formation of holes at their positions. Second, a possible local galvanic coupling between the spherulites and the matrix may occur at the defect/matrix interface. This zone at the interface will then be damaged first, and the spherulites will be removed and released into the electrolyte. Finally, the visible debonding between the matrix and the spherulite will lead to the formation of an empty space where the electrolyte solution could easily infiltrate, leading to localized crevice corrosion. The SEM observations in Figures 4 and9 support the two latter hypotheses. The wide presence of these defects partly explains the low resistance of TiZrCuPd to pitting.

The corrosion behaviors of TiZrCuPd (a), TiZrCuPdSn (b), and TiZrCuPdSnSi (c) are summarized in Figure 15, where a schematic illustration of the surface reactivity after immersion for 6 and 24 h at OCP and after the polarization scan in 0.9% NaCl is presented. For all the BMGs, the passive film was mainly composed of Ti-and Zr-rich oxides but for TiZrCuPd, the passive film may be described as a dual distribution of an oxide structure related to the heterogeneity of the substrate and the potential presence of a Cu-rich cluster. One is dense and protective, and the other is more porous or defective and likely acts as preferential sites for pitting. During the immersion, the structure of the oxide is modified, likely densified by the formation of complexes between Cu, oxygen, and chloride from the solution. For TiZrCuPdSn and TiZrCuPdSnSi, the bulk materials are assumed to be more homogeneous with only a few composition heterogeneities and a few Cu-rich zones, likely related to the fact that Sn and Si act as "dispersants" in the solid solution, hindering it from forming Cu-rich clusters. Therefore, the oxide film formed at the surface is more homogenous (Figure 15b andc). After 24 h, the increase of R1 and R2 (Table 5) suggests densification of the film. However, the increase of R1 is more moderate for TiZrCuPdSn and TiZrCuPdSnSi than for TiZrCuPd, suggesting only a maturation of the passive film and not an increase in thickness.

Moreover, the addition of Sn and Si was observed to play a role in the formation and size of crystalline casting defects inside the amorphous matrix. Sn addition led to the formation of smaller spherulites, whereas the combination of both Sn and Si was observed to almost completely hinder the defect formation (Figures 4 and9). This reduction in the number of defects or their complete removal was observed to be partly responsible for the increased pitting resistance of both the TiZrCuPdSn and TiZrCuPdSnSi BMGs when compared with the nonalloyed TiZrCuPd material (Figure 15).

Therefore, the effect of the chemical inhomogeneities and the internal casting defects certainly plays a critical role in the pitting sensitivity of the alloys as chemically heterogeneous regions with higher Cu content may act as pit nucleation sites [55-58], as for TiZrCuPd and as previously reported for Cu-containing Zr-based alloys [START_REF] Schroeder | Comparison of the corrosion behaviour of a bulk amorphous metal, Zr41.2Ti13.8Cu12.5Ni10Be22.5, with its crystallized form[END_REF]. More than simply reducing the Cu content, the addition of Sn and Si has a direct role in the metallurgy and homogeneity of the alloy solid solution, leading to an improved overall chemical homogeneity, which is responsible for the better passive film resistance.

Conclusions

The corrosion behaviors of three TiZr-based amorphous alloys were studied by characterizing the passive film and evaluating the pitting corrosion resistance. A NaCl solution (0.9%) was used as the electrolyte. The role of the alloying elements, the effect of the amorphous matrix homogeneity, and the effect of the presence of crystalline phases on the corrosion were investigated.

The role of a high Cu content, leading to the formation of complexes and hydrolyses in a chloride-containing electrolyte, was demonstrated and compared with results in the literature.

Sn and Si additions combined to result in a lower (Ti+Zr)/Cu ratio and were observed to play a major role in the pitting corrosion resistance of the tested metallic glasses.

Alloying with both Sn and Si was also observed to play a beneficial role in the passive film homogeneity and pitting resistance of amorphous TiZrCuPd. These alloying elements were observed to improve the homogeneity of the amorphous alloys and reduce the formation of casting defects. On one hand, both TiZrCuPdSn and TiZrCuPdSnSi were observed to be more homogeneous, especially TiZrCuPdSnSi, leading to the formation at their surface of a homogeneous oxide film, which became denser with increasing immersion time. On the other hand, crystalline casting defects (referred to spherulites), were present inside both the TiZrCuPd and TiZrCuPdSn BMGs and were considered to act as preferential pit initiation sites and may, in part, be responsible for the lower pitting resistance of these two alloys compared with that of the TiZrCuPdSnSi BMG, which was free of defects.

