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Evaluation of the Physical and Biological Properties of Ti-34Nb-6Sn/Mg Alloy Obtained by 
Powder Metallurgy for Use as Biomaterial
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Ti-34Nb-6Sn alloy were prepare by powder metallurgy milled in two different times (40 and 
60 min) using Ti and Nb hydrides with or without Mg, as spacer then sintered at 700ºC and 800ºC. 
Characterizations were made by scanning electron microscope (SEM), X-ray diffractometer (XRD) 
and by Archimedes. Microhardness was measured by Vickers microhardness. Mesenchymal stem 
cells derived from equine bone marrow (BMMSCs) were used to evaluate the sample cytotoxicity. 
Hydration and dehydration process was confirmed, also the formation of brittle particles during 
the milling. Materials were structured under α and β phase, and the samples that received Mg as 
a spacer had slightly lower β phase content compared to samples without Mg, suggesting difficult 
α→β transformation due to the presence of barriers formed by pores. Mg provided greater porosity, 
and prepared milled in a shorter time promoted an increase in the macropores. Microhardness was 
similar to that of commercial materials (i.e., CP-Ti and also to other alloys with similar nominal 
composition. Cells treated with conditioned medium with the samples showed viability comparable 
to the control group, and after 48 h of culture on the samples, there was significant growth and more 
circular morphology, when adhered on materials that received Mg.
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1. Introduction
The number of patients requiring orthopedic prostheses 

has significantly increased, due to the increasing world 
population and the life expectancy1,2. In orthopedic repairing, 
the most used devices are metallic, ceramic and polymer3, as 
they are able to almost recover the function of bone tissue for 
a long period of time4. Among the metallic devices, the most 
used are stainless steel, Co-Cr alloy, titanium and its alloys 
such as Ti-6Al-4V5. It is known that titanium has adequate 
characteristics as medical device such as mechanical strength, 
elastic modulus, low susceptibility to corrosion and good 
biocompatibility6-8. For this reason, the main metallic alloys 
have titanium in their composition9,10. Notwithstanding, the 
most widely used titanium alloy (Ti-6Al-4V) has aluminum 
and vanadium, components that are known as cytotoxic and 
can lead to neurological and respiratory disorders11,12. Even 
so the elastic modulus is as high as 110 GPa while that of 
the bone is between 10 and 30 GPa.

As they are nontoxic, niobium (Nb) and tin (Sn) are 
good candidates for synthesis Ti alloys, under suitable 
conditions, combining good stiffness and increasing the 

osteointegration13,14. Regarding the manufacture of metallic 
alloys, the powder metallurgy technique is a fast, simple 
technique and requires temperatures lower than of the melting 
of component metals and also by the use of hydride. Besides 
that, can promote milling to the desired particle size with 
excellent homogeneity it reconciles metals with different 
melting points15 and in sintering, hydrogen is eliminated, 
which contributes to providing a reducing atmosphere.

Introduction of hydrogen atoms in metals are made by 
interstitial solid solution, where the free sites in the lattice 
are occupied. Titanium and hydrogen form a simple eutectoid 
with the α + hydride phases  forming directly from the β 
phase. The strong β stabilizing effect of hydrogen results in a 
decrease of the α→β transformation temperature from 882°C 
to a eutectoid temperature of 300°C16. The terminal hydrogen 
solubility in the β phase is about 50 at% at above 600°C 
while in the  α phase, the maximum terminal hydrogen 
solubility is only about 7 at% at 300°C and decreases rapidly 
with decreasing temperature. In  titanium alloys, like in 
other group IV transition metals, hydrogen tends to occupy 
tetrahedral interstitial sites. Due to the relatively open bcc 
structure of the β phase, hydrogen has a much higher solubility *e-mail: mariana.rossi@unesp.br
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as well as much higher diffusivity in β alloys compared to α 
alloys. This is also facilitated by the presence of more sites 
per Ti atom in the β alloys compared to Ti atom in the hcp 
α alloys (seen Figure 1).

