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Porous Ti-based alloys are currently considered for application in biomedical 

implants owing to similarity of their mechanical properties with those of human 

bone, potentially eliminating the risk of so-called stress shielding. In this work, 

Ti-30Nb-13Ta-2Mn at.% porous alloy, also referred to as foam, was obtained by 

the powder metallurgy approach using (NH4)2(CO3) as space-holder. The foam 

samples were immersed to simulated body fluid after 504 h at 37 ºC and the 

effect of exposure was evaluated by using electrochemical techniques. In 

addition, microstructure was examined by means of scanning electron 

microscopy, X-ray diffraction, Archimedes method and nitrogen adsorption 

isotherms analyzed according to the Brunauer–Emmett–Teller theory. The 

results revealed two pore size distributions that are modified distinctively during 

exposure. Whereas macroporosity decreased consistently in time, microporosity 

evolved to a stable structure in the first hour of exposure to produce an active 

area of 0.57 m2/g. The electrochemical analysis revealed a passive behavior 

evolving during exposure due to competitive formation and dissolution of 

corrosion products at the pores. It is concluded that macroporosity alone is 

insufficient for explaining corrosion performance of the alloy foam.  

 

1. Introduction 

The interests of biomedical industry in light-alloys foams has been motivated by 

their potential application in the ever greater prevalence of degenerative 

diseases, such as arthritis, arthrosis, and osteoporosis among others. The parts 

of human body that are mostly affected are the hip, knee, shoulder, and ankle 
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[1], requiring replacement of the degeneratied part in order to avoid pain and 

restore the biological function. The number of the related surgical intervetions is 

at rise with the estimation of 174% growth for the primary total hip arthroplasty 

(THA), from 208,600 in 2005 to 572,000 by 2030, and staggering 673% for the 

primary total knee arthroplasty (TKA), from 450,000 in 2005 to 3.48 million 

procedures by 2030 [1,2]. At the same time, the increasing life expectancy 

requires that the impants may be implemented with minimum risk and maintain 

their reliability over a longer time. In particular, the physical and mechanical 

properties of the implant  would ideally be in agreement with the native bone 

tissue, not only in terms of mechanical strength or flexibility but also 

biocompatibility, allowing for osteointegration and sustained bio-functionality [3]. 

Further, it should be considered that any product of materials degradation may 

cause inflammation, allergic reactions possibly compromising  the normal 

function of the implant or even be released to the blood flow [4]. 

The alloys that are conventionally used for joint implants include 316L stainless 

steels (316LSS), Co-Cr alloys and Ti-based alloys. Although the first two 

options have been preferred for their widely tested biocompatibility (and also the 

ecomic aspect), their mechanical properties are far from compatible with elastic 

modulus of about 200 GPa as compared with 2 to 30 GPa of the hard bone 

tissue. Whereas, Ti-based alloys have elastic modulus closer to that of human 

bone and additionally display low density, high specific strength, biocompatibility 

and good corrosion resistance [1–4]. The first generation of Ti-alloys featured 

Al, V, Ni and Co as alloying elements that improved significantly the mechanical 

properties but produced toxic effect upon the event of (tribo)corrosion. Second 
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generation alloys have been developed non-toxic alloying elements, such as 

Nb, Mo, and/or Zr [3–16].  

Independent of the type alloy, a further opportunity for improving the short- and 

long-term bio-functional performance of an implant is by introduction of porosity. 

The presence of pores reduces the elastic modulus and, in case of 

interconnected porosity, allows for a stable long-term fixation by increasing the 

effective surface area at which osteointegration can take place. Pore size, pore 

shape and porosity are crucial to the process of osteogenesis [17,18]. However, 

the increase of the porosity in the metallic alloy implies the increase of the 

active surface area to be in effective contact with the surrounding body fluid, 

which in case of release and build-up of corrosion product increases the risk of 

aseptic failure as compared with a bulk alloy. Although total joint replacements 

for osteoarthritis and rheumatoid arthritis are effective interventions, release of 

corrosion products and wear debris remain the major factor limiting their time of 

service with signs and symptoms often not being clinically apparent until late 

stages of tissue destruction.  

