
ww.sciencedirect.com

j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 3 ; 2 4 : 8 7 3 5e8 7 5 3
Available online at w
journal homepage: www.elsevier .com/locate/ jmrt
Improving mechanical properties and antibacterial
response of a/b ternary TieTa alloy foams for
biomedical uses
C. Aguilar a,**, F. San Martı́n a, C. Martı́nez b, B. C�amara c, F. Claverı́as c,
A. Undabarrena c, M. Sancy d, V. Salinas e, L. Mu~noz f,*
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a b s t r a c t

This study investigates the potential of TieTaeSn alloys for biomedical applications due to

their excellent mechanical properties and biocompatibility, with a particular focus on their

use in trabecular bone replacement. Thisworkaims to analyze the influence that of Snhason

themechanical properties and antibacterial response of a�b ternary Tie13TaexSn (x:3, 6, 9,

and12at.%) alloy foams.TheTi-basedalloysweredesignedconsidering threeaspects; (i) final

microstructure, (ii) alloying element types, and (iii) thermodynamics while using MAAT and

ThermoCalc software. The alloys were obtained by mechanical alloying, with used milling

times being 30 h for Tie13Tae3Sn, 10 h for Tie13Tae6Sn, 10 h for Tie13Tae9Sn, and 15 h for

Tie13Tae12Sn. The foams were obtained using NaCl as the space holder (50 v/v% porosity)

and consolidated by a hot pressing method at 780 �C for 30 min, applying a load of 40 MPa.

Both the Staphylococcus aureus ATCC 6538 strain and Escherichia coli ATCC 8739 strain were

used to evaluate the antibacterial responses of Ti-based alloy foams. The Ti-based alloy

foams were composed mostly by a mix of a and b-phases. The metallic foams exhibited

relative homogeneous pore distribution with a size between 100 and 450 mm and having an

average porosity slightly higher than 50%. The samples showed elastic modulus values be-

tween 1 and 2 GPa, compressive yield strengths over 150 MPa, and microhardness over

450 HV. All Ti-based alloy foams showed no antibacterial activity nor bacterial adhesion,

indicating that there is bacterial adhesion inhibition.

© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
Titanium and its alloys are widely used in scientific and

technological applications in various areas such as; aerospace,

nuclear, car, marine, and biomedical, due to their high

strength to weight ratio, relative lower density, excellent

corrosion resistance [1e3], and biocompatibility with the

human body [4]. In the aerospace field, Boeing and Airbus

companies forecasted that the use of Ti-based alloys per plane

is expected to increase in the coming years due to their high

resistance to creep and oxidation, good formability, and

favorable strength/density ratio [5]. In the nuclear industry,

Ti-based alloys are used as a beam window materials [6]. In

the car industry, Ti-based alloys are used for fabricating

connecting rods, valves, wheel rim screws, and suspension

springs for racecars [3], whereas, in marine industries, these

alloys are used in desalination plants, as well as cooling sys-

tems in seawater-cooled power plants [3]. Titanium and Ti-

taniumalloys arewidely used inmedical devices because they

meet several criteria due to their mechanical properties,

corrosion resistance, and biocompatibility [7e11]. In dental

implants, the most commonly used materials are commer-

cially pure (cp) Ti (grade 2 and grade 4) and Tie6Ale4V alloy

that undergo a surface treatment to optimize contact between

bone cells and the device [12]. The disadvantages of cp-Ti for

biomedical applications include a higher elastic modulus,

relatively low mechanical strength, and low wear resistance

[13]. Also, Tie6Ale4V alloys are used as orthopedic re-

placements due to their noteworthy combination of me-

chanical properties (strength and ductility) [14]. The main

disadvantages of an Tie6Ale4V alloy are, (i) Al and V ions can

be released into the human body [15,16], which could

contribute in loosening of hip, knee prostheses and increases

the probability of diseases such as dermatitis, Alzheimer,

neuropathy, and osteomalacia [17,18] and damage to the

nervous system [19,20], and (ii) the elastic modulus is larger

than that of the human bone, producing a stress-shielding

effect [21]. This effect is attributed to the fact that the metal

implant supports a disproportionate part of the load

compared to the load supported by the bone [22]. As conse-

quence, a stiffness mismatch between the implant materials

and human bones causes bone resorption and eventually

loosening of the implants.

Regarding the first disadvantage, Ti-based alloys with non-

toxic elements, such as Nb, Mo, Zr, Sn, or Ta have been

explored [23e25]. Ti-based alloys focusing on the formation of

the b-Ti-based alloy, with Nb, Mo, Zr, Ta, and Sn elements

have shown many advantages for orthopedic implant appli-

cations, including excellent biocompatibility and having a

high resistance to biological corrosion [26e28]. These alloys

have an elastic modulus ranging between 50 and 100 GPa

[1,11,29e31], which is lower than the elastic modulus of a

Tie6Ale4V alloy (112 GPa [11]), yet still highwhen compared to

that of bone structures (3e30 GPa) when considering the type

and anisotropy of human bones [32e35].

Regarding the second disadvantage mentioned above, the

stress shielding effect, possible alternatives to change the

elastic modulus are; i) the formation of a solid solution [36,37],
ii) synthesis of composite materials [38,39], or iii) synthesis of

metallic foams [21,25,40]. The latter alternative has been

explored to tailoring the elastic modulus of Ti-based alloys for

human bone requirements. This minimizes or eliminates

stress shielding, increases the probability of the new bone

growth, and eventually prolongs the life of the implant [41e44].

Pure Ti, along with a great number of its alloys, exhibits a

phase change at the b-transus temperature. At temperatures

below the b-transus, Ti exhibits a hexagonal close-packed (hcp)

crystalline structure (called a-phase), while above this tem-

perature possessing a body-centered cubic (bcc) crystalline

structure (called b-phase). In addition to these phases, meta-

stable face-centered-cubic (fcc or g-phase) structures have been

reported [45e47]. Two specific conditions are required to form

g-phase, high deformation, and nanocrystalline grains size.

Both conditions are achieved during milling process.

Ta and Sn are biocompatible elements due to them

exhibiting negligible effects on the human body [4]. b-binary

TieTa-based alloys have attracted great interest due to their

excellent combination of having high strength, a relatively

low modulus, and corrosion resistance that is superior to that

of pure Ti [48]. Ta is a strong b-stabilizer in Ti-based alloys

because it decreases the b-transus from 882 up to ~500 �C at

50 at.% [49,50] and Sn slightly influences the b-transus [51],

such as when at 5 at.% Sn, the b-transus temperature de-

creases from 882 up to 841 �C. From a biomedical applications

point of view, b-Ti-based alloys are preferable, exhibiting a

smaller elastic modulus than a-Ti-based alloys, thus reducing

the stress-shielding effect. In addition, b-Ti-based alloys

exhibit an elastic modulus which is closer to that of human

bone [11]. The main benefits of using Ta and Sn as alloying

elements in Ti-based alloys are: (1) the cost of Sn is less in

comparison to other alloying elements, (2) Ta and Sn are

considered highly biocompatible [4], (3) Ta and Sn exhibit

antibacterial activity against different pathogens [52,53], such

as Staphylococcus aureus and Escherichia coli [54,55] and (4) Ta

decreases the modulus of elasticity of Ti-based alloy without

decreasing the strength [56].

A disadvantage of adding porosity to Ti-based alloys could

be a decrease in corrosion resistance, as previously reported

[57e60], although Guerra et al. [21] recently reported that the

passivity behavior of a TieNbeTaeFeeMn alloy was not

influenced by the introduction of porosity after 90 days of

exposure to Hank's solution. It is worthy to mention that the

presence of microorganisms can also determine the corrosion

resistance of Ti-based alloys due to the adhesion of bacteria

and subsequently biofilm formation [61,62], triggering local

chemical composition at the interface oxide/media. Infected

implants usually require revision surgery, becoming one of

the most devastating and costly complications since it in-

volves longer hospital stays, significantly high costs for pa-

tients, and higher mortality rates [63,64]. The genus

Staphylococcus causes the largest number of infections on pa-

tients with implants, approximately 4 in 5 cases, with S. aureus

and Staphylococcus epidermidis being the predominant species

in the number of infections (2 in 3 cases) [65]. In particular,

Staphylococcus is a Gram-positive, aerobic, and facultative

anaerobic microorganism [66] whose cells are spherical
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shaped and have a diameter between 0.5 and 1 mm [67].

