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ABSTRACT 
 

Ti-based bulk metallic glasses (BMGs) are potential biomedical materials due to 

their high corrosion resistance, excellent mechanical properties and good bioactivity. In 

this chapter, we report the fabrication and corrosion behavior of Ni-free TiZrCuPdSn 

BMGs prepared by copper mold casting method and spark plasma sintering (SPS) 

process. The thermal stability, microstructure, mechanical properoties and corrosion 

behavior of Ti-based BMGs have been investigated, respectively. The results reveal that 

minor addition of Sn increases the thermal stabilit and glass forming ability of as-cast Ti-

based BMGs. As-cast Ti-based BMGs are spontaneously passivated in Hanks’ solution, 

and the increasing of Zr content in the alloy systmen improves the corrosion resistance 

due to the enrichment of Ti and Zr in the passive layer. TiZrCuPdSn 

nanocrystalline/glassy alloys with small nanoparticles prepared by melt-spinning also 

exhibit high corrosion resistance due to the uniform corrosion, while the alloy with larger 

size nanoparticles shows lower corrosion resistance. The effects of sintering temperature 

on densification, structure, mechanical properties and corrosion behavior of the SPS 

sintered Ti-based BMG samples were also investigated. The high strength of the sintered 

BMG samples with high densification and without crystallization, as that of as-cast BMG 

samples, was obtained at a sintering temperature of 643 K. The anodic current density of 

the SPS sintered BMG samples is not as stable as that as-cast bulk or as-spun ribbons due 

to the crevice corrosion in Hanks’ solution. 
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1. INTRODUCTION 
 

Titanium alloys have been widely utilized in the military field, aerocraft, medical 

devices, sports cars, and some sports equipment and consumer electronics due to their high 

strength and toughness, extraordinary corrosion resistance and the ability to withstand 

extreme temperatures. BMGs as a kind of novel materials were rapidly developed in the past 

decades because of their unique properties comparing with crystalline counterparts. Ti-based 

BMGs attach much interesting in applying as biomedical materials (Qin et al., 2010). Based 

on the Inoue’s three empirical rules (Inoue, 1995, Inoue, 1997), i.e., 1) multicomponent 

consisting of more than three elements, 2) significant atomic size mismatches above 12% 

among the main three elements, and 3) negative heats of mixing among the main elements, a 

series of Ti-based BMGs have been developed by adding some elements, e. g., Ti-Cu-Ni-Co 

(Inoue et al., 1994), Ti-Cu-Ni-Zr
 
(Amiya et al., 1994), Ti-Cu-Ni-Zr-Sn (Zhang and Inoue, 

1998), Ti-Cu-Ni-Sn-B-Si (Zhang and Inoue, 2001), Ti-Cu-Ni-Sn-Be (Kim et al., 2004), Ti-

Cu-Ni-Zr-Be (Park et al., 2004), Ti-Cu-Ni-Zr-Hf-Si (Ma et al., 2004) and so on. But all of the 

Ti-based BMGs with good glass forming ability consist some toxic elements of Ni and/or Be, 

which can cause an allergy or other diseases, leading to the limitation of the application of Ti-

based BMGs in biomedical fields. Recently the Ti-based BMGs without Ni were fabricated in 

TiZrCuPdSn alloy system, which is expected to be utilized in the clinic in the future. In this 

chapter, the fabrication, thermal stability, microstructure, mechanical properties and corrosion 

behavior of the TiZrCuPdSn metallic glasses prepared by copper mold casting and spark 

plasma sintering were investigated. 

 

 

2. METHODS 
 

The master alloys of TiZrCuPdSn with different compositions were prepared by arc 

melting of the mixture of pure metals (> 99.9 mass%) in an argon atmosphere. The BMG 

samples with different diameters were prepared by injection casting into copper mold. The 

ribbon samples of 1 mm in width and 20 μm in thickness, and 3 mm in width and 60 μm in 

thickness were prepared by melt-spinning at the rotating wheel speeds of 40 m/s and 20 m/s, 

respectively. The TiZrCuPdSn glassy powders were produced by a high pressure argon gas 

atomization method. The obtained powders were pre-compacted, and then sintered. The 

sintering of the powders was carried out in a vacuum using a SPS system (SPS-3.20MK-IV). 

This system is composed of control unit, mechanical driving unit, vacuum system and the 

chamber where the sample and the dies are inside. A sheath thermocouple inserted into the 

die wall with a distance of about 2 mm from the sintered samples was used to measure and 

control the temperature. The holding time at peak sintering temperature was 10 min. A 

uniaxial pressuring method was conducted using top and bottom WC hard metal punches. The 

loading pressure was 600 MPa in the present study. The shape of the sintered samples was 

cylindrical, and the size was the diameter of 15 mm and the height of about 5 mm. The 

structure of the as-prepared samples was examined by X-ray diffraction (XRD) with Cu Kα 

radiation. Thermal stability was characterized by differential scanning calorimetry (DSC) 

under an argon atmosphere with a heating rate of 0.67 K/s and differential thermal analysis 

(DTA) with a heating rate of 0.33 K/s. Compressive tests were conducted by a mechanical 
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testing machine (Shimadzu AG-X) under a strain rate of 5×10
-4

 s
-1

. The as-cast samples for 

compressive testing are 2 mm in diameter and 4 mm in length. The SPS sintered samples for 

compression test are in a rectangular shape in size of 2.5 mm×2.5 mm×5.0 mm were 

mechanically cut out from the sintered samples and then the surfaces were polished. The 

microstructure was characterized by scanning electron microscopy (SEM) and normal and 

high resolution transmission electron microscopies (HREM). Thin foils for TEM observations 

were milled mechanically and then argon ion milled to electron transparency. TEM 

observation was carried out at room temperature using a JEM-2010 (JEOL) electron 

microscope operating at 200 kV. 