Up to now, electrochemical studies on porous Ti-based alloys focused on 

identifying the relation between porosity and corrosion performance. Alves et al 

[19] observed that a variety of Ti-alloy concepts fabricated by the powder 

metallurgy technique increase in corrosion current (Icorr) is associated with 

higher porosity. Fangxia Xie et al. [20,21] studied Ti-xMo porous alloys (x taking 

values of 4, 6, or 8 wt.%) obtained by selective laser sintering observing that 

lower porosity correlates with a shift of corrosion potential (Ecorr) in the anodic 

direction and reduction in Icorr, which was interpreted as increased corrosion 
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resistance. As compared with their bulk counterparts, porous materials were 

shown to be generally more susceptible to electrochemical degradation, 

explained by a larger effective surface area determined by the size and 

morphology of the interconnected pores. Although bulk alloys provide better 

corrosion performance, the requirement of elastic modulus and technological 

implications of producing bulk alloys, porous alloys remain attractive for 

biomedical applications. 

The main goal of the present work is to extend the understanding of the 

electrochemical behavior of a Ti-based alloy with a porosity grade close to 40% 

after being exposed to a simulated blood plasma fluid. Electrochemical 

measurements and surface analytical techniques are employed along with 

microstructural characterization at two levels of pore hierarchy, i.e. macro- and 

micropores. 

 

2. Experimental 

 

2.1 Samples 

Alloy foams of Ti-30Nb-13Ta-2Mn at.% were fabricated through the powder 

metallurgy technique with space holder, using elemental powders of Ti (99.5%, 

<45 μm, NOAH Technologies), Nb (99.9%, <44 μm, NOAH Technologies), Ta 

(99.9%, <44 μm, NOAH Technologies) and Mn (99.9%, <44 μm, NOAH 

Technologies). The powders were mechanically alloyed in a RETSCH PM400 

ball mill for the effective duration of 50 h, under protective Ar atmosphere and 

ball to powder weight ratio of 10:1. The alloy powder was then mixed with the 
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desired volume fraction of (NH4)2CO3 50 wt.% serving as space holder. Rod test 

samples with 8 mm of diameter were produced by uniaxial pressing to 400 MPa 

and thermal treatment of the resulting cylinders for 3 h at 1250 ºC under 

protective Ar-atmosphere. The foam sample surfaces were mechanically 

polished with SiC paper ranging from 320 to 2000 grits followed by diamond 

paste (3 and 1 µm) on a polishing cloth to obtain a mirror surface. Later, each 

polished sample was rinsed with acetone and was put in an ultrasonic cleaner 

for 10 min. Finally, it was rinsed with distilled water and dried in air at room 

temperature. 

 

2.2 Microstructural and mechanical characterization 

The morphology of microstructure was evaluated by a field emission-scanning 

electron microscope (FE-SEM, QUANTA FEG 250) equipped with energy 

dispersive spectrometer. To determine the macroporosity of the foams the 

Archimedes principle was employed according to the Standard Test Method 

ASTM C373-88. The active area associated with the microporosity of the foams 

was determined using Brunauer–Emmett–Teller (BET) equation (BET, 3-FLEX). 

The crystalline phases were evaluated prior and after exposure to simulated 

body fluid (SBF) by means of X-Ray powder diffraction (XRD) using a 

multipurpose powder diffractometer STOE STADI MP equipped with a 

DECTRIS MYTHEN 1K detector and operated with Cu Kα1-source (λ = 1.54056 

Å). Mechanical strength of the foams in the elastic range of deformation was 

estimated employing the Gibson–Ashby model [22], which relates elastic 

modulus (�) and relative density (�) of a porous metal by Eq. (1)  
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� = ��� � ���	


       (1) 

where �, �� and	��  are a phenomenological constant, elastic modulus of the 

bulk alloy (non-porous), and density of the bulk alloy, respectively. 

 

2.3 Exposure and electrochemical characterization 

For the electrochemical measurements, a three-electrode cell was used with a 

graphite rod as counter and saturated calomel electrode (SCE) as reference 

electrode. A rod of Ti-30Nb-13Ta-2Mn at.% alloy foam of 0.28 cm2 cross-

sectional exposed geometrical area was used as working electrode and was 

mounted in a rotating disc electrode kit (OrigaTrod, Origalys). The electrolyte 

was a SBF corresponding to a Ringer’s solution with chemical composition in 

g/L: 9.00 NaCl, 0.43 KCl, 0.20 NaHCO3, and 0.24 CaCl2. The test cell was 

maintained at a constant temperature of 37 ± 1 °C f or the duration, which was 

either 2, 24, 72, 168, 336 or 504 hours. Electrochemical measurements were 

carried out using potentiostat/galvanostat (VSP, Biologic). Anodic and cathodic 

polarization curves were obtained at a scan rate of 0.1 mV·s−1 starting from E = 

OCP–50 mV to 0 V vs SCE. The electrochemical impedance measurements 

were obtained at OCP and collected over a frequency range of 3 mHz to 20 kHz 

with eight points per decade using 10 mV peak-to-peak sinusoidal voltage for 

the experiments. The impedance diagrams were analyzed by regression 

procedure based on a simplex strategy with a home-developed software 

(Simad). 