Recently, Silva et al. [68] reported that the composition of the

oxide layer formed on a Tie6Ale4V was drastically influenced

by the added porosity and the presence of S. aureus in Hank's
solution. Pruchova et al. [8] studied a nanostructured surface

of a TiAlV alloy that contained silver deposits, obtaining an

antimicrobial surface against S. aureus as well as E. coli. This

bacterium is a Gram-negative bacterium that belongs to the

Enterobacteriaceae family [66]. These bacteria are rod-shaped

and facultative anaerobes which are found in the human gut,

making them the most abundant facultative anaerobe in the

intestinal microbiota [69]. Microorganisms belonging to the

Staphylococcus genus are the ones that causemost infections in

medical implants. It has been found that E. coli contributes to

between 20 and 30% of medical implant related infections

[65,66].

Based on the information presented, this study aims to

analyze the influence of two microorganisms (E. coli and S.

aureus) and the amount of Sn on the antibacterial response

and mechanical properties of a/b-ternary Ti-based alloys

(Tie13Ta-xSn, x:3, 6, 9 and 12 at.%). The powder metallurgy

approach was used to obtain metallic foams and the amount

of Sn was chosen based on thermodynamic analysis to pro-

mote the presence of hcp (a-phase) and bcc solid solution (b-

phase) after the consolidation process.
2. Materials and methods

2.1. Metallurgical design of alloys

In this work, a a/b-ternary Ti-based alloy (Tie13TaexSn, x:3, 6,

9, and 12 at.%) was selected according to the following criteria.

(a) Microstructure: A microstructure composed of a mix of

a and b-phases must be obtained after a consolidation

process.

(b) Alloying elements: The amount of Ta (13 at.%) in the Ti-

based alloys was chosen based on its effect on the me-

chanical properties of Ti-based alloys, (i) achieving a

smaller elastic modulus by adding approximately

10 at.% Ta [70] and (ii) obtaining a higher tensile

strength between 10 and 20 at.% [11]. The addition of

13 at.%Ta provides a good combination of high strength

and low elastic modulus [11] but when the addition of

Ta is increased beyond at.%13, the density of the alloy

significantly increases, which is unfavorable for

biomedical applications [11,71]. A low amount of Snwas

chosen to decrease the possibility of forming liquid

during sintering.

(c) Thermodynamics analysis: The TieTaeSn system was

thermodynamically analyzed using the Materials

Analysis Applied Thermodynamic (MAAT) [72] and

ThermoCalc softwares. Fig. 1a and b shows the Gibbs

free energy of mixing (DGM) and the ideal Gibbs free of

mixing (DGM,id) to form solid solutions in the TieTaeSn

ternary system at any given composition at 25 �C ob-

tained using the MAAT. The DGm values are negative

and smaller than DGM,id values in the whole composi-

tion range, suggesting that there is a driving force to
form a solid solution from elemental Ti, Ta and Sn

powders. The semicircles of dotted lines in the three

corns show that solid solutions are not formed due to

DGM � DGM,id. Fig. 1c shows the calculated TieTaeSn

phase diagram at 780 �C using ThermoCalc software. It

is possible to observe that compositions used in this

study meets the microstructure requirements (a/b

phases).

There are considerable differences between melting tem-

peratures and densities of Ti, Ta, and Sn, making it chal-

lenging to obtain this ternary alloy using traditional melting

and casting methods As a result, metallic foams of Ti-based

alloys were obtained through a powder metallurgy tech-

nique, using the space-holder method for synthesizing foams.

2.2. Mechanical alloying

The elemental powders of Ti (99.5%, �149 mm, NAOH Tech.

Co.), Ta (99.9%, �44 mm, SigmaeAldrich) and Sn (99.5%,

<150 mm, SigmaeAldrich) were used to synthesize Tie13Ta-

xSn (x:3, 6, 9, and 12 at.%) alloys. A 2 wt. % stearic acid

(C18H35O2, 99%, Loba Chemie) was used as a process control

agent. The alloys were milled using a Retsch PM400 planetary

mill at 250 rpm, using vials and balls of Ytria Stabilized Zir-

conia (YSZ) under an ultra-pure Ar atmosphere (>99.999%Ar,

O2 � 1.0 ppm, H2O � 1 ppm, CO2 � 1 ppm, N2 � 4.0 ppm and

total hydrocarbons �0.5 ppm). Balls 5 mm and 10 mm in

diameter (1:1 ball ratio) and the ball/powder ratio of 10:1 were

used. Jar and balls of YSZ were used since that during milling

powders are contaminated by the materials from the Jar and

balls. The presence of YSZ in Ti-based alloy milled powders is

beneficial because it enhances the biocompatibility of the

foams [73,74]. The milling time for each alloy was chosen to

maximize the quantity of the b-phase. The experimental

study of the effect of the milling time on the evolution of

phases was made previously by our group [75]. The milling

times used were 30 h for Tie13Tae3Sn, 10 h for Tie13Tae6Sn,

10 h for Tie13Tae9Sn, and 15 h for Tie13Tae12Sn. Themilling

was carried out at room temperature with an on/off cycle of

30 min each to keep the temperature constant.

2.3. Consolidation of foams

The synthesis of metallic foams was done using the spacer-

holder method. Milled TieTaeSn powders were mixed with

50 v/v% NaCl particles with particle sizes ranging between 200

and 400 mm.Milled powder and NaCl particles weremixed in a

mixer mill RETSCHmodel MM 400 for 45min at a frequency of

30 Hz. Green samples with 8 mm in diameter and 3 mm in

height were obtained in hardened steel die, applying a load of

550MPa for 90 s, with hot pressing (HP) being carried out on an

8mmdiameter graphitematrix afterwards. The thermal cycle

consisted of three steps at (i) 300 �C for 5 min, (ii) 600 �C for

5 min, and (iii) 780 �C for 30 min at a load of 40 MPa. The

maximal temperature of 780 �C was used to avoid NaCl being

melted. A flow of ultra-pure Ar was used as an atmosphere

during the sintering process, 5 L min�1 for 30 s at 20 �C to

remove the air within the chamber and 1 L min�1 during the

rest of the process. After sintering, NaCl particles were

https://doi.org/10.1016/j.jmrt.2023.05.115
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Fig. 1 e (a) Ternary diagram of Gibbs free energy of mixing of TieTa. Sn system at 25 �C and (b) ideal Gibbs free energy of

mixing at 25 �C and (c) calculated ternary TieTaeSn phase diagram at 780 �C using ThermoCalc software.
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removed via the dissolution technique in sequential cycles.

Each cycle consisted of immersing the samples in a bath of

distilled water at 50 �C for 1 h, then samples being dried at

110 �C for 1 h in a furnace and subsequently weighted. The

dissolution technique end when the difference in the mass of

the sample was �0.01 g.

2.4. Characterization of powders and foams

The morphology of the powders was determined using a

scanning electron microscope (SEM) model QUANTA FEG 250,

and the elemental composition was determined using an

EDAX brand detector model OCTANE PRO. The foam samples

were mechanically polished with SiC paper of grades 240 to

1000, followed by a sequential diamond paste polish using

three particle sizes (6, 1, and 0.25 mm) on a polishing cloth.

Each polished sample was rinsed with distilled water and

placed in an ultrasonic bath for 10 min before being dried in a

desiccator at room temperature. The porosity of the foams
was determined by image analysis in a Leica DM500 model

microscopewith the Leica Application Suite (LAS) software for

image processing. The determination of the porosity (p), and

the morphological parameters of the pores: equivalent diam-

eter (Deq), form factor (Ff), convexity (R), and pore density (Dp)

were performed using the Image J software in order to do an

image analysis. A cross-section of the foams was analyzed,

and the statistical analysis of data was done using the Ori-

ginPro 9.1 software.

The X-ray diffraction (XRD) patterns were recorded using a

STOESTADI MP equipped with a DECTRIS MYTHEN 1K detec-

tor and a Cu-Ka1 radiation (l ¼ 0.15406 nm). The XRD patterns

were measured in an angular range of 2q between 20� and

120�, with a step angle of 0.12� and a time for each step of 10 s.

The microstructural evolution was obtained from Rietveld

refinements of the X-ray powder diffraction patterns using the

Materials Analysis Using Diffraction (MAUD) software [76,77].