To conclude, TiZrCuPd, which contained the most and largest defects combined with internal heterogeneities inside the amorphous matrix, was more sensitive to both metastable and stable pitting. Hence, alloying with Sn and Si appears to be a viable alternative to drastically improve the corrosion resistance of TiZrCuPd for potential applications requiring long-term stability in corrosive environments. 

  Si), [33 -37], Ti-Zr-Cu-Fe-Sn-Si [38, 39], Ti-Zr-Cu-Co-Sn-Si-Ag [17], Ti-Zr-Si (-Nb) [40, 41], Ti-Zr-Si-(Ta or Cu) [42], and Ti-Zr-Pd-Si [43] systems are of main interest.

  [56, 57] and Tibased [55, 58] BMGs. These defects are assumed to be related to oxygen contamination, an insufficient melting state before vitrification, or inevitable impurities [56-58] and are therefore very difficult to avoid during the casting process [56]. Spherulites have been shown to play an important role in the mechanical properties of BMGs, acting as crack initiation sites during static and fatigue tests [55, 58]. However, thus far, their effect on the corrosion behavior of BMGs has not been investigated despite their potential role in localized corrosion resistance.

  EIS measurements were conducted at 6 and 24 h at the reached open-circuit potential (Eocp) in the frequency range of 100 kHz to 5 mHz using an amplitude of 10 mVRMS and 9 points per decade. The obtained impedance diagrams were analyzed using graphical methods and a noncommercial fitting software developed at the LISE, UMR 8235 CNRS, Paris. Impedance results are presented with Nyquist plots and ohmic resistance corrected Bode representations after graphical determination of the electrolyte resistance Re. This corrected Bode plot is used to explicitly highlight high-frequency features [59]:
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 35377376 and with Inoue's three empirical rules: (i) multicomponent consisting of more than three elements, (ii) significant atomic size mismatches of over approximately 12% among the main three elements, and (iii) negative heats of mixing among the main three elements [6, 18]. Both Sn and Si exhibit a negative heat of mixing with Ti (-21 and -66 kJ/mol, respectively). Si also exhibits a significant atomic size mismatch with Ti (21.1%) compared with 8.1% for Sn [40]. Therefore, as both Sn and Si facilitate the stabilization of the supercooled liquid and frustrate the crystallization during solidification of

by

  Chattopadhyay and Murty [77], negative enthalpy of mixing, large number of elements and high atomic size differences among constituting elements are not sufficient to prevent crystallization. Chattopadhyay and Murty [77] effectively highlighted the essential role of the viscosity. It should be considered the most important kinetic property of melt alloy because of its straightforward involvement in the atomic rearrangements during phase transformations.

5 .

 5 evolution of the open-circuit potential with time for each tested BMG is shown in Figure During the first 5 h of immersion, Eocp of the three BMGs increased with time, indicating the formation of a protective surface film. After 5 h of immersion, a relatively stable value of Eocp was reached (average values for the six tested samples of 194, 156, and 204 mV vs. Ag/AgCl