Ti with hcp crystalline structure promotes the metal 
embrittlement, and then the materials is reduced to fine 
powders. After, the hydrogen is then removed by heating the 
material under a vacuum. In more details the main advantages 
in the use of titanium hydrides are:

I.	 	TiH2 as raw material is cheaper because it is an intermediate 
product in the HDH-Ti powder production;

II.	 	It achieves higher densification compared to Ti sintered 
under the same conditions;

III.	 	The brittle behavior of TiH2 helps to fragment particles 
during pressing improving or increasing the compressibility 
of the powders;

IV.	 	The lattice defects generated by decomposition reactions 
of Ti activate the diffusion process, which leads to pore 
healing and accelerates the chemical homogenization of 
the final product;

V.	 	Hydrogen released during the transformation to Ti, 
through the reaction TiH2→Ti + H2, provides a protective 
atmosphere for Ti surface that reduces or can also controls 
the contaminations amount;

Some authors proposed that dehydrogenation occurs with 
the following sequence: δ(TiH2) Stage I → δ(TiHx) Stage II → 
β(TiH)H Stage III → β(TiH)H + α(TiH)H Stage IV → + α(Ti)17,18.

In first stage, hydrogen atoms are released and change 
their position randomly from tetrahedral to octahedral 
interstitials sites, but keeping the initial face-centered cubic 
(fcc) structure δ(TiH2).

In the second stage, as hydrogen is lost δ-phase is 
gradually transformed to β-Ti phase that is hydrogen-rich 
(β-Ti) with a body centered cubic (bcc) crystal structure. 

Then, the hydrogen is continuously released from β-TiH, and 
α-TiH (with a hexagonal compact crystal structure) begins 
to form when the hydrogen amount is low enough (third 
stage). During 2 and 3 stages, the highest conversation of Ti 
hydride takes place, achieving up to 80% of dehydrogenation.

The phase transformation model is like a core-shell 
structure, where (TiHx) constitutes the nucleus, the intermediate 
layer corresponds to β-TiH and external layer is α-TiH. 
Finally, complete α-Ti transformation occurs, which means 
that complete hydrogen elimination is produced in the last 
stage, which depend on the surface features.

The last theoretical dehydrogenation stage (fourth stage) 
when the transformation β-H + αH to α-Ti phase takes place, 
was not expected to happen for the alloyed samples due 
to the presence of a high quantity of β-stabilizer elements 
incorporated, which considerably reduced the β transus 
temperature with respect to unalloyed Ti.

As described above, this method can reduce production 
time and cost, but also the hydrogen can be removed during 
the dehydrogenation process and the existence of hydrogen 
atoms can make sintering process carry out easily and provide 
a contraction even in low temperatures. This preparation 
process can reduce the oxidation of samples, because of 
the existence of hydrogen. Allied to powder metallurgy, 
it is possible to combine spacers particles, which present 
low boiling point to provide porosity to the materials. 
Mg has been used for this purpose for the Ti biomaterial 
production19,20. Its solubility is insignificant in Ti, besides, it 
is very difficult to extend the solubility of Ti in Mg by rapid 
solidification, such as in powder metallurgy and liquid or 
solid-state techniques21. Liquid state methods are widely used 
to produce AL, Zn and Mg-based porous materials, due to 
feasibility to pressing thanks to their low reactivity and low 
melting points. However, these kinds of techniques are very 
difficult to be apply due to the high melting point and their 
excessive chemical affinity to atmospheric gases that rapidly 
dissolve above 400ºC. Then, solid state or PM as cited can 
produce porous Ti alloys at much lower temperature and 
under less chemical reactivity constraints, allowing more 
precise control of process, variables and pore size.

Figure 1. Representation of tetrahedral interstitial sites within unit cells a) hcp and b) bcc by the rigid sphere model. Blue spheres refer 
to titanium atoms and black spheres refer to hydrogen atoms.