The LaB6 (a ¼ 4.1565 (1) �A) was used as external standard for

determining instrumental broadening [78]. To account for the

https://doi.org/10.1016/j.jmrt.2023.05.115
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Fig. 2 e SEM images of elemental powders (a) Ti, (b) Ta, (c) Sn (500X) and (d) NaCl (57X).
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microstructure analysis, the profile fitting was performed by

considering the Delf line broadening model [79,80], an

isotropic and anisotropic size-strain model, considering the

Popa's rule [81] and texture [82].

Vickers microhardness was measured using the Lewick

Zwick Roell Indentec microdurometer, DM500 model. A load

of 50 g was applied for a time of 15 s with each indentation, in

accordance with ASTM E384 [83]. The elastic modulus was

obtained using the “pulse transmission” technique. The

elastic modulus was obtained using an ultrasonic piezoelec-

tric transducer contact Olympus, V156, and V110 transducers

by using shear and longitudinal waves that were generated by

Agilent 33220A equipment and subsequently amplified by NF

BA4850 equipment (30 V and 1 MHz). Both emission and

reception signals were acquired by the Tektronix TDS2012

oscilloscope, with a temporal sensitivity of 1 ns. The mea-

surements were made according to ASTM D2845-08 [84]. The

compression test to determine the yield strength was carried

out based on the ISO 14317 standard [85] at a constant speed of

0.05 [mm/min] using a Zwick Roell Universal Testing Ma-

chines, Z030 model. To determine the macroporosity and

density of the foams, the Archimedes principle was employed

in accordance with the Standard Test Method ASTM C373-88.

2.5. Antibacterial screening of foams

The Gram-positive bacteria S. aureus ATCC 6538 and Gram-

negative E. coli ATCC 8739 were used as test microorgan-

isms. Previously, the foams were sterilized by autoclaving at
121 �C for 20 min, to ensure sterility. Test strains were initially

grown on a solid agar LB culture medium (10 g/l tryptone, 5 g/l

yeast extract, 10 g/l sodium chloride, 18 g agar, in 1000 mL of

distilled water) and incubated at 37 �C overnight. Bacterial

colonies were inoculated in a 5 mL LB broth medium (with no

agar) and incubated at 37 �C for 18 h on a rotary shaker at

250 rpm. Next, te Soft-agar overlay technique was used to

screen for antibacterial activity. Briefly, a LB medium with

melted soft agar (0.7% agar) was added to 12-well plates. The

sterile foams and 15 ul of bacterial suspension with a final

OD600 of 0.1 were added to each well. The antibiotic strepto-

mycin was used as a positive control at a concentration of

33 mg/mL and the strain without the foams was used as a

negative control. Once the molten agar had solidified, it was

incubated overnight at 37 �C. The observation of an inhibition

zone corresponding to a halo or transparent zone, indicated

that the strain showed no, nor reduced, growth, respectively.
3. Results and discussion

3.1. Characterization of unmilled and milled powders

It is convenient to perform a characterization of raw powders

as it influences the milling process. Fig. 2 shows the

morphology and size of elemental powders used in the me-

chanical alloying. Ti powder is shown an irregular and spongy

morphology, Fig. 2a. There are some fiber-shaped particles

with faceted planes due to industrial production process

https://doi.org/10.1016/j.jmrt.2023.05.115
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Fig. 3 e SEM images of alloys after milling, (a) Tie13Tae3Sn, (b) Tie13Tae6Sn, (c) (c) Tie13Tae9Sn and (d) Tie13Tae3Sn

(500X).
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characteristic for this element [86]. Ta powders exhibit with

an irregular morphology and rounded edges and particle size

smaller than 44 mm, Fig. 2b. These characteristics are typical of

production by the method of reducing potassium hepta-

fluorotantalate (K2TaF7) sodium salts [87]. Sn powders have a
Fig. 4 e SEM images of microstructures of alloys, (a) Tie13Tae

(d) Tie13Tae3Sn (2000X).
spherical morphology with powder size less than 45 mm,

Fig. 2c. This morphology is typical of atomization processes,

one of themost commonly usedmethods for producing of this

element [88]. The XRD patterns that demonstrate the purity of

these elemental powders are shown in supplementary
3Sn, (b) Tie13Tae6Sn, (c) (c) Tie13Tae9Sn and

https://doi.org/10.1016/j.jmrt.2023.05.115
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Fig. 5 e Microstructures and EDS analysis of (a) Tie13Tae3Sn and (b) Tie13Tae6Sn (15000X).
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materials. Ti exhibits a hexagonal close-packed structure

(HCP) with a P63/mmc spatial group characteristic of the a-Ti

phase, Ta has a body-centered cubic structure (BCC)with a lm-

3m space group, while Sn shows a tetragonal structure with a

spatial group l141/amd typical of the b-Sn phase.

SEM images of TieTaeSn alloys after mechanical alloying

are shown in Fig. 3. In general, an irregular morphology with

rounded edges is observed for all alloys. The smallest particle

size is for the Tie13Tae3Sn alloy and the biggest for the
Tie13Tae12Sn alloy. A slight grade of agglomeration was

observed of small particles on large particles. The agglomer-

ation process occurs because the surface tension of the pow-

ders is modified by the amount of Sn and surface area during

the mechanical alloying process. The driving force for the

agglomeration of the powders is the increment of surface

energy and tension [25]. The irregular morphology of particles

shows the predominance of the fracture process over the cold-

welding process.

https://doi.org/10.1016/j.jmrt.2023.05.115
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Fig. 6 e Microstructures and mapping-EDS analysis of (a) Tie13Tae9Sn and (b) Tie13Tae12Sn (5000X).
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3.2. Characterization of physical and mechanical
properties of foams

(a) Microstructures of foams
Fig. 4 shows SEM images where the microstructures of the

bulk part of the foams of the four alloys are compared. The

samples with 3 and 6Sn shows a similar microstructures

composed of metallic matrix with a dispersion of small sec-

ond phase particles, Fig. 4a and b. To this magnification

(2000X) the microstructure is no resolved. The microstructure

is resolved at a magnification of 15000 X, Fig. 5. It is noted the

presence of two phases, a metallic matrix (gray) and small

second phase particles (white) with sizes smaller than 500 nm.

The EDS analysis shows that the second phase particles are

Ta-rich andmatrix is Ti-rich. The Zr presence is come from jar

and balls used. The jar and balls were of Yttria stabilized zir-

conia, which is beneficial for Ti-based foams because pro-

motes biocompatibility [73,74]. For this reason, jar and balls of

Yttria stabilized zirconia were used. The sample with 9Sn

show a microstructure composed of bimodal grain sizes, the

larger grains are around of 20e40 mm (this grain size are no

shown in Fig. 4c because the image has a magnification of
Fig. 7 e Rietveld refinement of X-ray diffractio
2000X). There is a chemical segregation of all elements, the

grain boundaries are Ta-rich and grain centers are Ti-rich, Fig.

6a. The sample with 12Sn shows a microstructure with equi-

axial grains with sizes smaller than 20 mm. Also, it is observed

a chemical segregation of all elements, the grain boundaries

are Ti-rich and grain centers are Ta-rich, Fig. 6b.

(b) Quantification of phases
Foam samples exhibit four phases, a-phase, b-phase, g-phase,

and YSZ particles (from jars and balls). The quantification of

phases was done via the Rietveld method using MAUD soft-

ware [76]. The microstructural model used for refinements

was based on; the profile fittings that were performed by

considering pseudo-Voight function, isotropic size�strain

model, Delf line broadening model, without planar defects

and arbitrary texture. Fig. 7 shows an example of Rietveld

refinement for a foam with a composition Tie13Tae3Sn (All

X-ray patters are given in supplementary materials). The

quality of refinements is given by goodness of fit (GofF) and

Rwp merit figure. A refinement is considered good when

1<GofF<2 and Rwp<10%. The results of the refinements

showed that the GofF and Rwp values are smaller than 2 and
n pattern of foam of Tie13Tae3Sn alloy.
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Table 1 e Quantification of phases present in the foams.