The corrosion behavior of all the samples was evaluated by electrochemical 

measurements. Prior to corrosion testing, the samples were mechanically polished in 

cyclohexane with silicon carbide papers up to frit 1500, degreased in acetone, washed in 

distilled water, dried in air and further exposed in air for 24 h. Each condition testing was 

performed at least three times for good reproducibility. Electrolytes used were phosphate-

buffer saline solution (PBS(-)) or Hanks’ solution with pH 7.4 at 310 K open to air, which 

were prepared from reagent grade chemicals and deionized water. The composition of PBS(-) 

is 8.00 NaCl, 0.20 KCl, 2.07 Na2HPO4·7H2O, and 0.2 KH2PO4, The composition of Hanks’ 

balance saline solution (g/l) is 8.00 NaCl, 0.40 KCl, 0.35 NaHCO3, 0.19 CaCl2·2H2O, 0.09 

Na2HPO4·7H2O, 0.2 MgSO4·7H2O, 0.06 KH2PO4 and 1.00 Glucose. Electrochemical 

measurements were conducted in a three-electrode cell using a platinum counter electrode and 

a saturated calomel reference electrode (SCE). Potentiodynamic polarization curves were 

measured with a potential sweep rate of 0.83×10
-3 

V/s in Hanks’ solution after immersing the 

specimens for 600 s, when the open-circuit potentials became almost steady. X-ray 

photoelectron spectroscopy (XPS) for the surface of the samples after immersion in Hanks’ 

solution at 310 K for 168 h were measured by means of a SSI SSX-100 photoelectron 

spectrometer with monochromatized Al Kα excitation (hν = 1486.6 eV). The vacuum of the 

specimen chamber for XPS measurements was ca. 7 × l0
-8

 Pa during the measurements. Alloy 

compositions were estimated by a method proposed by assuming uniform distribution of all 

the elements in the surface film (Asami and Hashimoto, 1977). 

 

 

3. RESULTS 
 

3.1. Fabrication and Thermal Stability 
 

Figure 1 and Figure 2 shows the DSC and DTA curves of TiZrCuPdSn BMGs prepared 

by copper mold casting. The glass transition temperature (Tg), the crystallization temperature 

(Tx), the onset melting temperature (Tm) and the terminal melting temperature (Tl) were 

marked in the figures. The glass forming ability (GFA) may be evaluated and predicted for 

different multicomposition by different parameters. So far many scientific efforts for 

searching proper GFA criterion for glassy alloys have been carried out. The reduced glass 

transition temperature (Trg) defined as the ratio of Tg to Tl has been successfully used to 

evaluate the GFA of various glassy alloys. The supercooled liquid (SCL) region, defined as 

the temperature interval ∆Tx ＝ Tx – Tg, was also regarded as a useful parameter of GFA 

(Inoue, 1995). The other GFA parameters γ ＝ Tx / (Tg + Tl) and δ ＝ Tx / (Tl – Tg) were also 
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used to evaluate the GFA of a glassy alloy (Lu and Liu, 2002, Chen et al., 2005). In the 

present study, the Sn content dependences of Trg, ΔTx, γ and δ are shown in Figure 3 to 

evaluate the GFA. 

The additions of Sn in replacing any element can increase the Tg. The substitutes of Ti, 

Cu and Pd by 2 % Sn can decrease the Tl, while the substitute of Zr by Sn increases the Tl. 

The substitutes of Cu and Ti by 2 ‒ 4% Sn result in higher Trg, δ and γ, being supposed higher 

glass forming ability. The addition of 2-4 % Sn to replace Ti, Cu and Pd can enlarge the 

supercooled liquid region, being supposed higher thermal stability. 

 

 
Zhu et al., 2012. 

Figure 1. DSC curves of TiZrCuPdSn BMGs. 
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Zhu et al., 2012. 

Figure 2. DTA curves of TiZrCuPdSn BMGs. 

Figure 4 shows the XRD patterns of some TiZrCuPdSn rods prepared by copper mold 

casting. The addition of 2 % Sn can improve the GFA. A full glassy structure is obtained for 

Ti40Zr10Cu34Pd14Sn2 rod with a diameter of 12 mm and Ti38Zr10Cu36Pd14Sn2 rods with a 

diameter of 10 mm. The shiny contrast on the smooth outer surface was observed for the full 

glassy samples. However, the XRD pattern of Ti40Zr10Cu34Pd14Sn2 alloy rod with a diameter 

of 15 mm shows some crystallized phases which can be identified as PdTi2, CuTi and Cu8Zr3. 
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TiZrCuPd quaternary alloy system exhibits high GFA due to large atomic size mismatches of 

Ti, Zr, Cu and Pd elements, difficulty in the precipitation of stable ZrTiCu2 compound phase 

from liquid and the negative mixing enthalpies of Pd with other constituent elements (Park et 

al., 2004). The GFA of BMGs is related to two aspects: liquid phase stability and kinetics of 

forming competing crystalline phases. Either increasing the liquid phase stability or 

suppressing crystalline phase formation can increase the GFA. In this case, the GFA is 

improved with the addition of Sn in Ti-based BMGs. The reasons are elaborated as follows. 