 

3. Results and discussion 
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3.1 Morphological and mechanical characterization 

The SEM micrographs in Figure 1 display a random structure of the alloy foam’s 

porosity with observable distribution of pore sizes and irregular shape of 

individual pores. Prior exposure to SBF, the predominant pore size observed 

visually is below 10 µm with scare presence of larger pores (> 50 μm); however, 

all of the porosity seems to be interconnected. The smaller pores especially well 

visible in Fig. 1B are typical to sintered metal, whereas the larger pores 

correspond to the size of carbonate space-holder vaporized in the process (see 

Figure 1A and 1B). After exposure, characteristics of the porosity are visibly 

changed in that the smaller pores become smaller and the number of the larger 

pores increases. The apparent decrease of the smaller pores might be 

attributed to the deposition of corrosion products, which is supported by the little 

modification of micropores’ appearance observed at longer time of exposure 

(see Figure 1C to 1F).  

The change of porosity with time of exposure is also observed quantitatively in 

the values obtained by the Archimedes method and shown in Fig. 2. In the initial 

stage of exposure (below 200 h), porosity first decreases and then increases 

indicating also a possible build-up of corrosion products at the interior of the 

pores. However, the accumulated amount is not constant in time and an 

occasional increase in porosity may be observed when a thinner layer is 

present or a possible corrosion products dissolution reaction take place. For the 

longer exposure times, a slight decrease of the porosity was observed which 

could indicate a passive film formation on the metallic foam that is in agreement 

with the SEM micrographs shown in Fig. 1.  
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The active area and distribution of pore size with pore volume as estimated by 

the BET equation is shown in Fig. 3. The shape of the isotherm is indicative to 

macroporous materials [23], i.e. pore sizes > 50 nm, according to IUPAC 

classification. Although the method is not suitable for quantifying the larger 

pores observed in the SEM micrographs, it is the smaller pores that make most 

of the effective surface area at which electrochemical reactions take place. 

Considering the low adsorption behavior of the N2 in the specific surface area of 

the foam, the active area determined by the BET equation was 0.57 m2/g, which 

is attributed to the microporosity of the alloy. From this data, the active area 

participating in electrochemical reactions was estimated for the foam mass of 

0.85 g considering that 3/5 of the cylinder’s height was immersed. The resulting 

3000 cm2 was then used for analysis of electrochemical data. This value is 

assumed to be valid for all times of exposure, although minor deviation is 

possible due to corrosion of the metallic surface and/or formation of corrosion 

products. On the other hand, the existence of pores larger than 50 nm is not 

excluded (Fig. 3B), which is consistent with the SEM micrographs shown in Fig. 

1. 

Mechanical properties of the alloy foams were quantified to verify compatibility 

with natural bone tissue. The elastic modulus estimated by Eq. (1) for C = 1 

[24,25], �� = 147.98 GPa and �� 	= 12.1 g/cm3, yielded 12.95 ± 1 GPa, which is 

consistent with 15 GPa reported for  foams of similar composition and porosity 

[25], the difference being attributed to the bimodal structure specific to the 

material used in this study. However, the difference is irrelevant considering 

elastic moduli reported for femur human bone are in the range between 8.69 
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and 18 GPa [26,27], and proving  the Ti-30Nb-13Ta-2Mn foam mechanically 

suitable for biomedical applications [28]. 

 

3.2 Electrochemical results 

The effective surface area, i.e. the active area used for interpretation of the 

electrochemical data was estimated from the BET surface area as described 

previously. Figure 4A shows a Nyquist diagrams obtained from electrochemical 

impedance spectrum of the alloy foam recorded after the longest exposure time 

at E = OCP. The shape of the curve represent a typical  impedance response of 

a porous electrode consisting of a metal in passive state [29]. The interfacial 

impedance can be associated with the impedance of an oxide layer which, in 

turn, can be represented approximately by a constant phase element (CPE) 

behavior [30]. In case of a porous electrode, the simplest approach is to employ 

the de Levie model, developed for the simplified geometry of cylindrical pores of 

equal length. The impedance of which may be described by (Eq. 2): 