Composition foam,
Tie13Ta-xSn (at.%)

Milling time, h a-phase, wt.% b-phase, wt.% g-phase, wt.% YSZ, % Rwp, % GofF

3Sn 30 34 55 8 3 10 1.0

6Sn 10 33 57 1 9 11 1.1

9Sn 10 41 58 0 1 11 1.1

12Sn 15 43 52 0 5 11 1.1
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11%, respectively for all refinements, Table 1. The quantity of

phases as a function of Sn amount is given in Table 1. It is

possible to observe that all foams are composed mostly by

mixing of a�phase and b-phase, over 89 wt.%. The quantity of

a�phase increases with amount of Sn from 33 to 43 wt.%, the

b-phase is relatively constant with a range between 52 and

58 wt.%, and the g-phase is present only for foams with 3 and

6%Sn. In all samples, the presence of YSZ was observed and

the foam with 6%Sn shows a higher amount of YSZ. No trend

was observed between milling time, amount of Sn with the

presence of YSZ. On the other hand, the amount of Sn and the

milling times have a strong influence on the presence of three

Ti-based phases. The a-Ti and b-Ti phases are equilibrium

phases whereas g-Ti is a metastable phase with a face

centered-cubic, as it has been reported in some Ti-based al-

loys [45e47]. This phase is formed when to two conditions are

achieved, high deformation and nanocrystalline grains size. In

this case, both conditions are achieved duringmilling process.

(c) Characterization of porosity
Fig. 8 shows optical images of the foam pore distributions. For

all specimens, relative homogeneous pore distribution is

observed which is attributed to the powder mixing process, as

well as acceptable segregation occurring during die filling. The
Fig. 8 e Optical images of foams, (a) Tie13Tae3Sn, (b) Tie
features of pore distributions that are typical of metallic

foams synthesized by the space holdermethod are (i) irregular

thickness of cell edges produced by the agglomeration and

shape of the space-holder particle, (ii) coalesced pores larger

thanNaCl particles size due to agglomeration of them, and (iii)

the presence of regions that have a low quantity of pores [89].

Three types of pores were produced, (a) pores produced by

NaCl particle dissolution with sizes ranging between 200 and

400 mm, (b) larger pores formed due to an agglomeration of

NaCl particles, >400 mmand (c) smaller pores produced during

the sintering process (equiaxialpores). The number of sinter-

ing pores is very high compared with the number of pores

produced by the space-holder (by dissolution or coalescence).

The porse shapes are cube-liked which are produced by the

removal of NaCl. There are some pores with a flattened shape

due to the consolidation process, where NaCl particles are

deformed and fractured [90]. The shape of the largest pores is

close to that of the ratio presented in human bones [52],

benefitting the mechanical properties and osseointegration

process [53].

The macro pore size distributions produced by the space-

holder for all of the foams are given in Fig. 9, where it is

possible to observe that they exhibit pore sizes that range

from 100 to 500 mm. Fig. 9 shows the influence that Sn has on
13Tae6Sn, (c) Tie13Tae9Sn and (d) Tie13Tae12Sn.
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Fig. 9 e Macro pore size distribution for all samples, (a) Tie13Tae3Sn, (b) Tie13Tae6Sn, (c) Tie13Tae9Sn and (d)

Tie13Tae12Sn.
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macro pore size distribution, as Sn amount increases the

macro pore size distribution is shifted to a higher pore size.

For an amount of 3%Sn, the macro pore size range is around

~100e~350 mm and for an amount of 12%Sn, it is around

~250e~500 mm. The total porosities valuesmeasured by image

analysis, p (%), are semi-closer to the nominal porosity value

(50%). There is no clear trend in the amount of Sn versus the

total porosity, because both Tie13Tae3Sn and Tie13Tae9Sn

samples exhibited lower porosity than that of the nominal

porosity value (50%), while the Tie13Tae6Sn and

Tie13Tae12Sn samples showed higher total porosity than

50%. The macro pore size range is suitable to promote the

growth of new bone tissue along with vascularization and

osteointegration [11,91]. Similar results have been reported, e.

i. Wen et al. [91] synthesized TiZr foams by using the space

holder method with macro pore sizes of 200e500 mm, Nouri et

al. [92] have reported a macro pore size of 350 mm for metallic

foams of Tie16Sne4Nb alloys. Jha et al. [93] obtained pores

smaller than 600 mm in pure Ti using a NaCl space-holder.

Xiang et al. [94] obtained the distribution of pores between 200

and 500 mm in Ti foams using a (NH4)HCO3 space holder.

Themicro pore size distributions produced by sintering are

given in Fig. 10, where it is possible to observe that the highest

Deq values were around 100 mm. The fractions of the micro

pore with sizes between 50 and 100 mm were lower compared

with fractions of a smaller pore size (<50 mm). The average Deq

for all TieTa-xSn alloys was between 14 and 21 mm. Dp is the

density of themicro pore or pore quantitymeasured by unit of

area, the smaller Dp value was 414 pore/mm for the
Tie13Tae9Sn sample, with the highest value being 1759 pore/

mm in the Tie13Tae12Sn sample. R pertains to the roundness

(convexity), all samples exhibited R values close to 0.9. For R

values between 0.7 and 1.0 the pore morphology is considered

as semi or equiaxial. An R of 0.9 is in agreement with the semi-

equiaxial morphology showed by pores originating from the

sintering process. The sintering pores tend to be equiaxial,

alwaysminimizing surface energy [95], and pores produced by

a NaCl particle dissolution showed cubic morphology. During

the compaction process, they were fractured, deformed and

re-arranged. Ff is the shape factor which was determined

using the expression Ff¼ 4pA/(PE)2 (A is the pore area and PE is

the experimental perimeter of the pore). The Ff (isoperimetric

quotient) is 1 for a circular shape. The Ff values were 0.84, 0.68,

0.66 and 0.87 for the samples with a Sn amount of 3, 6, 9, and

12%, respectively. These Ff values can be interpreted as the

pore morphology being semi-equiaxial.

(d) Characterization of physical and mechanic properties
Fig. 11a presents the evolution of porosity and density. The

density decreases as a function of the amount of Sn. Despite

some foam samples showing a substantial error bar, there is a

decrease of density from 2.85 to 2.67 g/cc. Note that the

powders of different alloys were subjected to different milling

times, so that a quantity of b-phase around of 55% could be

achieved. Different phase ratios between a, b and g-phase was

obtained, which possibly influences the density, with them

also showing to have different crystal structures. When the

density decreases, the consolidating process was less efficient
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Fig. 10 e Micro pore size distribution for all samples, (a) Tie13Tae3Sn, (b) Tie13Tae6Sn, (c) Tie13Tae9Sn and

(d) Tie13Tae12Sn.
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[96]. On the other hand, the porosity increases with the

amount of Sn. They increased from 53 to 59% for the amount

of 3 and 12%Sn, respectively, indicating that all porosity

values are over 50% of design porosity. The porosity is the

relation between open pores and the external volume of a

sample, without taking into account the closed pore [97]. The

sintering process produce additional pores, therefore the

porosity is the summation of porosity for the elimination of

the space-holder and sintering pores. Another factor that can

influence the density and porosity is the strength of the

powders during the compaction process. When powders are

harder, they exhibit a lower compaction capacity. During the

compaction of metallic powders, two processes influence the

green density, first the re-arrangement of particles, and sec-

ond, the plastic deformation of particles [98]. The porosities

measured by the Archimedes’ method are higher than

porosity values measured by image analysis, Fig. 6.

During the sintering process, several diffusion mecha-

nisms are activated (surface, bulk, grain boundary) [99] pro-

ducing a diminution of pore and consequently a shrinkage of

samples due to atomic rearrangement. This shrinkage effect

can be determined using Eq. (1) [100], where V is the original

sample volume, h and r correspond to the height and radius of

the cylindrical sample. The shrinkage decreases from ~-11

to ~ -2% for samples with Sn of 3 and 12%, respectively, Fig.

11b. Aguilar et al. [25] reported for Tie34Nbe29Ta-xMn (x:2,

4 and 6 at%) foams shrinkage values of �14, �25 and �17%,

respectively and Goi et al. [100] reported for TieZreSi foams
shrinkage values between �1.4 and �50.1% depending on the

experimental conditions of the consolidation process.