 

 
Zhu et al., 2012. 

Figure 3. GFA evaluation parameters of TiZrCuPdSn BMGs. 

 

 
Zhu et al., 2012. 

Figure 4. XRD patterns of TiZrCuPdSn BMGs. 
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First, the Sn-Ti, Sn-Zr and Sn-Pd pairs exhibit negative heat of mixing (‒21, ‒43 and ‒34 

kJ/mol, respectively). In a purely thermodynamic consideration, the substantially negative 

heat of mixing would result in a deeply depressed free energy curve of the undercooled liquid 

and, hence in small free energy driving forces for crystallization (Schwarz and Johnson, 

1983). This would lead to a wide composition range for metallic glass formation in a given 

system. Hence, the addition of Sn would suppress the crystalline phase formation. Second, the 

large atomic size differences between Sn (0.14 nm) and Zr or Cu (0.16 and 0.128 nm, 

respectively) should destabilize the primary crystallized phases in the melt alloy by 

introducing the complexity and size mismatch of unit cell. Also, the addition of Sn increases 

the complexities in element species. The majority of BMG compositions are associated with a 

complex multicomponent chemistry. The large complexities in element species and atomic 

sizes are believed to significantly frustrate the crystallization tendency of the undercooled 

liquid and hence to favour BMG formation at slow cooling (Greer, 1995). In addition, the 

absolute value of mixing heats between the larger atoms Sn and Zr is relatively large. Hence, 

Sn and Zr have the tendency to get together, which would result in increasing the difficulty of 

inter-atomic diffusion. Then the stability of the undercooled melt and the supercooled liquid 

would be enhanced. In the following, either GFA or thermal stability is improved. 

The Kissinger method is used to determine the kinetic constants of phase transformation 

obtained using a DSC. The details of Kissinger method was reported in (Kissinger, 1956). 

The Kissinger method can be described briefly as following equation: 

 

  (1) 

 

where β is the heating rate, Tp is the first peak temperature, R is gas constant and Ep is the 

activation energy. The plot of ln(β / Tp
2
) versus 1/Tp has a linear shape, which allows Ep to be 

calculated using the slope of the linear fit. Figure 5 shows the DSC curves measured under 

different heating rate and the Kissinger’s plot for the Ti40Zr10Cu34Pd14Sn2 glassy alloy. The 

value of activation energy Ep was calculated as 334.3 kJ/mol, which was higher than that of 

the TiZrCuPd glassy alloy without Sn (287.6 kJ/mol) (Zhu et al., 2008b). This indicates the 

improvement of thermal stability due to the Sn addition. The TiCu phase is considered as 

preferable crystallized phase for the Ti-Cu riched BMGs. Due to very low solubility of Sn to 

TiCu phase, the precipitation of TiCu phase requires the exclusion of Sn (Li et al., 2000). This 

process is an extra step compared with the glassy alloy without Sn. It would decrease both the 

nucleation and growth kinetics. Therefore, the thermal stability is improved. 

Rapid solidification technique such as copper mold casting is effective to suppress the 

formation of more thermodynamically stable crystalline phases in fabrication of the BMG 

materials. On the other hand, sample size and shape are seriously limited by the casting 

method. Powder metallurgy process can produce larger glassy alloys parts in a variety of 

shapes than those fabricated by casting method. Spark plasma sintering (SPS) process, as a 

developed rapid sintering technique, has a great potential for sintering glassy materials with 

larger size. The SPS process is a type of solid-state compression sintering technique similar to 

hot-pressing, so that the sintered samples with large size and complicated shape can be easily 

produced. Using the SPS process, a number of BMG materials and their composites have 
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been fabricated in Ni-based (Xie et al., 2008), Zr-based (Xie et al., 2007), Fe-based (Xie et 

al., 2012a) and Cu-based alloy systems (Xie et al., 2010a). The alloy powder with a 

composition of Ti45Zr10Cu31Pd10Sn4 was prepared by the argon gas atomization method. The 

as-prepared powders were classified by the sieves with different sizes. The gas-atomized 

powders in the particle size below 250 μm had a fully glassy structure. All the powders were 

spherical and smooth and irrespective of size (Figure 6). No appreciable contrast revealing the 

formation of a crystalline phase was observed on the outer surface of the particles.  

 

 
Zhu et al., 2012. 

Figure 5. DSC curves (left) and Kissinger plots (right) obtained after heating the Ti40Zr10Cu34Pd14Sn2 

glassy alloys with different heating rates. 

 

 
 

Figure 6. SEM image of the gas-atomized Ti45Zr10Cu31Pd10Sn4 alloy powder with a particle size below 

63 μm. 
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Figure 7. XRD patterns of the gas-atomized Ti45Zr10Cu31Pd10Sn4 glassy alloy powder and the sintered 

Ti45Zr10Cu31Pd10Sn4 BMG samples by the SPS process at various sintering temperatures. 

 

 

Xie et al., 2012b. 

Figure 8. DSC curves (right) of the gas-atomized Ti45Zr10Cu31Pd10Sn4 glassy alloy powder and the 

sintered Ti45Zr10Cu31Pd10Sn4 BMG samples by the SPS process at various sintering temperatures. 
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The XRD pattern of the gas-atomized Ti45Zr10Cu31Pd10Sn4 powder is shown in Figure 7. 