3Evaluation of the Physical and Biological Properties of Ti-34Nb-6Sn/Mg Alloy Obtained by Powder Metallur-
gy for Use as Biomaterial

Mg has higher solubility in the β-Ti phase, which is 
stable at high temperatures, according to the Mg-Ti phase 
diagram22. Stable energy conditions are generated above the 
α-phase transformation temperature. Is that why in this work 
we used low temperature conditions to create porous Ti alloy.

Also, increases osteoconductive without biomedical 
inconveniences23, no separate removal step is required for 
Mg powders to form pores through their evaporation during 
the sintering process. Also, Mg vapor can provide a reducing 
atmosphere to prevent oxidation of titanium24 among with 
the dehydrogenation process. As pure Ti has a melting point 
that greatly exceeds the boiling point of Mg and therefore, 
alloying of Mg and Ti by conventional methods is extremely 
difficult25.

2. Main Characteristics of High Energy 
Milling and Sintering of Ti Alloys with 
Nb and Sn Alloy Elements
High-energy ball milling (HEBM) is a mechanical 

deformation process that is frequently used for producing 
nanocrystalline metals or alloys in powder form. This 
technique belongs to the comminution or attrition approach.

In the HEBM process, coarse-grained structures undergo 
disassociation as the result of severe cyclic deformation 
induced by milling with stiff balls in a high-energy shaker mill. 
This process has been successfully used to produce metals 
with minimum particle sizes from 4 to 26 nm. The HEBM 
is simple and has high potential to scale up to produce huge 
quantities of materials. However, a serious problem of this 
technique is the contamination from milling media (balls 
and vial) and or atmosphere.

Therefore, a number of improvements, including the 
usages of surfactants, alloy-coated milling media, and 
protective atmosphere, have been developed to alleviate 
the contamination problem.

The fine powder (in nano or submicron sizes) produced 
from ball milling can be consolidated to bulk form for large-
scale applications such as hip implants and bone screws.

The synthesis of materials by this technique was first 
developed in 1970 by John Benjamin26

Details about the stages of HEBM was described by 
Rajeshkanna and Nirmalkumar27,28.

At the first stage, the powder particles are flattened by 
the compressive force caused by the impart of the balls. 
Microforging leads to changes in the shapes of individual 
particles, or clusters being repeatedly impacted by the balls 
with high net change in mass.

Later, a significant change occurs as compared to the 
first one. Cold welding becomes significant and the intimate 
mixture of the powder constitutints decreases the diffusion 
distance to the micrometer range. Fracturing and cold welding 
are the dominant milling process at this stage. Although some 
dissolution may take place, the chemical composition is still 
not homogenous. Increase in homogeneity can be achieved 
during the sintering process.

In order to better understand the consolidation of alloys 
with high content of β-stabilizer elements of the Ti-Nb-Sn 
system, a brief description of the binary systems Ti-Nb, Ti-Sn 
and Nb-Sn will be presented based on their diagrams of phase.

The first thermodynamic studies about Ti-Nb, Ti-Sn 
and Nb-Sn binary systems were made by Murray, Moiseev, 
Antipov and Moiseev and Liu28-31.

The binary phase diagram includes liquid, β-Ti (bcc), 
α-Ti (hcp) and β-Sn (bct), Ti3Sn, Ti2Sn, Ti5Sn3 and Ti6Sn5.

The composition range of solution phase β-Ti and 
α-Ti in Ti-Sn system is 0-7.5 at% Sn and 0-17% at% Sn. 
The thermodynamic modeling of Nb-Sn phase diagram 
was assessed by Toffolon. There exist three solution phases 
liquid, β-Nb and β-Sn as well three intermediate compounds 
(Nb3SN, Nb6Sn5 and NbSn2)

32.
The Ti-Nb phase diagram was proposed by Zhang et al.33, 

which contains three stable phases liquid, β(Ti,Nb) and α-Ti. 
In the work of Wang et al.34, was studied the equilibrium 
phases and compositions of Ti-Nb-Sn at 700 ºC. They found 
that in the Ti-Sn, Nb-Sn and Ti-Nb binary systems description, 
phases liquid, β(Ti,Nb), α-Ti, Ti3Sn, Ti2Sn, Ti5Sn3, β-Ti6Sn5, 
Ti2Sn3, Nb3Sn, and NbSn2 should be stable in the Ti-Nb-Sn 
system at 700 ºC.