DV
V

z
Dh
h

þ 2Dr
r

(1)

Fig. 12a show the relationship between the Vickers

microhardness with the Sn content in all of the foams. The

microhardness values decrease from 530 to 450 HV (5,1 to

5,2 MPa) when the amount of Sn increases from 3 to 12%Sn,

respectively. The microhardness values are influenced by

several factors such as; (i) the microstructure, (ii) the amount

of Sn in the alloys, (iii) the a/b phase ratio, (iv) microstrain, (v)

crystallite size, and (vi) the amount of contamination coming

from balls and jars. The higher microhardness values are ob-

tained for 3 and 6Sn, which is coherent with the presence of

dispersion of small second phase particles, Fig. 4a and b. The

microhardness values for 9 and 12Sn are lower and show a

large dispersion which is related with their microstructure

type (mix of large and small grain sizes). In general, high

hardness values were obtained in all foams, which is favor-

able since it has a high resistance to wear against the constant

friction with the adjacent bone. Nouri et al. [92] reported a

Vickers hardness between ~350 and ~580 (3432 to 5688 MPa)

for Tie16Sne4Nb alloys obtained by ball-milled method.

Sauceda et al. [101] measured a microhardness of around 450

HV (4410 MPa) in pure Ti foams. Jha et al. [93] synthetized Ti-

foam using NaCl as the space holder and measured Vickers

microhardness values between 258 and 263 kgf/mm2 (2530 to
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https://doi.org/10.1016/j.jmrt.2023.05.115


Fig. 11 e (a) Variation of porosity and density and (b) variation of intrinsic shrinkage as a function of Sn amount.
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2579 MPa). Salvo et al. [102] measured a Vicker microhardness

around 1 GPa for Tie30Nbe13Tae2Mn (wt. %) foams. Abhash

el al [103]. measured the Vickers microhardness values of

Tie6Al-xCo (x:2, 5 and 8 wt.%) foams with average values

being 509, 648 and 793 kgf/mm2 (4,991, 6354 and 7776 MPa) for

2, 5 and 8 of Co, respectively.

A similar trend of change in the yield strength values as a

function to the amount of Sn was observed. The values
decreased from 176 to 151 MPa for 3 and 12%Sn, respectively,

Fig. 12b. Compressive yield strength of metallic foams over

120MPa are acceptable to be used as biomaterials [104]. Salvo et

al. [105] studied the compressive strength of

Tie30Nbe13Tae2Mn (wt. %) foams (consolidated by hot-

pressing process) and reported yield strength values between

180 and 400 MPa for a level porosity of 30%. Sauceda et al. [101]

reported a compressive yield strength of 24 and 16 MPa for Ti
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Fig. 12 e (a) Microhardness and (b) elastic module and compressive yield strength of foams with different amounts of Sn

(Tie13TaexSn, x:3, 6, 9 and 12 at.%).
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foams with 50% porosity synthesized by simple action die and

floating action die, respectively. Aguilar et al. [25] measured

compressive yield strengths between 22 and 55 MPa for

Tie34Nbe29TaexMn (x: 2, 4 and 6 wt.%Mn) alloy foams with

50% porosity (consolidated by traditional sintering process).

The density is the most important variable that influences the

properties of metallic foams such as, strength and elastic

modulus [106]. There was a relationship between density and

yield strength, both decreasing. In metallic foams, there were

micro flaws in pore walls, which promotes the diminution of
strength. In the compressive test, macroscopic crack propaga-

tion resulted in an abrupt load drop. The strength of metallic

foams was strongly influenced by the thicker pore walls and

smaller pore diameters, and less influenced by themorphology

of porewalls, with pore sizes having little effect on the strength

of a metallic foam [107]. When powders used to synthesized

foams were obtained through milling, the work-hardening af-

fects the particle packing characteristics modifying its densifi-

cation in sintering stage of powder metallurgy [95]. The elastic

modulus values changed slightly with the amount of Sn from
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Fig. 13 e Digital images of Tie13TaexSn after exposure to liquid agar medium inoculated with (aee) Staphylococcus aureus

and (fej) Escherichia coli. (a,f) x ¼ 0, (b,g) x ¼ 3, (c,h) x ¼ 6, (d,i) x ¼ 9, and (e,j) x ¼ 12.
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~2 to ~1GPa, Fig. 12b. The elasticmodulus values obtainedwere

within the range of trabecular bone which has an elastic

modulus between 0.4 and 4 GPa [33]. In the literature there

exists a wide range of elastic modulus values reported for Ti

foams and Ti-based alloys foams. Guerra et al. [21] reported

elastic modulus between 4,5; 8,8; and 11.7 GPa (37, 31, and 25%

of porosity) for Tie20Nbe11Tae16Fee1Mn at.% alloys foams.

Aguilar et al. [25] reported that for a foamwith a porosity of 50v/

v% in Tie34Nbe29Ta-xMn (x:2, 4 and 6 wt.%Mn) alloys, the

Young's modulus values were between 25 and 33 GPa. Singh et

al. [108] measured Young's modulus values between 5 and

24 GPa for Ti4wt%Al foam with porosities of 85 and 50%l,

respectively. Martinez et al. [109] measured Young's modulus

values of 110, 5.6, and 3.2 GPa for porosities of 0, 21, and 42%,

respectively in a traditional Tie6Ale4V alloy. Said alloy also

showedYoung'smodulus values between 2.0 and 2.6 GPawhen

having a level porosity of 81.5 and 80.1%, as reported by Chen et

al. [110]. Ye and Dunand [90] synthesized pure Ti foams by hot

pressing and reported a Young's modulus between 39 and

29 GPa for porosities between 52 and 51%.

3.3. Characterization of antibacterial properties

Ti-based alloys are widely used in the medical industry due to

them providing better adhesion and contact between implant

and surrounding tissues when compared to other materials.

However, one of the disadvantages that impede their wider

clinical use is the potential septic and aseptic failure, as was

mentioned above. In particular, some studies related to bacte-

rial adhesion and biofilm formation on porous Ti-based alloys

have been performed. For instance, Domı́nguez et al. [61] sug-

gested a lower colonization of E. coli and Pseudomonas aeruginosa

for bulk in comparison to the porous cp-Ti. The authors pro-

posed that the bacterial growth was influenced by the

morphology of the samples. Furthermore, Civantos et al. [62]

observed that when a porous CP-Ti was exposed to E. coli, the

pore size showed a higher contribution than the roughness.

Recently, Silva et al. [68] found that the presence of S. aureus in a

simulated biofluid solution influenced the composition of the

oxide layer of Tie6Ale4V, which was more drastic when

porosity was added. In this work, a microbial growth analysis
using a gram-positive bacterium, S. aureus, and a gram-negative

bacterium, E. coli, was performed. These test strains were

considered due to both bacteria being able to adhere to several

types of surfaces [111], which can influence the corrosion

resistance of metals. E. coli is frequently found in the human

gut, hands and feet [112], while S. aureus is typically transmitted

during hospital stays. Indeed, S. aureus [64] and S. epidermidis

[64,113] are bacteria frequently associated to infections associ-

ated with implants, which may produce inflammation, pain,

allergic reaction, and infection [64,113].

In this work, negative, positive, and neutral controls were

also used for analyzing the antibacterial properties of Ti-13-

xSn alloys after exposure to agar medium inoculated with S.

aureus and E. coli (not shown here). Keeping the optical density

close to 0.1, digital images of Ti-13-xSn alloy samples were

taken after an 18 h exposure to an agar medium sterilized and

inoculated with both bacteria, Fig. 13. It should be noted that

no antibacterial activity was revealed by the samples under

these conditions. Also, bacterial adhesion or biofilm formation

related to the presence of S. aureus or E. coli on foam surfaces

was not observed under the conditions tested. This could

suggest inhibition of these usual bacterial processes. Bacterial

adhesion inhibition on a bio-implant surface is indispensable

to minimize the possibility of infections. However, future

studies should test longer periods of incubation. Bacterial

adhesion inhibition on a bio-implant surface is indispensable

to minimize the possibility of infections. This has previously

been attributed to the passive/oxide film dissolution and the

Ti-alloy passive nature, as was described by Naiming et al.

[114]. However, the surface roughness and irregularities can

influence the antibacterial activity due to the increase in

surface density decreasing the surface contact area through

the bacterial membrane, being mainly diminished for gram-

positive bacteria adhesion on the surface, as reported by

Whitehead et al. [115] and Bagherifard et al. [116].
4. Conclusions

In this work, the influence that the amount of Sn has on the

mechanical properties and the antibacterial response of a/b-
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ternary Ti-based alloy (Tie13TaexSn, x:3, 6, 9, and 12 at.%) has

been studied.