Only a typical diffuse diffraction pattern for a glassy phase is seen. No diffraction peaks 

corresponding to crystalline phases are observed. The DSC curve of the powders is given in 

Figure 8. The values of the glass transition temperature (Tg), the onset temperature of the 

first-stage crystallization (Tx) corresponding to the primary exothermic peak and the extent of 

the supercooled liquid region (ΔTx) are 663 K, 717 K and 54 K, respectively. The glassy 

powders with the particle size below 63 μm were used in the subsequent sintering experiment. 

The sintering was performed by the SPS process at various sintering temperatures with a 

loading pressure of 600 MPa and a holding time of 10 min. The cylindrical samples with the 

diameter of 15 mm and the height of about 5 mm were fabricated. Density of the samples was 

determined by an Archimedean method using tetrabromoethane. The relative average 

densities are 92.88 %, 99.74 %, 99.99 %, 99.85 %, and 98.60 % for the samples sintered at 

the temperatures of 623 K, 643 K, 663 K, 700 K and 717 K, respectively. The relatice density 

is higher than 98.60 % for the samples sintered at or above 643 K. The XRD patterns and the 

DSC curves of the Ti45Zr10Cu31Pd10Sn4 alloy samples sintered at various temperatures are 

shown in Figure 7 and Figure 8, respectively. The XRD patterns of the samples sintered at or 

below 643 K consist of a broad halo peak only and no sharp peaks corresponding to 

crystalline phases are observed, in agreement with the original glassy nature of the gas-

atomized Ti45Zr10Cu31Pd10Sn4 powder. Features of the DSC curves of the samples sintered at 

or below 643 K are similar to those of the original powder, namely, the glass transition, 

followed by a large supercooled liquid region and then three exothermic reactions due to 

crystallization event. The sintered samples obtained at or below 643 K show the similar Tg, Tx 

and ΔTx to those obtained for the original powder. Furthermore, the crystallization enthalpy 

(ΔH) of the first exothermic reaction peak for the samples sintered at or below 643 K is also 

similar to that of the original powder, which is 22.9 J/g. It indicates that no crystallization 

occurred during the SPS process for the samples sintered at or below 643 K. 

 

 
Xie et al., 2012b. 

Figure 9. TEM micrographs of the Ti45Zr10Cu31Pd10Sn4 BMG sample sintered by the SPS process at a 

temperature of 643 K. (a) Bright-field TEM image; (b) SAD pattern. 



Fabrication and Corrosion of Ti-Based Metallic Glasses 185 

Figure 9 shows the TEM micrographs of the sintered samples for the sintering 

temperature at 643 K. The bright-field (BF) TEM image in Figure 9 (a) shows a featureless 

contrast. Only halo rings are observed in the corresponding selected-area diffraction (SAD) 

pattern in Figure 9 (b). These indicate the absence of crystalline phase in the sample sintered 

at 643 K. However, the crystallization enthalpies (ΔH) of the first exothermic reaction peak 

for the samples sintered at temperatures of 663 K and 717 K are smaller than that of the 

original powder. It should originate from partial crystallization of the sintered samples during 

the SPS process. 

Microstructure of the sintered samples was observed by SEM. Figure 10 shows SEM 

micrographs of the cross section of the samples sintered at various temperatures. A number of 

pores are observed in the samples sintered at temperature of 623 K with a relative density of 

92.88 %, as shown in Figure 10 (a). The original morphology of the powder particles is 

maintained, though certain deformation of the powder particles can be observed. As the 

sintering temperature increases to 643 K, the pores decrease. The sintered sample with a 

relative density of 99.74 % exhibits only a few pores in the SEM image, as shown in Figure 

10 (b). No additional contrast due to a crystalline phase is observed. Although the 

identification of the boundary of the original powder particles is difficult, some traces are still 

observed. In order to obtain a better microstructure of the sintered sample, increasing 

sintering temperature or applied pressure should be effective. With increasing sintering 

temperature to or above 663 K, the contrast from the crystalline phases in the SEM images 

can be observed, as shown in Figures 10 (c) and 10 (d). 

 

 
Xie et al., 2012b. 

Figure 10. SEM micrographs of cross section of the Ti45Zr10Cu31Pd10Sn4 BMG samples sintered by the 

SPS process at various temperatures: (a) 623 K, (b) 643 K, (c) 663 K and (d) 717 K. 
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3.2. Microstructure and Corrosion 
 

We know that the tendency of a metal to passivate depends on all of composition, 

structure and solution chemistry. In general, the basic chemical composition of metals and 

alloys is often a dominative factor in controlling the relative corrosion resistance in metallic 

materials. On the other hand, metallic glasses are believed to exhibit high corrosion resistance 

as a result of absence of grain boundary and chemical homogeneity. Nanocrystalline materials 

are another kind of special materials filling the gap between amorphous materials without 

long range order and crystalline materials with a clear three dimensional long range order, 

which have a crystallite size of only a few nanometers. In this part, we discuss the 

relationship between corrosion behavior and microstructure of the alloys. 