  , with both the Nyquist and Bode adjusted diagrams shown. The Nyquist diagrams are characterized by capacitive loops, indicating the formation of a passive film at the surface of the three BMGs. After 6 h of immersion, TiZrCuPd exhibited the smallest capacitive loop, especially at lower frequencies where it was more evident, indicating that the reaction kinetics at the film surface were slightly faster than on the surfaces of the two other BMGs containing Sn and Si. TiZrCuPdSn exhibited the widest capacitive loop, indicating slower reaction kinetics. Intermediate behavior was observed for TiZrCuPdSnSi. After 24 h of immersion, an increase of the capacitive loops was visible for both TiZrCuPd and
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 88 Figure8presents the potentiodynamic polarization curves of the three tested BMGs and Ti-6Al-4V. The cathodic part appears to be comparable for the three BMGs, suggesting the same reactivity for the cathodic reaction occurring at the surface. Ti-6Al-4V exhibited lower current densities in the cathodic part. In the anodic part, a passive region characterized by a typical passive plateau was observed for all four tested alloys, suggesting the presence of a passive film at the surface. Even if all three BMGs exhibited good corrosion resistance at low potential, they were susceptible to localized corrosion above 300-500 mV vs. Ag/AgCl with a strong increase of current density due to pitting, as clearly visible in Figure 8. The pitting potential values are shown in Table 2. The pitting potentials increased upon decreasing the Cu content (by adding Sn and Si) with values of 381, 410, and 480 mV vs. Ag/AgCl for TiZrCuPd, TiZrCuPdSn, and TiZrCuPdSnSi, respectively. The standard deviation values indicate that TiZrCuPdSnSi exhibited the best reproducibility among the three tested amorphous alloys, suggesting a more homogeneous passive film (104, 113, and 45 mV vs. Ag/AgCl for TiZrCuPd, TiZrCuPdSn, and TiZrCuPdSnSi, respectively). Similar pitting phenomena have also been reported for Zr-based and comparable Ti-based BMGs containing Cu in chloride-containing solutions [35, 39, 43, 50-54].
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 88 studied the corrosion behavior of Zr100-xCux BMG in H2SO4 solution for Cu contents of 30, 50, 80, and 90 at.%. The alloy with the lowest Cu content exhibited the best passivation property, which was attributed to the oxidation of Zr as the major anodic reaction at the corrosion potential. Therefore, increasing the Cu content in glassy coatings was observed to reduce the passivation ability. Complementary results indicate that a lower Cu content results in higher corrosion resistance. The authors explain these results as "the competition between the oxidation of Zr atoms (ZrO2 film generation) and the oxidation-dissolution of Cu atoms, which are assumed to play the most important role in the electrochemical behavior of the Zr-Cu system" [89]. In another study, Gostin et al. [90] studied the effect of the Cu content on the corrosion behavior of Zr-Cu-Al-(Ni-Nb, Ni-Ti, Ag) (Cu 15.4-36 at.%) BMGs in a Na2SO4 + NaCl solution.
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 90 , indicating that all the TiZrCuPd(-Sn-Si) BMGs have the same oxide film chemistry (i.e., a film composed mainly of Ti and Zr oxides), which is in perfect agreement with the XPS results. Moreover, both Epit and ΔE, decreased almost linearly with increasing Cu content, which is again in perfect agreement with the results obtained for Cucontaining Zr-based metallic glasses by Gostin et al.[START_REF] Gostin | Comparing the pitting corrosion behavior of prominent Zr-based bulk metallic glasses[END_REF]. Therefore, we can conclude that the Cu content plays a crucial role in the corrosion resistance (and more precisely the pitting resistance) of TiZrCuPd (-Sn-Si) BMGs.
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 1 Figure 1. EEC used to fit the EIS spectra obtained at EOCP after 6 and 24 h of immersion for the three BMGs.
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 2 Figure 2. XRD pattern of Ti40Zr10Cu36Pd14 (x=0, y=0), Ti40Zr10Cu34Pd14Sn2 (x=2, y=0), and Ti40Zr10Cu33Pd14Sn2Si1 (x=2, y=1) (at%) BMGs showing a typical amorphous hump.
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 3 Figure 3. DSC scans of Ti40Zr10Cu36Pd14 (black line), Ti40Zr10Cu34Pd14Sn2 (blue line), and Ti40Zr10Cu33Pd14Sn2Si1 (yellow line) BMGs with their respective melting (Tg) and crystallization (Tx) temperatures.

Figure 4 .

 4 Figure 4. SEM observations of mechanical fracture surfaces of Ti40Zr10Cu36Pd14, Ti40Zr10Cu34Pd14Sn2, and Ti40Zr10Cu33Pd14Sn2Si1 BMGs with corresponding TEM images of a casting defect (labeled 1) and the BMG matrix (labeled 2). The matrix appears as fully amorphous, whereas the defects exhibit a crystalline structure.
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 5 Figure 5. EOCP potential variations as a function of time for the Ti40Zr10Cu36Pd14, Ti40Zr10Cu34Pd14Sn2, and Ti40Zr10Cu33Pd14Sn2Si1 BMGs compared with Ti-6Al-4V during 24 h of immersion in 0.9% NaCl.