The Ti-based alloy foams were composed mostly by a mix

of both a�phase and b-phase (over 89 wt.%) plus an amount of

g�phase and YSZ particles from jars and balls. The foams

mainly exhibited the presence of the b-phase which is pref-

erable in reducing the elastic modulus. The presence of

g�phase was observed only for metallic foams with amounts

of 3 and 6% Sn. The metallic foams exhibited relative homo-

geneous pore distribution with sizes between 100 and 450 mm

and an average porosity slightly higher than 50%. Also, the

samples exhibited interconnected porosity. All features

mentioned are suitable to promote cell adhesion and bone

growth.

Concerning the mechanical properties, the foams showed

elastic modulus values between 1 and 2 GPa, compressive

yield strengths over 150 MPa, and a microhardness over

450 HV. In addition, they showed no antibacterial activity E.

coli and S. aureusmicroorganisms under the conditions tested,

but neither was bacterial adhesion observed indicating that

there is a bacterial adhesion inhibition. This is important

because of the potential to reduce the possibility of infections.

In summary, considering following aspects, (i) relatively

homogeneous pore distribution with sizes similar to those of

human bone, (ii) mechanical properties meet the re-

quirements of human bone and (ii) no antibacterial activity

and neither bacterial adhesion was observed, the Ti-based

alloy foams have the potential to be explored for biomedical

applications, especially those related to trabecular bones.
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Kowalska K, Bissenik I, et al. Antibacterial composite
hybrid coatings of veterinary medical implants. Mater
Sci Eng, C 2020;112. https://doi.org/10.1016/
j.msec.2020.110968.

[67] Gnanamani A, Hariharan P, Paul-Satyaseela M.
Staphylococcus aureus: overview of bacteriology, clinical
diseases, epidemiology, antibiotic resistance and
therapeutic approach. Front Staphylococcus Aureus
2017:4e28. https://doi.org/10.5772/67338.

[68] Silva D, Guerra C, Mu~noz H, Aguilar C, Walter M, Azocar M,
et al. The effect of Staphylococcus aureus on the
electrochemical behavior of porous Ti-6Al-4V alloy.
Bioelectrochemistry 2020;136. https://doi.org/10.1016/
j.bioelechem.2020.107622.

[69] Erjavec MS. Introductory chapter: the versatile Escherichia
coli. In: Universe Escherichia coli. IntechOpen; 2019.

[70] Sakaguchi N, Niinomi M, Akahori T, Takeda J, Toda H. Effect
of Ta content on mechanical properties of Ti-30Nb-XTa-5Zr.
Mater Sci Eng, C 2005;25:370e6. https://doi.org/10.1016/
j.msec.2005.04.003.

[71] M. Peters, Titanium and titanium alloys Edited by, [n.d].
[72] Aguilar C, Martin P, Pio E, Salvo C, Neves GO. Materials

analysis applying thermodynamic (MAAT) software: a
friendly and free tool to analyze the formation of solid
solutions, amorphous phases and intermetallic
compounds. Comput Phys Commun 2021;259. https://
doi.org/10.1016/j.cpc.2020.107573.

[73] Saravanan G, Bavanilathamuthiah M, Kirubaharan K,
Ramachandran D, Dharini T, Viswanathan K, et al. Bio-
inspired YSZ coated titanium by EB-PVD for biomedical
applications. Surf Coat Technol 2016;307:227e35. https://
doi.org/10.1016/j.surfcoat.2016.08.039.

[74] Dantas TA, Pinto P, Vaz PCS, Silva FS, Cam CAD. Design and
optimization of zirconia functional surfaces for dental
implants applications. Ceram Int 2020;46:16328e36. https://
doi.org/10.1016/j.ceramint.2020.03.190.

https://doi.org/10.4028/www.scientific.net/msf.539-543.193
https://doi.org/10.1007/s11661-019-05152-w
https://doi.org/10.1016/j.matchar.2016.03.022
https://doi.org/10.1016/j.matchar.2016.03.022
https://doi.org/10.1016/j.matlet.2014.06.063
https://doi.org/10.1016/j.matlet.2014.06.063
https://doi.org/10.1016/j.matchar.2018.05.033
https://doi.org/10.1016/j.matchar.2018.05.033
https://doi.org/10.1016/j.calphad.2016.07.001
https://doi.org/10.1016/j.calphad.2016.07.001
http://refhub.elsevier.com/S2238-7854(23)01079-7/sref50
http://refhub.elsevier.com/S2238-7854(23)01079-7/sref50
https://doi.org/10.1016/j.calphad.2019.101686
https://doi.org/10.1016/j.calphad.2019.101686
https://doi.org/10.1016/j.envres.2021.111115
https://doi.org/10.1016/j.envres.2021.111115
http://refhub.elsevier.com/S2238-7854(23)01079-7/sref53
http://refhub.elsevier.com/S2238-7854(23)01079-7/sref53
http://refhub.elsevier.com/S2238-7854(23)01079-7/sref53
http://refhub.elsevier.com/S2238-7854(23)01079-7/sref53
http://refhub.elsevier.com/S2238-7854(23)01079-7/sref53
http://refhub.elsevier.com/S2238-7854(23)01079-7/sref53
https://doi.org/10.1016/j.spmi.2012.12.011
https://doi.org/10.1016/j.colsurfb.2021.112055
http://refhub.elsevier.com/S2238-7854(23)01079-7/sref56
http://refhub.elsevier.com/S2238-7854(23)01079-7/sref56
http://refhub.elsevier.com/S2238-7854(23)01079-7/sref56
http://refhub.elsevier.com/S2238-7854(23)01079-7/sref56
http://refhub.elsevier.com/S2238-7854(23)01079-7/sref56
https://doi.org/10.1016/j.msec.2018.11.025
https://doi.org/10.1016/j.jallcom.2017.06.321
https://doi.org/10.1016/j.jallcom.2017.06.321
https://doi.org/10.1016/j.msec.2018.11.025
https://doi.org/10.1016/j.corsci.2012.10.036
https://doi.org/10.1016/j.surfcoat.2018.10.098
https://doi.org/10.3390/met9101039
https://doi.org/10.3390/met9101039
https://doi.org/10.1016/j.biomaterials.2008.08.043
https://doi.org/10.1016/j.biomaterials.2008.08.043
https://doi.org/10.1016/j.mtla.2019.100250
https://doi.org/10.1016/j.mtla.2019.100250
https://doi.org/10.1016/j.jhin.2017.11.008
https://doi.org/10.1016/j.jhin.2017.11.008
https://doi.org/10.1016/j.msec.2020.110968
https://doi.org/10.1016/j.msec.2020.110968
https://doi.org/10.5772/67338
https://doi.org/10.1016/j.bioelechem.2020.107622
https://doi.org/10.1016/j.bioelechem.2020.107622
http://refhub.elsevier.com/S2238-7854(23)01079-7/sref69
http://refhub.elsevier.com/S2238-7854(23)01079-7/sref69
https://doi.org/10.1016/j.msec.2005.04.003
https://doi.org/10.1016/j.msec.2005.04.003
https://doi.org/10.1016/j.cpc.2020.107573
https://doi.org/10.1016/j.cpc.2020.107573
https://doi.org/10.1016/j.surfcoat.2016.08.039
https://doi.org/10.1016/j.surfcoat.2016.08.039
https://doi.org/10.1016/j.ceramint.2020.03.190
https://doi.org/10.1016/j.ceramint.2020.03.190
https://doi.org/10.1016/j.jmrt.2023.05.115
https://doi.org/10.1016/j.jmrt.2023.05.115


j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 3 ; 2 4 : 8 7 3 5e8 7 5 38752
[75] Aguilar C, Pio E, Medina A, Martı́nez C, Sancy M, Guzman D.
Evolution of synthesis of FCC nanocrystalline solid solution
and amorphous phase in the Ti-Ta based alloy by high
milling energy. J Alloys Compd 2020:155980. https://doi.org/
10.1016/j.jallcom.2020.155980.

[76] Lutterotti L, Matthies S, Wenk HR. MAUD: a friendly Java
program for material analysis using diffraction. Newsl CDP
1999;21:14e5.