The XRD patterns of as-prepared Ti47.5Zr15Cu25Pd7.5Sn5 rod and ribbons at different 

wheel surface velocities are shown in Figure 11. Only a halo peak appear in the XRD pattern 

of the ribbon at a rate of 40 m/s. As for the ribbon of 20 m/s, weak diffraction peaks are 

identified as cubic CuZr. While many crystalline peaks appear in the pattern of the as-cast 

rod, which are identified as tetragonal Ti3Cu4, cubic CuZr and hexagonal Ti3Sn. The average 

grain size L of a crystalline phase can be estimated from the Scherrer formula (Aronin et al., 

2001): 

 

 (2) 

 

where λ is the radiation wavelength, β is the maximum half-width and θ is the diffraction 

angle. The average grain size of the as-cast Ti47.5Zr15Cu25Pd7.4Sn5 rod is about 50 nm.  

 

 
Qin et al., 2007a. 

Figure 11. XRD patterns of the Ti47.5Zr15Cu25Pd7.5Sn5 glassy alloys. 
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Qin et al., 2007a. 

Figure 12. DSC curves of the Ti47.5Zr15Cu25Pd7.5Sn5 glassy alloys. 

The DSC curves of these as-prepared Ti47.5Zr15Cu25Pd7.4Sn5 rod and ribbons at a heating 

rate of 0.67 K/s are shown in Figure 12. The glass transition temperature (Tg) and onset 

temperature of crystallization (Tx) appear in the as-spun ribbon at 40 m/s, implying the 

formation of a mostly glassy state. The glass-transition temperature for the ribbon at the speed 

of 20 m/s is not as significant as that of the ribbon at the speed of 40 m/s. The first 

crystallization completely disappears for the as-cast bulk sample due to precipitation of 

crystalline phases in the glassy matrix, as distinguished in the XRD pattern in Figure 11. 

Figure 13 shows HREM, bright field TEM images and SAD patterns of the 

Ti47.5Zr15Cu25Pd7.5Sn5 alloys. In Figure 13 (a), the SAD pattern of the as-spun ribbon prepared 

at the speed of 40 m/s shows a diffuse halo, indicating that the main structure is a glassy state. 

However, some fine nano-particles dispersed in the glassy matrix can be observed in HREM 

image, although no obvious crystalline peaks appear in XRD pattern in Figure 11. In CuZrTi 

BMGs (Jiang et al., 2003), even if only one broad peak was found in XRD, there was a 

significant volume fraction of nano-crystals with several nanometer size embedded in the 

glassy matrix. The SAD pattern of the as-spun ribbon prepared at the speed of 20 m/s consists 

of several ring patterns superimposed on a diffuse halo pattern (Figure 13 (b)), indicating a 

mixture of nano-crystalline and glassy phases. The size of nano-particles in the as-spun 

ribbon is smaller than 5 nm although both the size and volume fraction of nano-particles in 

glassy matrix increase with a decrease of melt-spinning speed. The fraction of the residual 

glassy phase is very low. Figures 13 (c) ‒ (f) show bright field image and SAD patterns of the 

as-cast Ti47.5Zr15Cu25Pd7.5Sn5 rod. It is seen that a number of nano-particles with a diameter of 

about 50 nm are randomly dispersed in the glassy matrix. The SAD patterns in Figures 13 (d) 

and (e) are obtained from the sites 1 and 2, confirmed as Ti3Cu4 and CuZr phases. Figure 13 

(f) shows the micro-diffration pattern of small particle, which can be identified as Ti3Sn in the 

HREM. The results are consistent with those of XRD in Figure 11. From the results of 
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microstructure, it is clear that the volume fraction of nano-particles increases with a decrease 

of the cooling rate. 

 

 
Qin et al., 2007a. 

Figure 13. HREM and bright field TEM images and selected area diffraction patterns of the 

Ti47.5Zr15Cu25Pd7.5Sn5 as-spun ribbons and as-cast rod; (a) ribbon at 40 m/s, (b) ribbon at 20 m/s, (c)-(f) 

as-cast rod. 

 
Qin et al., 2007a. 

Figure 14. Anodic polarization curves of the Ti47.5Zr15Cu25Pd7.5Sn5 as-spun ribbons and as-cast rod in 

PBS (-) and Hanks’ solutions at 310 K. 
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The potentiodynamic polarization curves of the Ti47.5Zr15Cu25Pd7.5Sn5 at 310 K in PBS(-) 

and Hanks’ solutions are shown in Figure 14. For the sake of comparison the data of the 

commercial pure Ti and Ti-6Al-4V alloy were also included in the figure. In PBS(-) solution 

(Figure 14 (a)), the examined ribbons are spontaneously passivated with passive current 

density located between 10
-3

 and 10
-2 

Am
-2

 in anodic polarization curves. With further 

increasing anodic potential, the passivity breakdown occurred. On the other hand, the as-cast 

rod is directly dissolved at open-circuit potential in PBS(-) solution. The results in Hanks’ 

solution (Figure 14 (b)) are similar as those in PBS(-) solution. Both the ribbons are 

passivated in anodic branch polarization, while the current density for the as-cast rod rapidly 

increases with an increase in the anodic potential. This fact reveals that a more protective and 

denser homogenous passive film was formed on the surface of the two ribbons in the anodic 

process. Furthermore, the breakdown potentials are about 500 mV higher than the open-

circuit potentials, meaning that spontaneous pitting corrosion cannot occur in human body 

environment (Hiromoto et al., 2000). It should be mentioned that, the Ti47.5Zr15Cu25Pd7.5Sn5 

as-spun ribbons exhibit much lower passive current densities than those of the commercial 

pure Ti and Ti-6Al-V alloy in both the solutions, attributed to more protective passive film. 