( ) 










=

0

021
00 Z

R
cothZRZ /

pore l     (2) 

where R0 (in Ω cm-1) and Z0 (in Ω cm) are the electrolyte’s resistance and the 

interfacial impedance for a one-unit length pore, respectively [29–32]. However, 

by applying this formula with 
( )αωjQ

Z
1

0 =  , where Q and α are CPE 

parameters, it is not possible to regress with confidence over the entire 

frequency range. In fact, it is only suitable for describing the high frequency 

range (HF), in which the pore’s impedance reduces to Eq. 3: 
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( ) 21
00

/
pore ZRZ =       (3) 

A good quality of adjustment was obtained for the experimental data in the 

frequency range between 13 kHz and 0.13 Hz (see Fig. 4A) (and fit parameters 

of Re = 56.8 Ω, Q/R0 = 1.8 10-4 F/Ωs(1-α), α = 0.7 and χ2 =  0.7, where χ2 is a 

goodness of fit test. Although the fit is of satisfying quality, it should be kept in 

mind that the model describes an average geometry, which is not the case of 

the material studied here. The complexity of the porosity and its effect on the 

electrochemical response can be observed on the corrected Bode plot, as 

shown Fig. 5, where the phase shift does not follow a monotonic tendency over 

the entire range of frequency. The effect of the porosity on the impedance 

response may be also seen in Figure. S1 of the Supplementary Material, in 

which a comparison of impedance response is provided between the same alloy 

produced with and without space holder and thus containing bimodal and 

microporosity, respectively. For this reason, a different model is employed for 

fitting the very low frequency (VLF) range. In this case the impedance is 

described by Eq. 4 according to Lasia [32]: 

( )αωjQ
RZ porepore

1+=      (4) 

The five points measured in VLF range (between 3 mHz and 9.5 mHz) are well 

fitted by the previous formula. The fitted parameters are: Rpore = 106.1 Ω, Q = 

0.1211 F/s(1-α), α = 0.90, χ2 = 1.09. Fit parameters obtained for the all the 

exposure time are summarized in Tab. 1. The fact that the α values obtained in 

the HF and VLF ranges are different indicates that the de Levie model is not 

applicable directly. This is again explained by the irregular pore geometry, 
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which unlike the de Levie model assuming cylindrical pore shape, is too 

complex to be described by a simple analytical function. However, it is possible 

to consider that in the VLF range the impedance of the pore is the impedance of 

a plane electrode with a surface corresponding to the value estimated from BET 

surface area. Note that Q and α values were obtained as was described in Ref 

30 and the values are in agreement with a passive oxide layer with a thickness 

of few nanometers, as shown Table 1. Further, the resistance of pores, Rpore, 

may be expressed by:  

23 rn
R s

pore
π

ρ l=       (5) 

where n is the number of pores. As shown Table 1, Rpore decreased with time of 

exposure. If the pore geometry is not changing with time of exposure, then the 

resistivity in the pores ρs is also decreasing with time, which is agreement with 

an increase of ion concentration inside the pores due to the metal corrosion. 

 

Table 1: Impedance fit parameters of Ti-30Nb-13Ta-2Mn alloy after exposure to 
SBF solution.  

 
t / h Rpore / Ω Q / F/(cm2s1-α) α 

2 182.0 1.1·10-5 0.93 
24 151.5 6.6·10-6

  0.85 
72 155.0 2.9·10-5 0.86 

168 110.5 2.9·10-5 0.85 
336 112.0 4.0·10-5 0.88 
504 106.1 4.1·10-5 0.90 

 

On the other hand, polarization curves recorded after impedance spectroscopy 

(Fig. 6) corroborate the passive behavior of metal after all the times of 

exposure; although a shift of the corrosion potential (Ecorr) in the cathodic 
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direction is observed, as well as a slight increase of the anodic current density 

for shorter time of exposure and its decrease for the longer exposure times (see 

insert in Fig.6). Considering the results of EIS analysis, the modulation of 

anodic current indicates an ongoing competition between formation and 

dissolution of corrosion products along the time of exposure. It should be noted 

that the polarization test might have an effect on the response of the sample, as 

shown Figure. S2 of the Supplementary Material, which shows that the 

impedance response was modified that might be attributed to evolution of the 

corrosion process and passive oxide film. This is consistent with the low-

crystallinity products and justifies the necessity of testing parallel samples rather 

than returning to expose samples that were already tested. 