They concluded the homogeneity range of phase α-Ti is 
0-10.6 at% Sn in Ti-Sn system and 0-2.5 at% Nb in Ti-Nb 
system, and that of phase β(Ti,Nb) is 14.8-100 at% Nb in 
Ti-Nb system and 0-2.6 at% Sn in Nb-Sn system.

Phase α-Ti does not exist in Nb-Sn system, and no β 
phase appears in Ti-Sn system.

The compositions of equilibrium phase β(Ti,Nb) in 
alloy with specific composition (60.2 at% Ti, 30.6 at% Nb 
and 9.2 at% Sn) can fit β(Ti,Nb) homogeneity range, and 
the solubility of Sn in β(Ti,Nb) phase found to extend up 
to 9.2 at% and the results show that a relative large region 
of the β(Ti,Nb) continuous bcc solid microstructure at the 
annealing temperature.

In our previous work we found good mechanical properties 
with elastic modulus in the range of 18-49 GPa of Ti-34Nb-
6Sn/Mg35,36. In this way, the Ti-34Nb-6Sn/Mg alloy using 
titanium and niobium hydrides was synthesized by powder 
metallurgy technique. Two milling times and two sintering 
cycles were compared with characteristics of the material 
obtained for orthopedic purposes.

3. Experimental Procedure

3.1. Synthesis
Grade 2 TiH powders (ASTM F67), NbH (99.99%) and 

atomized Sn (99.50%) were supplied by CBMM (Araxá-
MG-Brazil) and Metalpó (São Paulo-Brazil). Quantities to 
obtain an alloy with mass ratio of 60% in Ti, 34% in Nb and 
6% in Sn, and in the case of alloys with Mg it was added in 
a sufficient quantity to give 2% in relation to the total mass, 
were mixed in a high energy planetary mill (FRITZCH-
model Pulverisette 5) in steel jars, volume= 450 mL, using 
steel spheres with 5 mm of radius (each balls presented a 
mass of 4.07g). The ball to powder weight ratio was 10:1. 
The milling batch had a mass of 40 g for each run, then were 
used n=98 balls) at 200 rpm in the presence of ethanol, which 
was placed in sufficient quantity to cover the powders. After 
for 40 min and 60 min of milling the mixtures were dried 
under vacuum and compacted uniaxially in a 1 cm2 matrix 
with cavity cross-section circular at a pressure of 100MPa. 
The sintering was carried out in two stages: 1) at 400 ºC for 
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1 h to allow debinding of ethanol and then 700 ºC for 2 h for 
sintering. This process was realized in samples milled for 
40 min. 2) at 400 ºC for 1 h to allow debinding of ethanol and 
then 800 ºC for 2 h for sintering. This process was realized 
in samples milled for 60 min. The heat process was made 
in a high vacuum resistive furnace (COMBUSTOL - model 
Tubular Oven) coupled to a mechanical pump (Edwards) 
and diffuser (Edwards), which provided a pressure less than 
10-2 Pa. Before sintering, the furnace chamber was replaced 
with argon and evacuated twice. The stages of sintering are 
demonstrated in Figure 2.