Figure 6 .

 6 Figure 6. EIS spectra (Nyquist (a,c) and adjusted Bode (b,d) representations) for the three BMGs (Ti40Zr10Cu36Pd14 in black, Ti40Zr10Cu34Pd14Sn2 in blue, and Ti40Zr10Cu33Pd14Sn2Si1 in yellow) after 6 h (a,b) and 24 h (c,d) of immersion at EOCP.

Figure 7 .

 7 Figure 7. XPS spectra of (a) Ti 2p, (b) Zr 3d, (c) Cu 2p, (d) Pd 3d, and (e) Sn 3d obtained after 6 h of immersion in 0.9% NaCl for Ti40Zr10Cu36Pd14 (black dotted line), Ti40Zr10Cu34Pd14Sn2 (blue dashed line), and Ti40Zr10Cu33Pd14Sn2Si1 (yellow line) BMGs.

Figure 8 .

 8 Figure 8. Potentiodynamic polarization curve for Ti40Zr10Cu36Pd14, Ti40Zr10Cu34Pd14Sn2, and Ti40Zr10Cu33Pd14Sn2Si1 BMGs compared with Ti-6Al-4V in 0.9% NaCl.

Figure 9 .

 9 Figure 9. SEM observations of Ti40Zr10Cu36Pd14 (a), Ti40Zr10Cu34Pd14Sn2 (b), and Ti40Zr10Cu33Pd14Sn2Si1 (c) BMGs after immersion at EOCP for 6 h and linear polarization from -0.5 to 1 V vs AgAgCl in 0.9% NaCl solution. Details of the pitting sites at high magnification are shown in (d), (e), and (f) for the Ti40Zr10Cu36Pd14, Ti40Zr10Cu34Pd14Sn2, and Ti40Zr10Cu33Pd14Sn2Si1 BMGs, respectively.

Figure 10 .

 10 Figure 10. Pitting probability as a function of the applied potential calculated on six different samples for Ti40Zr10Cu36Pd14, Ti40Zr10Cu34Pd14Sn2, and Ti40Zr10Cu33Pd14Sn2Si1. The mean

Figure 11 .

 11 Figure 11.Example of the variation of current as a function of time for TiZrCuPd during staircase potentiostatic measurement (1 h at 0.1 V, followed by 1 h at 0.2 V, followed by 1 h at 0.3 V). The stable pitting was reached at 0.3 V.

Figure 12 .

 12 Figure 12. Pitting rate as a function of the potential calculated after both potentiostatic tests (empty symbols) at 0.2 and 0.3 V and staircase potentiostatic tests (full symbols) (from 0.1 V to 0.4 V with 1-h plateau at each potential value) for Ti40Zr10Cu36Pd14, Ti40Zr10Cu34Pd14Sn2, and Ti40Zr10Cu33Pd14Sn2Si1 BMGs. Two samples were tested during staircase measurements and one sample during potentiostatic tests at 0.2 and 0.3 V for each composition.

Figure 13 .

 13 Figure 13. Calculated resistivity profiles through the oxide layer obtained at EOCP after 6 h (full symbols) and 24 h (empty symbols) of immersion in 0.9% NaCl solution for the three tested BMGs.

Figure 14 .

 14 Figure 14. Variations of Ecorr (a), Epit (b), and delta E (c) as a function of the Cu content. Results from literature data (empty symbols) are compared with the values obtained in this work (full symbols).

Figure 15 .

 15 Figure 15. Schematic illustrations of the surface reactivity of TiZrCuPd (a), TiZrCuPdSn (b), and TiZrCuPdSnSi (c) BMGs after 6 and 24 h immersion in 0.9% NaCl at EOCP and after the potentiodynamic measurement.
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Table 1 .

 1 The results are consistent with values published in the literature [

33-36, 37, 48, 53, 72-75].

  

  , a doublet of Zr 3d5/2 and 3d3/2 peaks from the Zr 4+ state appeared at ~183 and ~185 eV. The Zr 0 peaks were not detectable. These results suggested that the passive film was thick enough to make the Ti and Zr metal contributions from the bulk material undetectable. Figure7cshows the

deconvolution of the Cu 2p spectrum. It was difficult to differentiate between the contribution of the metal and oxide forms for Cu from XPS measurement only. As Auger measurement (not performed in this work) is recommended to identify both contributions, the Cu distribution was discussed according to the work of Qin et al.