 

3.3 XRD analysis 

Figure 7 compares XRD patterns recorded prior and after exposure to SBF. In 

the initial microstructure (t = 0 h) reflections of Ti-based solid solutions are 

identified corresponding to crystal structures typical to β-phase (Im-3m) and α-

phase (P63mm/c). In addition, reflections corresponding to three distinctive 

titanium oxides are found: TiO, TiO2 and Ti2O3, with crystal structure of Fm-3m, 

Pbca and R-3c, respectively. These titanium oxides are typical to high 

temperature exposure during the sintering process. Although sintering was 

conducted in Ar atmosphere, exposure of the metallic precursors to oxygen 

prior mechanical alloying and oxygen impurity of the protective gas is sufficient 

for the oxide formation due to high reactivity of Ti. There are no Nb or Ta oxides 

observed in the diffraction pattern indicating the formation of solid solution with 
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the Ti matrix. After 336 h of exposure the peaks corresponding to high 

temperature oxide are not observed; whereas in addition to the Ti-alloy phases 

and additional peaks are found corresponding to titanium carbide (TiC) with 

cubic crystal structure cF8 (Fm3m). Further, a decrease in the intensity of the 

α –phase reflections is observed, which is explained by its relatively higher 

susceptibility to corrosion as compared with the β –phase [33] and sustained by 

the emergence of TiC as corrosion product due to presence of carbon in the 

SBF solution. Finally, there are no crystalline phases of oxides or hydroxides 

after exposure indicating that these corrosion products, evidenced by the 

electrochemical analysis, are either present in very small fraction of volume or 

the remain amorphous. This last observation is consistent with the effect of 

polarization testing on the impedance response (Figure. S2). 

 

4. Conclusion 

In this study, electrochemical evaluation of porous Ti-30Nb-13Ta-2Mn in long 

term exposure to simulated body fluid was conducted in the context of 

microstructure evolution in the process. The as-sinterized random pore 

structure of the alloy foam, consisting of interconnected pores of irregular shape 

and two pore size distributions corresponding to macro- and micropores, was 

found to be affected distinctively at the two levels of hierarchy. Whereas the 

macropores increased in number and size incrementing porosity in time, the 

micropores were stabilized in the first hours of exposure. The electrochemical 

response was found to be mostly determined by the competitive processes of 

formation and dissolution of corrosion products at the pores’ walls as 
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demonstrated by EIS. The analysis revealed the complexity of the porous 

electrodes that questions the possibility of direct correlation between porosity 

and corrosion performance due inhomogeneity of the passive film at the inner 

surface that is determined not only by the pore volume. 
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Figure 1: SEM micrographs of Ti-30Nb-13Ta-2Mn foams prior and after 
exposure to SBF solution at 37 ºC: (A) and (B) correspond to the initial 

microstructure, (C) and (D) after 72 hours of exposure, (E) and (F) after 504 
hours of exposure. 

  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Figure 2: Porosity of Ti-30Nb-13Ta-2Mn foam in function of time of exposure to 
SBF solution at 37 ºC as determined by the Archimedes principle. 
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Figure 3: BET adsorption isotherm (A) and calculated pore volume (B) of Ti-
30Nb-13Ta-2Mn foam after exposure to SBF for 72 hours. 
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Figure 4: Nyquist diagrams of Ti-30Nb-13Ta-2Mn after being exposed in SBF 

solution at 37 ºC. (A) correspond after 504 hours of exposure,  
(�) Fitting in high frequency range, (  ) fitting in very low frequency range and 

(�) experimental data. (B) correspond after (�) 2, (▲) 24, (�) 72, (�) 168, (�) 
336 and (�) 504 hours of exposure time. 
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Figure 5: Phase of the corrected Bode plot of Ti-30Nb-13Ta-2Mn after 504 
hours in SBF solution at 37 ºC. (�) Fitting in high frequency range and (�) 

experimental data. 
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Figure 6: Polarization curves of Ti-30Nb-13Ta-2Mn as a function of exposure 
time in SBF solution at 37 ºC. The insert shows associated anodic corrosion 

currents obtained from at E = 0.05 V and E = 0.1 V vs SCE. 
(�) 2, (▲) 24, (�) 72, (�) 168, (�) 336 and (�) 504 hours 
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Figure 7: XRD patterns of Ti-30Nb-13Ta-2Mn prior and after 336 hours of 
exposure to SBF solution at 37 ºC. (�) β-solution solid; (∆) α-solution solid; (�) 

TiC; (▲) TiO2; (�) TiO; (�) Ti2O3. 
 