[77] Lutterotti L, Scardi P. Simultaneous structure and
sizeestrain refinement by the Rietveld method. J Appl
Crystallogr 1990;23:246e52. https://doi.org/10.1107/
S0021889890002382.

[78] Scardi P, Lutterotti L, Maistrelli P. Experimental
determination of the instrumental broadening in the
BraggeBrentano geometry. Powder Diffr 1994;9:180e6.
https://doi.org/10.1017/S0885715600019187.

[79] Delhez EJ, de Keijser R, Th H, Langford JI, Lou€er D,
Mittemeijer EJ, et al. Crystal imperfection broadening and
peak shape in the Rietveld method” in “The Rietveld
Method. Oxford, UK: Oxford Uni; 1993.

[80] de Keijser TH, Langford JI, Mittemeijer EJ, Vogels ABP. Use of
the Voigt function in a single-line method for the analysis of
X-ray diffraction line broadening. J Appl Crystallogr
1982;15:308e14. https://doi.org/10.1107/s0021889882012035.

[81] Popa NC. The (hkl) dependence of diffraction-line
broadening caused by strain and size for all laue groups in
Rietveld refinement. J Appl Crystallogr 1998;31:176e80.
https://doi.org/10.1107/S0021889897009795.

[82] Matthies S, Lutterotti L, Wenk HR. Advances in texture
analysis from diffraction spectra. J Appl Crystallogr
1997;30:31e42.

[83] International ASTM Standard. E384-Microindentation
hardness of materials. Int ASTM Stand 1999;14.

[84] International ASTM Standard. D2845-08: standard test
method for laboratory determination of pulse velocities and
ultrasonic elastic constants of rock. 2005.

[85] ISO 14317. Sintered metal materials excluding hardmetals
d determination of compressive yield strength
International Standard. Int Organ Stand 2006;2006:13.

[86] Chang I, Zhao Y. Advances in powder metallurgy:
properties, processing and applications. Elsevier; 2013.

[87] Yuan B, Okabe TH. Production of fine tantalum powder by
electrochemical method. Mater Trans 2007;48:2687e94.
https://doi.org/10.2320/matertrans.M-MRA2007876.

[88] Styrkas AD, Oganyan RA. Production and properties of tin
powders produced by ultrasonic atomisation and solid state
transformation. Powder Metall 2013;35:117e9. https://
doi.org/10.1179/pom.1992.35.2.117.

[89] Ryan G, Pandit A, ~A DPA. Fabrication methods of porous
metals for use in orthopaedic applications. Biomaterials
2006;27:2651e70. https://doi.org/10.1016/
j.biomaterials.2005.12.002.

[90] Ye B, Dunand DC. Titanium foams produced by solid-state
replication of NaCl powders. Mater Sci Eng A
2010;528:691e7. https://doi.org/10.1016/j.msea.2010.09.054.

[91] Wen CE, Yamada Y, Hodgson PD. Fabrication of novel TiZr
alloy foams for biomedical applications. Mater Sci Eng, C
2006;26:1439e44. https://doi.org/10.1016/j.msec.2005.08.006.

[92] Nouri A, Hodgson PD, Wen CE. Effect of process control
agent on the porous structure and mechanical properties of
a biomedical Ti e Sn e Nb alloy produced by powder
metallurgy. Acta Biomater 2010;6:1630e9. https://doi.org/
10.1016/j.actbio.2009.10.005.

[93] Jha N, Mondal DP, Majumdar JD, Badkul A, Jha AK,
Khare AK. Highly porous open cell Ti-foam using NaCl as
temporary space holder through powder metallurgy route.
Mater Des 2013;47:810e9. https://doi.org/10.1016/
j.matdes.2013.01.005.
[94] Xiang C, Zhang Y, Li Z, Zhang H, Huang Y. Procedia
Engineering Preparation and compressive behavior of
porous titanium prepared by space holder sintering
process. 2012. https://doi.org/10.1016/j.proeng.2011.12.518.

[95] German RM. Powder metallurgy & particulate materials
processing. 2005. p. 161e72.

[96] Aguilar C, Aguirre T, Martı́nez C, De Barbieri F, Martı́n FS,
Salinas V, et al. Improving the mechanical strength of
ternary beta titanium alloy (Ti-Ta-Sn) foams , using a
bimodal microstructure. Mater Des 2020;195:108945. https://
doi.org/10.1016/j.matdes.2020.108945.

[97] Shahzeydi MH, Parvanian AM, Panjepour M. The
distribution and mechanism of pore formation in copper
foams fabricated by Lost Carbonate Sintering method.
Mater Char 2016;111:21e30. https://doi.org/10.1016/
j.matchar.2015.11.010.

[98] Seul D, Hun C, Hyun S, Yong D, Won J, Woo C, et al. Analysis
of cold compaction for Fe-C , Fe-C-Cu powder design based
on constitutive relation and artificial neural networks.
Powder Technol 2019;353:330e44. https://doi.org/10.1016/
j.powtec.2019.05.042.

[99] Balluffi RW, Allen SM, Carter WC. Kinetics of materials.
First. Wiley-Interscience; 2005.

[100] Goi KLS, Butler DL, Jarfors AEW, Yong JMS, Lim DCS. Elastic
modulus of sintered porous Ti e Si e Zr , using activation by
Ti e Si mechanically alloyed powder and TiH2 powder.
Mater Sci Eng A 2008;475:45e51. https://doi.org/10.1016/
j.msea.2007.02.129.

[101] S. Sauceda, S. Lascano, B. Luis, G.O. Neves, E. Chicardi, C.
Salvo, C. Aguilar, Study of the E ff ect of the floating die
compaction on mechanical properties of titanium foams,
(n.d.) 1e17.

[102] Salvo C, Aguilar C, Guzm�an D, Alfonso I, Mangalaraja RV.
Mechanically enhanced novel Ti-based alloy foams
obtained by hot pressing. Mater Sci Eng A 2019;759:112e23.
https://doi.org/10.1016/j.msea.2019.05.022.

[103] Abhash A, Singh P, Ch VAN, Sathaiah S, Kumar R, Gupta GK,
et al. Study of newly developed TieAleCo alloys foams for
bioimplant application. Mater Sci Eng A 2020;774:138910.
https://doi.org/10.1016/j.msea.2020.138910.

[104] Li Y, Yang C, Zhao H, Qu S, Li X, Li Y. New developments of
ti-based alloys for biomedical applications. Materials (Basel)
2014;7:1709e800. https://doi.org/10.3390/ma7031709.

[105] Salvo C, Guzm�an D, Alfonso I, V Mangalaraja R.
Mechanically enhanced novel Ti-based alloy foams
obtained by hot pressing. Mater Sci Eng A 2019;759:112e23.
https://doi.org/10.1016/j.msea.2019.05.022.

[106] Ashby MF, Evans T, Fleck NA, Hutchinson JW, Wadley HNG,
Gibson LJ. Metal foams: a design guide. 2000.

[107] Nieh TG, Higashi K, Wadsworth J. Effect of cell morphology
on the compressive properties of open-cell aluminum
foams. Mater Sci Eng A 2000;283:105e10.

[108] Singh P, Singh IB, Mondal DP. A comparative study on
compressive deformation and corrosion behaviour
of heat treated Ti4wt % Al foam of different
porosity made of milled and unmilled powders. Mater Sci
Eng, C 2019;98:918e29. https://doi.org/10.1016/
j.msec.2019.01.054.

[109] Martı́nez C, Guerra C, Silva D, Cubillos M, Briones F,
Mu~noz L, et al. Effect of porosity on mechanical and
electrochemical properties of Ti e 6Al e 4V alloy.
Electrochim Acta 2020;338:2e11. https://doi.org/10.1016/
j.electacta.2020.135858.