3.2. Microstructural Characterization
Metallographic preparation was carried out on all samples, 

in order to eliminate irregularities and surface oxides. For the 
metallographic preparation was used standard sandpaper of 
220, 320, 400, 600 and 1200 mesh in the presence of water, to 
avoid overheating. After this stage, they were polished with 
0.3μm and 0.05μm alumina (Alcrisa-Teclago). The structural 
characterization (identification of the present phases) of the 
powder mixture after milling and sintering of the specimens 
were made using X-ray diffractometer with Cu Kα radiation 
(Rigaku-Ultima IV) operating with 0.05 steps at the angles 
where the diffraction peaks were wider and 0.02 degrees for 
narrower peaks. Counting times per step were in the order 
of 10 s. The refinement of the crystalline structure and the 
quantitative analysis of phases were performed using the 
Rietveld method, using GSAS software37. Semi-quantitative 
chemical composition and morphological analyzes were 
performed using a Scanning Electron Microscope (SEM, 
from FEI, Quanta 200), equipped with a Secondary Electron 
detector (Everhart-Thornley), Backscattered Electrons and 
X-ray Dispersive Energy (EDS from Oxford, 51 -XMX1119). 
The peaks of aluminum (Al), oxygen (O), gold (Au), silicon 
(Si) and carbon (C) were disregarded, since the presence of 
these species is due to metallization (Au), sandpaper, sample 
bonding in the Al stub with C tape and air O.

3.3. Hardness test
The microhardness values of the samples were measured 

by Vickers microhardness. For optimum accuracy of the 
measurements, the tests were performed on disks with 
polished surfaces. The load applied was 300 gf and an 

indentation time of 60s38 in a Shimadzu equipment, model 
HMV-G. The number of indentations in each sample was 5.

3.4. Relative Porosity in the sintered materials
The porosity was determined using the Archimedes 

principle (relative porosity), following the B328 ASTM 
standards. Porosity was also assessed by analyzing the 
images obtained with scanning electron microscopy (SEM) 
using the software Image J®.

3.5. Cell culture and biocompatibility
First, the disks were cleaned and sterilized in order to 

avoid possible contamination. Thus, after polishing, each 
sample was ultrasonically cleaned with acetone, isopropyl 
alcohol and ultrapure water (18.2 MΩcm) for 15 min. 
Then, the samples were dried and autoclaved at 120 ºC for 
1h. Sterilization was performed for 1 h in order to ensure 
possible contamination. In addition, there is no evidence of 
mechanical changes in Ti alloys, after 5 sterilization cycles 
using the same time and temperature as the present work39. 
In biological assays, mesenchymal stem cells derived from 
equine bone marrow (BMMSCs) were used. Several studies 
have been carried out to understand the biological effect 
of Ti alloys when in contact with bone marrow-derived 
mesenchymal stem cells40,41. These cells are known to 
have osteogenic differentiation capacity depending on the 
topography of the surface on which they are in contact42-44. 
In addition, stem cells are the first cells to come into contact 
with the surface of the implants when implanted, which are 
then differentiated into bone cells, the so-called osteoblasts. 
They present a crucial role on to maintaining osseous tissue 
integrity45. Thus, the effect of the materials on the viability 
of the mesenchymal stem cells derived from equine bone 
marrow (BMMSCs) were studied by cultivating them in a 
medium that was conditioned for 24 h with the materials, 
as established by the ISO 10993-5 standard and described 
below. The BMMSCs were initially cultured at a ratio 
of 1x105 cells/well in KnockOut DMEM (ThermoFisher 
Scientific) culture medium in 96-well plates. These plates 
were incubated at 37 ºC in the air containing 5% CO2 and kept 
under these conditions for 24 h. At the same time, only the 
culture medium was kept incubated in the same conditions 
with the samples obtained by sintering at 700 and 800ºC. 
After that time, the cells of the first plate were treated with 
these conditioned media (Treated), and the control group 
received only conventional culture medium (Control) in 
a volume of 100 µL per well. The cell plates were kept at 
37ºC for another 24h. Then, the media were aspirated, 100 µl 
of Diphenyl tetrazolium dimethylthiazole bromide (MTT) 
(Sigma-Aldrich) (5mg/ml of medium) was added to each 
well and incubated in the same conditions as above for 3h. 
Afterwards, the remaining MTT was removed and the formazan 
crystals formed by the reaction of the MTT salt with the 
mitochondria of viable cells were dissolved by the addition 
of 100µl of isopropyl alcohol (Sigma-Aldrich) to each well. 
Finally, the absorbance of formazan was determined by the 
colorimetric method in a microplate reader at 570 nm. This 
experiment was carried out in triplicate. In another assay, 
the cells morphology and they adhesion on the samples were 
studied using the same cell line, at a density of 1x104 cells/Figure 2. Sintering process of Ti-34Nb-6Sn alloy.
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well in 24-well plates where the cells were cultured in 
direct contact with the surface of each sample. The plate 
was incubated with the respective materials and cells under 
the same conditions as the experiment above. After 48h, 
the medium was replaced with a new one, remaining so 
until completing 48h of culture, when the cells were fixed 
with glutaraldehyde (2.5%), buffered with PBS (phosphate 
buffer solution) at 0.2 mol/L. Then they were dehydrated 
in aqueous solutions with increasing ethanol concentration 
[7.5% (2x10min), 15% (2x10min), 30% (2x10min), 50% 
(2x10min), 70% (3x15min), 90% (2x15min) and 100% 
(2x10min)] and subjected to drying above the critical 
point in CO2. The specimens were analyzed by SEM after 
metallization with a gold layer. The use of BMMSCs is 
approved by the ethics committee and is registered under 
protocol CEUA 0235/2018.