We know that microstructure, composition and solution will combinedly controlling 

corrosion behavior of metals. In Figure 14, the composition and solution of the examined 

samples was same. Therefore, it is the microstructure that brings different corrosion behavior 

among different samples. The comparisons of mircro-structure and corrosion property of the 

as-prepared samples indicated that the Ti47.5Zr15Cu25Pd7.5Sn5 glassy ribbons even mixed with 

small size nano-particles showed high corrosion resistance both in PBS(-) and Hanks’ 

solutions. The Cr-rich nano-crystalline phase ennobled the pitting potential in aggressive HCl 

solution, because the formation of the hcp zirconium phase leading to an increase in the Cr 

content of the matrix was able to form thin protective Cr-rich passive films covering the

 entire Cr-Zr alloy surface (Mehmood et al., 1998). But the pitting potential of the Cr-Zr 

alloys after heat treatment was also dependent on heating temperature, i.e., the size of nano-

crystalline phases played an important role in controlling the corrosion behavior. When the 

size of nano-crystalline phases exceeded a critical size of 20 nm, the protective passive films 

could not completely cover the precipitates, resulting in the pitting potential shifts less noble. 

Therefore, the high corrosion resistance obtained for the Ti47.5Zr15Cu25Pd7.5Sn5 ribbons in 

Figure 14 may be due to the formation of nano-scale CuZr phase (Mehmood et al., 1998), 

resulting in the enrichment of Ti and Pd in the glassy matrix, which is helpful to form 

protective passive film. On the other hand, the phases are in several nanometers scale as seen 

in Figure 11. Thus high density of interface defects is expected to lie in the alloys. More 

uniform distribution of the new signal defects over the preferred corrosion attack sites allows 

the nano-crystalline alloys to maintain passivity over large potential range on the noble side 

and resist localized Cl
-
 ion attack (Rofagha et al., 1994, Mondal et al., 2005). While the 

higher passive current density was observed for the Ti47.5Zr15Cu25Pd7.5Sn5 as-cast rod 

consisting of grains of about 50 nm, indicating that an oxide film formed on the surface of 

alloy was unable to protect the alloy matrix. 
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3.3. Composition and Corrosion 
 

We also investigated the effect Zr content on the corrosion of Ti-based BMGs. The XRD 

patterns of as-cast Ti-based BMGs with different sizes are shown in Figure 15. It is clear that 

only halo peaks appear in the XRD patterns of the examined alloys, indicating that a glassy 

phase is formed in the cast alloys. 

 

 
Qin et al., 2007b. 

Figure 15. XRD patterns of the Ti47.5Zr2.5+xCu37.5-xPd7.5Sn5 BMGs. 

 
Qin et al., 2007b. 

Figure 16. Anodic and cathodic polarization curves of the Ti47.5Zr2.5+xCu37.5-xPd7.5Sn5 BMGs in Hanks’ 

solution at 310 K. 
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The potentiodynamic polarization curves of the TiCuZrPdSn BMGs at 310 K in Hanks’ 

solution are shown in Figure 16. With an increase of potential above to corrosion potential, all 

the Ti-based BMGs show a passive region where the passive current density is lower than that 

of pure Ti, indicating that the passive film formed on the surface of Ti-based BMGs is more 

protective than that of pure Ti. While pure Cu was directly dissolved in the anodic region. 

The current density in the passive region and the pitting potential of the x = 5 glassy alloy are 

lower and higher than those of the x = 0 glassy alloy, respectively. The passive current 

density of the glassy alloy with Zr content of 10 (x = 7.5) at the corrosion potential is about 

10
-3 

A·m
-2

, which is much lower than the other two glassy alloys, indicating that the film 

formed on the surface of the glassy alloys with higher Zr contents is more protective. 

However, with further increasing anodic potential, the passivity breakdown occurred. The 

pitting potential increased with increasing Zr content. Furthermore, the corrosion potentials of 

the TiZrCuPdSn BMGs are much nobler than that of pure Ti. The addition of small amount of 

Pd altered the cathodic process and resulted in a lower over-voltage for hydrogen evolution 

and as shift to the rest potential into the passive range (Tomashov et al., 1961). 

The corrosion current density (Ic), which is proportional to the general corrosion rate, 

deduced from the intersection of extrapolated cathodic and anodic Tafel lines at the corrosion 

potential in polarization curves, are also presented in Figure 17. Comparing with pure Ti and 

Cu metals, the Ti-based BMGs have much lower values in Ic. The Ic decreases with an 

increase of Zr, and Ic has the minimum value of 2.1 × 10
-4

 A·m
-2

 when x = 7.5, indicating that 

the dissolution of the Ti47.5Zr10Cu30Pd7.5Sn5 BMGs at open circuit potential is the lowest, 

corresponding to the highest corrosion resistance. We believe that the increase in Zr content 

leads to ennoblement of both the open-circuit potential and the pitting potential and the 

decrease in both corrosion current density and passive current density. 