[110] Chen SY, Kuo CN, Su YL, Huang JC, Wu YC, Lin YH, et al.
Microstructure and fracture properties of open-cell porous
Ti-6Al-4V with high porosity fabricated by electron beam
melting. Mater Char 2018;138:255e62. https://doi.org/
10.1016/j.matchar.2018.02.016.

https://doi.org/10.1016/j.jallcom.2020.155980
https://doi.org/10.1016/j.jallcom.2020.155980
http://refhub.elsevier.com/S2238-7854(23)01079-7/sref76
http://refhub.elsevier.com/S2238-7854(23)01079-7/sref76
http://refhub.elsevier.com/S2238-7854(23)01079-7/sref76
http://refhub.elsevier.com/S2238-7854(23)01079-7/sref76
https://doi.org/10.1107/S0021889890002382
https://doi.org/10.1107/S0021889890002382
https://doi.org/10.1017/S0885715600019187
http://refhub.elsevier.com/S2238-7854(23)01079-7/sref79
http://refhub.elsevier.com/S2238-7854(23)01079-7/sref79
http://refhub.elsevier.com/S2238-7854(23)01079-7/sref79
http://refhub.elsevier.com/S2238-7854(23)01079-7/sref79
http://refhub.elsevier.com/S2238-7854(23)01079-7/sref79
https://doi.org/10.1107/s0021889882012035
https://doi.org/10.1107/S0021889897009795
http://refhub.elsevier.com/S2238-7854(23)01079-7/sref82
http://refhub.elsevier.com/S2238-7854(23)01079-7/sref82
http://refhub.elsevier.com/S2238-7854(23)01079-7/sref82
http://refhub.elsevier.com/S2238-7854(23)01079-7/sref82
http://refhub.elsevier.com/S2238-7854(23)01079-7/sref83
http://refhub.elsevier.com/S2238-7854(23)01079-7/sref83
http://refhub.elsevier.com/S2238-7854(23)01079-7/sref84
http://refhub.elsevier.com/S2238-7854(23)01079-7/sref84
http://refhub.elsevier.com/S2238-7854(23)01079-7/sref84
http://refhub.elsevier.com/S2238-7854(23)01079-7/sref85
http://refhub.elsevier.com/S2238-7854(23)01079-7/sref85
http://refhub.elsevier.com/S2238-7854(23)01079-7/sref85
http://refhub.elsevier.com/S2238-7854(23)01079-7/sref86
http://refhub.elsevier.com/S2238-7854(23)01079-7/sref86
https://doi.org/10.2320/matertrans.M-MRA2007876
https://doi.org/10.1179/pom.1992.35.2.117
https://doi.org/10.1179/pom.1992.35.2.117
https://doi.org/10.1016/j.biomaterials.2005.12.002
https://doi.org/10.1016/j.biomaterials.2005.12.002
https://doi.org/10.1016/j.msea.2010.09.054
https://doi.org/10.1016/j.msec.2005.08.006
https://doi.org/10.1016/j.actbio.2009.10.005
https://doi.org/10.1016/j.actbio.2009.10.005
https://doi.org/10.1016/j.matdes.2013.01.005
https://doi.org/10.1016/j.matdes.2013.01.005
https://doi.org/10.1016/j.proeng.2011.12.518
http://refhub.elsevier.com/S2238-7854(23)01079-7/sref95
http://refhub.elsevier.com/S2238-7854(23)01079-7/sref95
http://refhub.elsevier.com/S2238-7854(23)01079-7/sref95
http://refhub.elsevier.com/S2238-7854(23)01079-7/sref95
https://doi.org/10.1016/j.matdes.2020.108945
https://doi.org/10.1016/j.matdes.2020.108945
https://doi.org/10.1016/j.matchar.2015.11.010
https://doi.org/10.1016/j.matchar.2015.11.010
https://doi.org/10.1016/j.powtec.2019.05.042
https://doi.org/10.1016/j.powtec.2019.05.042
http://refhub.elsevier.com/S2238-7854(23)01079-7/sref99
http://refhub.elsevier.com/S2238-7854(23)01079-7/sref99
https://doi.org/10.1016/j.msea.2007.02.129
https://doi.org/10.1016/j.msea.2007.02.129
https://doi.org/10.1016/j.msea.2019.05.022
https://doi.org/10.1016/j.msea.2020.138910
https://doi.org/10.3390/ma7031709
https://doi.org/10.1016/j.msea.2019.05.022
http://refhub.elsevier.com/S2238-7854(23)01079-7/sref106
http://refhub.elsevier.com/S2238-7854(23)01079-7/sref106
http://refhub.elsevier.com/S2238-7854(23)01079-7/sref107
http://refhub.elsevier.com/S2238-7854(23)01079-7/sref107
http://refhub.elsevier.com/S2238-7854(23)01079-7/sref107
http://refhub.elsevier.com/S2238-7854(23)01079-7/sref107
https://doi.org/10.1016/j.msec.2019.01.054
https://doi.org/10.1016/j.msec.2019.01.054
https://doi.org/10.1016/j.electacta.2020.135858
https://doi.org/10.1016/j.electacta.2020.135858
https://doi.org/10.1016/j.matchar.2018.02.016
https://doi.org/10.1016/j.matchar.2018.02.016
https://doi.org/10.1016/j.jmrt.2023.05.115
https://doi.org/10.1016/j.jmrt.2023.05.115


j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 3 ; 2 4 : 8 7 3 5e8 7 5 3 8753
[111] Kiedrowski MR, Horswill AR. New approaches for treating
staphylococcal biofilm infections. Ann N Y Acad Sci
2011;1241:104e21. https://doi.org/10.1111/j.1749-
6632.2011.06281.x.

[112] Noor S, Khan RU, Ahmad J. Understanding diabetic foot
infection and its management. Diabetes Metab Syndr Clin
Res Rev 2017;11:149e56. https://doi.org/10.1016/
j.dsx.2016.06.023.

[113] Lugovskoy S, Weiss D, Tsadok U, Lugovskoy A. Morphology
and antimicrobial properties of hydroxyapatiteetitanium
oxide layers on the surface of Tie6Ale4V alloy. Surf Coating
Technol 2016;301:80e4. https://doi.org/10.1016/
j.surfcoat.2015.11.050.

[114] Lin N, Huang X, Zou J, Zhang X, Qin L, Fan A, et al. Effects
of plasma nitriding and multiple arc ion plating TiN coating
on bacterial adhesion of commercial pure titanium via
in vitro investigations. Surf Coating Technol
2012;209:212e5. https://doi.org/10.1016/
j.surfcoat.2012.07.046.

[115] Whitehead KA, Li H, Kelly PJ, Verran J. The antimicrobial
properties of titanium nitride/silver nanocomposite
coatings. J Adhes Sci Technol 2011;25:2299e315. https://
doi.org/10.1163/016942411X
574970.

[116] Bagherifard S, Hickey DJ, de Luca AC, Malheiro VN,
Markaki AE, Guagliano M, et al. The influence of
nanostructured features on bacterial adhesion and bone
cell functions on severely shot peened 316L stainless steel.
Biomaterials 2015;73:185e97. https://doi.org/10.1016/
j.biomaterials.2015.09.019.

https://doi.org/10.1111/j.1749-6632.2011.06281.x
https://doi.org/10.1111/j.1749-6632.2011.06281.x
https://doi.org/10.1016/j.dsx.2016.06.023
https://doi.org/10.1016/j.dsx.2016.06.023
https://doi.org/10.1016/j.surfcoat.2015.11.050
https://doi.org/10.1016/j.surfcoat.2015.11.050
https://doi.org/10.1016/j.surfcoat.2012.07.046
https://doi.org/10.1016/j.surfcoat.2012.07.046
https://doi.org/10.1163/016942411X574970
https://doi.org/10.1163/016942411X574970
https://doi.org/10.1163/016942411X574970
https://doi.org/10.1016/j.biomaterials.2015.09.019
https://doi.org/10.1016/j.biomaterials.2015.09.019
https://doi.org/10.1016/j.jmrt.2023.05.115
https://doi.org/10.1016/j.jmrt.2023.05.115

	Improving mechanical properties and antibacterial response of α/β ternary Ti–Ta alloy foams for biomedical uses
	1. Introduction
	2. Materials and methods
	2.1. Metallurgical design of alloys
	2.2. Mechanical alloying
	2.3. Consolidation of foams
	2.4. Characterization of powders and foams
	2.5. Antibacterial screening of foams

	3. Results and discussion
	3.1. Characterization of unmilled and milled powders
	3.2. Characterization of physical and mechanical properties of foams
	(a). Microstructures of foams
	(b). Quantification of phases
	(c). Characterization of porosity
	(d). Characterization of physical and mechanic properties

	3.3. Characterization of antibacterial properties

	4. Conclusions
	Author contributions
	Declaration of Competing Interest
	Acknowledgments
	References