[START_REF] Qin | XPS study on the surface films of a newly designed Ni-free Ti-based bulk metallic glass[END_REF] 

who investigated Ti45Zr10Pd10Cu31Sn4 in NaCl. They observed that the Cu in the Cu 2+ state contributed to the passive film and the metallic state was detected in the underlying alloy surface. An example of deconvolution of the Pd 3d peaks is shown in Figure

7d

. The Zr 3p and Pd 3d peaks overlapped. However, for the Pd 3d peaks, a pair of peaks was observed at ~336 and ~341 eV, which are identified as Pd metal. Pd remained in metallic form and did not contribute to the oxide scale. Figure

7e

shows the deconvolution of the Sn 3d spectrum. The Sn 3d5/2 and Sn 3d3/2 peaks consisted of two doublets: the Sn 3d5/2 and 3d3/2 peaks corresponding to the metallic state Sn 0 are located at ~485 and 493 eV, respectively, and those corresponding to the Sn 4+ state appear at ~487 and ~495 eV, respectively. The contribution of Si was not detectable; therefore, we assume that it did not play a role in the passive oxide film formed at the surface.

Table 3

 3 presents the approximated calculated values of the proportion of each oxide composing the film after 6 h at EOCP. For the calculation, Ti and Zr are only present in the oxide form and Pd is only present in the metal form as it is known that the chemical affinity of elemental Pd to oxygen is very low at room temperature. Cu is considered in the Cu 2+ state and metallic state and the contribution of the two states was estimated from[START_REF] Qin | XPS study on the surface films of a newly designed Ni-free Ti-based bulk metallic glass[END_REF]

TABLE AND FIGURE CAPTIONS Table 1 .

 ANDCAPTIONS1 Chemical composition and thermal properties of Ti40Zr10Cu36Pd14 (x=0, y=0),

	Ti40Zr10Cu34Pd14Sn2 (x=2, y=0), and Ti40Zr10Cu33Pd14Sn2Si1 (x=2, y=1) (at%) BMGs.

Table 2 .

 2 Electrochemical properties of Ti40Zr10Cu36Pd14, Ti40Zr10Cu34Pd14Sn2, and Ti40Zr10Cu33Pd14Sn2Si1 BMGs compared with Ti-6Al-4V measured in 0.9% NaCl. EOCP 24 h represents the EOCP values obtained after 24 h of immersion, Ecorr represents the "corrosion potential", and Epiq represents the pitting potential.

Table 3 .

 3 Composition of the different oxides composing the oxide film calculated from the XPS

	results for Ti40Zr10Cu36Pd14, Ti40Zr10Cu34Pd14Sn2, and Ti40Zr10Cu33Pd14Sn2Si1 BMGs after 6 h
	of immersion at EOCP.

Table 4 .

 4 Electrochemical parameters determined by graphical representations and analysis of impedance spectra obtained at EOCP after 6 and 24 h for Ti40Zr10Cu36Pd14, Ti40Zr10Cu34Pd14Sn2, and Ti40Zr10Cu33Pd14Sn2Si1 BMGs: electrolyte resistance, CPE parameters, capacitance of the oxide, corresponding layer thickness, and resistivity at the oxide/electrolyte interface. For comparison, the thicknesses of the oxide estimated by XPS measurements are also reported.

Table 5 .

 5 Electrochemical parameters determined by fitting the impedance spectra obtained at

	EOCP after 6 and 24 h for Ti40Zr10Cu36Pd14, Ti40Zr10Cu34Pd14Sn2, and Ti40Zr10Cu33Pd14Sn2Si1
	BMGs: electrolyte resistance, PLM parameters, pore resistance, CPE parameters of the second
	time constant, charge-transfer resistance and calculated capacitance with Brug formula. The
	deviations are indicated in parentheses.

Table 6 .

 6 Electrochemical properties of different TiZrCuPdSn BMGs obtained from the literature data measured in different solutions as a function of Cu content and comparison with our results. Ecorr represents the "corrosion potential", and Epiq represents the pitting potential.