For a better understanding of the corrosion behavior, the XPS measurement was 

performed for Ti47.5Zr2.5+xCu37.5-xPd7.5Sn5 (x ＝ 0, 5, 7.5) BMG samples after immersion in 

Hanks’ solution at 310 K for 168 h. The XPS spectra of the samples after immersion over a 

wide binding energy region exhibit peaks of carbon, oxygen, titanium, zirconium, copper and

calcium as well phosphorus. The C 1s peaks are from so-called contaminant carbon on the top 

surface of the specimens. All the oxygen comes from surface oxide. The O 1s spectra 

measured were composed of two peaks at ca.530.1 eV and ca.532.2 eV, which are assigned to 

OM oxygen and OH oxygen, respectively, where OM oxygen denotes oxygen with a metal-

oxygen bond, such as O
2− 

ions and OH oxygen. The XPS spectra of Ti 2p, Cu 2p, Zr 3d, Pd 

3d and Sn 3d peaks are composed of peaks corresponding to their oxidized states in the 

surface film and the metallic states in the underlying alloy surface. Besides alloy constituent 

elements, P 2p and Ca 2p spectra are also detected in the wide spectra for the surface of the 

glassy alloys after immersion in Hanks’ solution. P 2p electron peak is obtained at ca.133.8 

eV, which is assigned to the P 2p electron from H2PO4
-
 or HPO4

2-
, originating from the 

solution. It has been well known that calcium and phosphate ions in Hank’s solution interact 

with the surface film on Ti alloys and change the surface properties (Dhawan et al., 2005). 

Figure 18 shows the relative concentration (defined as the ratio of the cationic fraction in 

the surface film to the bulk concentration) of the elements of alloy constituents calculated 

from the integrated intensity of XPS on the surface of the glassy alloys. That is, [M
ox

] / [M
b
] 

corresponds to the enrichment or deficiency of the element [M] in the surface film relative to 
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the bulk composition, where [M
ox

] and [M
b
] denote the atomic concentration of element M in 

oxide (surface film) and bulk alloy, respectively. 

 

 
Qin et al., 2007b. 

Figure 17. Corrosion current density of the Ti47.5Zr2.5+xCu37.5-xPd7.5Sn5 BMGs in Hanks’ solution at  

310 K. 

 

 
Qin et al., 2007b. 

Figure 18. Ration of cationic element [M] (Ti, Zr, Cu, Pd and Sn) in the surface film to the bulk in the 

surface film to the bulk for Ti47.5Zr2.5+xCu37.5-xPd7.5Sn5 BMGs ([M
ox

] / [M
b
])after immersion in Hanks’ 

solution at 310 K for 168 h. Superscripts “ox” and “b” denote values in “oxide” and “bulk”, 

respectively. 
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Xie et al., 2012b. 

Figure 19. Potentiodynamic polarization curves of the Ti45Zr10Cu31Pd10Sn4 BMGs prepared by the SPS 

process at various sintering temperatures in Hanks’ solution at 310 K. 

 

 
Zhu et al., 2008a. 

Figure 20. Compressive stress-strain curves of as-cast TiZrCuPdSn BMGs. 
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Xie et al., 2012b. 

Figure 21. Compressive stress-strain curves of as-sintered Ti45Zr10Cu31Pd10Sn4 BMGs sintered at 

various temperatures. 

The values higher and lower than unity mean enrichment and deficiency, respectively. 

Comparing the changes in the element fractions of the surface film for different composition 

samples after immersion in Hanks’ solution, it is seen that the Ti concentration is much higher 

than that of bulk composition in the alloys, mostly due to its high affinity with oxygen. In 

addition, the Zr content is also higher than that of the bulk alloys. The Cu relative 

composition is much lower than 1.0 and slightly decreased with the increasing of Zr because 

of Cu is unstable element in electrolytes open to air. As indicated by the result of polarization 

curves in Figure 16, much lower corrosion current densities and passive current densities have 

been obtained for the alloy with higher concentrations of Zr. It is noticed from the results 

above mentioned that the Ti47.5Zr10Cu30Pd7.5Sn5 (i.e., x = 7.5) alloy has the highest glass-

forming ability and higher corrosion resistance within the examined specimens. Zr was 

enriched with addition of Nb in Cu-Zr-Ti bulk glassy alloy, and the high corrosion resistance 

obtained was ascribed to the formation of Zr-rich and Ti-rich surface film in Cl
- 

ion 

containing solutions (Asami et al., 2004). The better corrosion resistance of ZrCuNiAl glassy 

alloys in comparison with ZrTiNiCuBe glassy alloys has also been reported in different 

solutions and the reason is attributed to higher amount of Zr in the alloys. In this study, high 

concentrations of Ti and Zr have been obtained after immersion. Hence, the enrichment of Ti 

and Zr in the passive film is responsible to the higher corrosion resistance of the Ti-based 

glassy alloys in Hanks’ solution. 

It is well known that titanium oxides are very stable in many solutions. The TiZrCuPdSn 

BMGs consisting of non-toxic elements is promising for biocompatibility. In Figure 16, at the 

initial stage of anodic polarization, specimens are all spontaneously passivated due to the 

protective film formed on the surfaces of the specimens. Although the increase of anodic 

potential pitting corrosion is initiated, the pitting potentials are from 280 mV to 480 mV 

higher than the open circuit potentials for the different compositions, suggesting that the 

spontaneous pitting corrosion does not occur in the human body environment. Certain 

amounts of Ca and P were also detected on the surface of the Ti-based metallic glasses. Co-
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existence of Ca and P is prerequisite for the formation of hydroxyapatite. Calcium phosphates 

could be naturally formed on the surface of Ti and Ti-6Al-4V alloys in simulated body fluid 

(Hanawa and Ota, 1991). Ca
2+

 and P
5+

 ions in Hanks’ solution selectively interact in TiO2 

surfaces immediately after immersion, causing a change in TiO2 surfaces, which induce 

nucleation of calcium phosphates on the surface (Hodgson et al., 2002). 