3.6. Statistical analysis
The experimental results of cell viability, semi-quantitative 

compositional analysis by EDS and Hardness are presented 
as a mean ± the measurement deviation value, which was 
based on the SD here, using error bars in the figures. Each set 
passed the normality test and a comparison was made between 
the groups using t-test and Mann-Whitney. The software 
used was GraphPad Prism v.7.0 and the differences were 
considered statistically significant when P <0.05.

4. Results and Discussion

4.1. Characterization of the milled powders 
obtained by high energy milling

Figure  3 shows the morphological evolution of the 
starting powders after milling at 200 rpm at 0, 40 and 60 min, 
respectively. During the powder milling process, the particles 
are subject to several mechanical processes, such as plastic 
deformations and fractures of the elemental powders46. 
In order to promote a decrease in cold welding and reduce 
its aggregation47, ethyl alcohol was used. The particles of 
powder flatten by the constant collisions between the balls 
of the mill and then lamellar particles are produced. In the 
first stage, where the particles were just mixed (T0), the 
particles present irregular and spherical morphologies, 
depending on the nature of the powders (Figure  3a and 
a’). By the additional milling, the plastic deformation of 
the powders leads to fracture work, reducing their sizes, 
starting the process of microstructure refinement. This 
occurs at 40 min of milling (Figure 3b and b’). In this stage, 
the particles do not have spherical morphology, however, 
the sizes reduction is noticeable, confirming the efficiency 
of the process. In addition, these characteristics indicate 
that they have been subject to the physical actions already 
mentioned. Figure 3c and c’ refer to the milling for 60 min, 
and it is noted that this time was sufficient for the particles 
to undergo the shear process48,49 significantly reducing their 

Figure 3. Particle size morphology of Ti-H, Nb-H and Sn powders whose mixtures were prepared by milling at 200 rpm for 40 and 60 
min obtained by scanning electron microscopy: a) and a’) represent the mixture of the powders in time 0 min. The arrows indicate the 
irregular morphology of the particles; b) and b’) represent the powders after grinding for 40 min (magnification of 500 and 2000x). The 
arrows indicate the decreasing size of particles; and c) and c’) represent the powders after grinding for 60 min. The dashed circle indicates 
clusters of particles more refined.
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size. This decrease in size makes the particles more reactive, 
because the effective contact area increases considerably by 
several times. According to the literature, smaller and finer 
particles can fill the spaces between the powders, increasing 
their packaging50 and consequently making materials more 
resistant to fracture. Besides that, a bimodal distribution of 
large and fine particles is always better for higher packing. 
However, porosity tends to decrease with that. Such hardening 
is caused by the interaction of particles with the balls and 
continuous mechanical impacts51. In 60 min, the powders 
have a greater contact surface and there is an increase in 
the interaction between them. Particles that are flatter and 
have a greater contact surface (Figure 3c and c’) tend to 
deform more during compaction process52. Thus, a prolonged 
milling process may not be necessary53 further presenting a 
greater tendency to form agglomerates, making the process 
less effective, in any case, the effect of milling can also be 
in the case of a mixture of hydrides could not be effective 
due to fragility. Increasing milling time, the capacity of 
particles to accept further plastic deformation decreases. 
As welding is the dominant mechanism in the process, particles 
morphology changes to flattened particle agglomeration. 
The last stage involves the fracture of particles, resulting in 