Table 1 .

 1 Chemical composition and thermal properties of the Ti40Zr10Cu36Pd14 (x=0, y=0), Ti40Zr10Cu34Pd14Sn2 (x=2, y=0) and Ti40Zr10Cu33Pd14Sn2Si1 (x=2, y=1) (at %) BMGs.

						TABLES				
				Chemical Composition (at.%)			
		Ti	Cu	Pd	Zr	Sn	Si	Tg (°C)	Tx (°C)	ΔTx (Tx-Tg) (°C)
	TiZrCuPd	40.2	36.4	14	9.4	-	-	394	435	41
	TiZrCuPdSn	39.1	35.4	14.1	9.6	1.9	-	397	448	51
	TiZrCuPdSnSi	38.6	34.9	14.1	9.4	1.9	1.0	395	455	60
	Theoretical Value	40	36-(x+y)	14	10	x	y	-	-	-

Table 2 .

 2 Electrochemical properties of the Ti40Zr10Cu36Pd14, Ti40Zr10Cu34Pd14Sn2 and Ti40Zr10Cu33Pd14Sn2Si1 BMGs compared to Ti-6Al-4V alloy measured in 0.9% NaCl. EOCP 24h stands for the EOCP values obtained after 24h of immersion, Ecorr stands for "corrosion potential" and Epiq for pitting potential.

	Alloy	EOCP 24h ( mV/AgAgCl)	Ecorr (mV/AgAgCl)	Mean pitting potential (mV/AgAgCl)	Epiq from linear polarization ( mV/AgAgCl) curves	ΔE (Epiq -Ecorr) (mV/AgAgCl)
	TiZrCuPd	194 ± 21	21 ± 71	362	381± 66	360 ± 104
	TiZrCuPdSn	156 ± 32	29 ± 61	393	410 ± 72	381 ± 113
	TiZrCuPdSnSi	204 ± 19	29 ± 10	464	480 ± 54	451 ± 45
	Ti-6Al-4V	191 ± 51	-64 ± 75	-	-		-

Table 3 .

 3 Composition of the different oxides composing the oxide film calculated from the XPS results on Ti40Zr10Cu36Pd14, Ti40Zr10Cu34Pd14Sn2 and Ti40Zr10Cu33Pd14Sn2Si1 BMGs after 6h of immersion at EOCP.

	Re
	(Ω.

cm 2 ) α Qox (µF.s α-1 .cm -2 ) Cox (µF.cm -2 ) δox (nm)

  

							ρδ	fδ	δXPS [71]
							(MΩ.cm)	(kHz)	(nm)
	6h	8.8	0.826	26.9	5.93	7.42	29.5	1.22	6.5
	TiZrCuPd								
	24h	8.4	0.821	29.3	5.86	7.55	21.6	1.66	-
	6h	9.05	0.889	25.4	8.26	5.36	7.9	4.54	6.4
	TiZrCuPdSn								
	24h	8.94	0.883	28.7	9.17	4.82	11.3	3.17	-
	6h	8.82	0.887	22.7	7.22	6.12	7.7	4.63	6.4
	TiZrCuPdSnSi								
	24h	8.3	0.879	24.3	7.82	5.66	16.4	2.18	-

Table 4 .

 4 Electrochemical parameters determined by graphical representations and analysis of impedance spectra obtained at EOCP after 6h and 24h for Ti40Zr10Cu36Pd14, Ti40Zr10Cu34Pd14Sn2 and Ti40Zr10Cu33Pd14Sn2Si1 BMGs: Electrolyte resistance, CPE parameters, capacitance of the oxide, the corresponding layer thickness and the resistivity at the interface oxide/electrolyte. For comparison, the thicknesses of the oxide estimated by XPS measurements are also reported.