From the XRD and DSC results (Figure 7 and Figure 8) for SPS sintered samples, partly 

crystallization occurred during the process of SPS for the samples sintered at 663 K and 717 

K. the corrosion behaviour of sintered samples were also studied in Hanks’ solution at 310 K. 

Figure 19 shows the potentiodynamic polarization curves of the as-sintered Ti-based BMG 

samples prepared at various sintering temperatures. The Ti-based BMG samples sintered by 

the SPS process exhibit an anodic current density between 10
-3

 and 10
-1

 A·m
-2

. All the 

examined samples present higher corrosion potential than that of pure Ti and Ti-6Al-4V 

alloys indicating higher stability of the examined BMG samples at free corrosion condition. It 

is seen that the passive current densities and pitting potentials are dependent on the sintering 

temperature. Although the passive current densities of the BMG samples sintered at 623 K, 

663 K and 717 K is relatively low, the current density increases in the whole passive region, 

indicating that the passive films are unstable to protect the substrate. In other words, crevice 

corrosion seems to occur during the process of anodic polarization. The curve for the BMG 

sample prepared at 643 K exhibits a flat passive region with a higher pitting potential. The 

relatively density of the BMG sample sintered at 643 K is 99.74 %. At the same time, no 

crystallization occurred during the SPS process when the sintering temperature is 643 K or 

lower. Therefore, the stable passive region and higher pitting potential of the BMG sample 

sintered at 643 K is due to the good combination of dense state and remaining glassy 

structure. While the reason that current density is rather high is still not clear. From the 

corrosion properties of TiZrCuPdSn BMGs (Figure 14, Figures 16 ‒ 19), all of prepared Ti-

based BMG samples show similar corrosion behavior in Hanks’ solution. And some 

differenences originating the different content and microstructure were observed. The current 

density of the SPS sintered BMG samples is not as stable as that as-cast bulk or as-spun 

ribbons due to the crevice corrosion, and higher Zr is beneficial for decreasing passive current 

density and increasing pitting potentials. 

Mechanical properties were also investigated by compressive testing of the Ti-based 

BMGs prepared by both methods of copper mold casting and spark plasma sintering. The 

reported fractured strength is an average value of at least three sintered samples at each 

sintering temperature. Figure 20 shows the compressive stress-strain curves of as-cast 

TiZrCuPdSn BMGs at room temperature. With addition of 2 ‒ 4% Sn, the compressive 

strengths of BMGs have no significant change and ranges from 2000 ‒ 2050 MPa. However, 

the plastic deformation behavior is different. According to our previous work, the substitute 

of Cu by 2 % Sn can improve the plasticity significantly due to the formation of “weak” Cu-

Sn pair (Zhu et al., 2008a). However, the substitute of Ti by 2% Sn does not improve the 

plasticity. Even, the substitute of Ti by 4% Sn would decrease the plasticity. The compressive 

properties of SPS sintered Ti45Zr10Cu31Pd10Sn4 BMGs have also been evaluated at room 

temperature. Figure 21 shows the nominal compressive stress-strain curves for the samples 

sintered at various temperatures. The SPS process is an electrical sintering technique. The 

pulse electric current directly flows through the sintered powder materials in the SPS process. 

Due to the focused current and Joule heat at the bonded interface between powder particles, 

the temperature at the contact interfaces between powder particles, especially at low relative 
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density, should be higher than the average temperature for the sintered samples. The local 

high temperature can enhance the formation and growth of the neck between powder 

particles, and improve the properties of the sintered samples. The sample sintered at 623 K 

suffers from numbers of pores and has a low relative density. Consequently, it exhibits low 

fracture strength (Figure 21). Partially crystallized samples which were sintered at 663 K and 

717 K also exhibit lower fracture strength. While the sample sintered at 643 K shows the 

strength of over 2000 MPa, which is similar as that of as-cast samples, due to the high density 

and remaining of the glassy phase. On the other hand, the sintered BMG composites could 

improve the plastic deformation ability (Xie et al., 2008, Xie et al., 2010b) which makes the 

workability enhance, it gives us another interesting research topic in the future. 

 

 

CONCLUSION 
 

In this chapter, we report the fabrication, thermal stability and corrosion of TiZrCuPdSn 

metallic glasses prepared by copper mold casting and spark plasma sintering. Minor addition 

Sn is effective to improve the glass forming ability and thermal stability of Ti-based BMGs. 

All of prepared Ti-based BMG samples show similar corrosion behavior in Hanks’ solution. 

And some differenences originating the different content and microstructure were observed. 

The SPS sintered BMG samples is not as stable as that as-cast bulk or as-spun ribbons due to 

the crevice corrosion, and higher Zr is beneficial for decreasing passive current density and 

increasing pitting potentials in Ti-based BMGs in Hanks’ solution. The as-cast Ti-based 

BMGs exhibit strengths over 2000 MPa. The BMG sample sintered at 643 K show the 

strength similar as that of as-cast BMG samples due to high density and remaining of the 

glassy state, while the BMG samples with a low density or partial crystallization exhibit much 

lower fracture strength. On the other hand, it is expected that the sinterted BMG composites 

could improve the plastic deformation ability which makes the workability enhance. In one 

word, Ti-based BMGs have a high potential applying as biomedical materials. However, the 

optimization of the combination of the size, corrosion and mechanical properties including 

biocompatibility of the Ti-based BMGs needs more systematic investigation. 
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