	Re (Ω.cm 2 )	α	ρ0 (Ω.cm)	ρδ (MΩ.cm)	δ (nm)	R1 (kΩ.cm 2 )	α2	(µF.	Q2

s n-1 .cm -2 ) R2 (kΩ.cm 2 ) CBrug (µF.cm -2 )

  

	6h	8.4 (0.1)	0.822 (0.005)	~ 10 14 (undefined)	30.1 (0.5)	7.4 (0.2)	277 (21)	0.755 (0.079)	13.7 (0.8)	883 (122)	19.3 (0.9)
	TiZrCuPd										
	24h	8.3 (0.2)	0.832 (0.006)	~ 10 14 (undefined)	21.6 (0.8)	7.5 (1.1)	971 (19)	0.921 (0.031)	30.2 (0.7)	1276 (350)	38.4 (0.7)
	6h	8.7 (0.2)	0.889 (0.002)	~ 10 14 (undefined)	8.0 (0.2)	6.1 (0.8)	286 (35)	0.615 (0.105)	7.3 (0.5)	1521 (253)	10.4 (1.1)
	TiZrCuPdSn										
	24h	8.8 (0.2)	0.892 (0.007)	~ 10 14 (undefined)	8.5 (0.4)	6.5 (0.6)	369 (52)	0.621 (0.052)	9.5 (0.9)	2308 (441)	18.6 (1.0)
	6h	8.7 (0.1)	0.886 (0.002)	~ 10 14 (undefined)	8.1 (0.3)	6.2 (1.2)	198 (51)	0.558 (0.091)	6.4 (0.2)	2140 (245)	7.2 (0.3)
	TiZrCuPdSnSi										
	24h	8.6 (0.3)	0.883 (0.005)	~ 10 14 (undefined)	9.5 (0.4)	6.0 (0.9)	232 (44)	0.620 (0.042)	6.5 (0.2)	2519 (321)	7.9 (0.2)

Table 5 .

 5 Electrochemical parameters determined by fitting the impedance spectra obtained at EOCP after 6h and 24h for Ti40Zr10Cu36Pd14, Ti40Zr10Cu34Pd14Sn2 and Ti40Zr10Cu33Pd14Sn2Si1 BMGs: electrolyte resistance, PLM parameters, pore resistance, CPE parameters of the second time constant, charge transfer resistance and calculated capacitance with Brug formula. Deviations are indicated in parenthesis.

	Alloy	Ti	Zr	Cu	Pd	Sn	Ecorr (V/AgAgCl)	E piq (V/AgAgCl)	ΔE (Epiq-Ecorr) (mV/AgAgCl)	Solution	Potential Sweep rate (mV/min)	Sample properties	Ref
												Bulk -Ф 3	
		45	10	31	10	4	-0.1	0.6	0.7	PBS	50	mm -tilt	35
												casting	
		45	10	31	10	4	-0.075	0.545	0.62	Hank's	50	bulk-Ф 15 mm -SPS	89
		47.5 2.5 37.5 7.5	5	-0.105	0.18	0.285			Bulk -Ф 3	
		47.5 7.5 32.5 7.5	5	-0.075	0.295	0.37	Hank's	50	mm -injection	34
		47.5 10	30	7.5	5	-0.055	0.445	0.5			casting	
	TiZrCuPdSn	47.5 15	30	7.5	5	-0.015	0.395	0.41	PBS	50	Ribbon -melt	47
		47.5 15	30	7.5	5	0.005	0.445	0.44	Hank's		spinning	
		45	10	31	10	4	-0.12	0.5	0.62	HBSS			
		45 45	10 10	31 31	10 10	4 5	-0.07 0.05	0.6 0.35	0.67 0.3	PBS	50	Bulk -Ф 3 mm -tilt casting	45
		45	10	32	10	3	-0.1	0.58	0.68				
		40 40	10 10	34 34	14 14	2 2	-0.055 0.265	0.395 0.455	0.45 0.19	0.9%NaCl 0.1%H2O 2+4%Alb umin	60	Plate -3x10x75 mm 3 -tilt casting	Not publi shed
	TiZrCuPd TiZrCuPdSn TiZrCuPdSnSi	40 40 40	10 10 10	36 34 33	14 14 14	0 2 2	0.021 0.029 0.029	0.381 0.41 0.48	0.36 0.381 0.451	0.9% NaCl	10	Bulk -Ф 5 mm -tilt casting	This work

Table 6 .

 6 Electrochemical properties of different TiZrCuPdSn BMGs obtained from the literature data measured in different solutions as function of the copper content and compared to our results. Ecorr stands for "corrosion potential" and Epiq for pitting potential.
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