greater deformation and/or fragmentation54. Then their size 
decreases significantly, causing an increase in agglomerated 
particles also the resistance to fracture. The increase of 
fracture resistance and greater cohesion between the particles, 
with decreasing particle size, cause agglomeration55. Self-
combustion of the powder was observed with milling time 
greater than 60 min and/or higher rotation speeds. Thus, 
to prepare the material with the sintering temperature of 
700 ºC, the mixing time of 60 min was used and 40 min 
for 800 ºC, both at 200 rpm. This combination was used in 
order to assess whether the refinement of the particles could 
influence the formation of porosity. The samples powders 
were also evaluated for the distribution of the elements 
Ti, Nb, Sn and Mg (Figure 4a and b) using EDS detector. 
In 40 min it is observed that the elements Ti, Nb and Mg 
are distributed with relative homogeneity (Figures  4a). 
Sn particles is more aggregated (Figure 4a), probably because 
the hardening and fracture phase is late compared to that of 
other elements. Besides, Sn is more soluble than Nb in Ti56, 
thus, its particles can be incorporated easier than Nb, even 
if agglomerated. In 60 min of milling (Figure 4b), Ti, Nb, 
Sn and Mg particles are better distributed.

Figure 4. Analysis by EDS (mapping) of the elements distribution Ti, Nb, Sn and Mg in the powders after grinding at 200 rpm for a) 40 
min and b) 60 min in a high energy.
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Figure 5 shows the X-ray diffraction pattern of the milled 
samples, even without the thermal treatment with 40 min 
of grinding. The diffractogram is composed of diffraction 
patterns of all components, like Ti, Nb and Sn, with Ti under 
a compact hexagonal structure (hcp), (α phase), Nb under a 
body centered cubic structure (bcc), (β phase) and Sn under 
hcp phase. The mixture containing the Mg shows a peak of 
MgO confirming the partial oxidation of the spacer during 
the powder homogenization process. In addition, it is noted 
that the intensity of the Ti and Nb peaks in the sample with 
a spacer decreased. The decrease in the intensity of some 
Ti peaks regarding to those of Nb, mainly with Mg, may be 
due to the decrease of the crystal size or/and deformation of 
the regular arrangement and tension in the lattice during the 
physical actions of the high energy milling and/or change 
in hydride distribution of components47.

In Table 1 is indicate the percentage content of Ti-H2, 
Nb-H0.95, metallic Sn and Mg after high energy milling for 
40 min. In the first line are present the content of the elements 
without magnesium. The Nb content was increased by 10% 
compared to the nominal value and the metallic Sn presented 
a decrease of 88% compared to the nominal value. Ti-H2 has 
a value equivalent to the nominal. The decrease in the Sn 
content may be related to its excellent solid solubility in 
the Ti lattice. Thus, at this milling stage, a part of the Sn 
may have been solubilized in the Ti matrix. The same is 
observed for the powders ground together to the However, 
this effect is smaller (43% reduction of Sn compared to the 
nominal value), as the Sn content present is significantly 
higher compared to milling without Mg. As Mg is much 
more reactive than Ti, it has a greater capacity to form oxides 
than Ti. As confirmed by the XRD pattern, by the presence 
of MgO (2θ=64.74º), the oxide layer formed reduces the 
effectiveness of grinding, and consequently influencing the 
solubility of the alloying elements in the Ti matrix. As Ti 

and Nb were in the form of hydrides, the oxides possibly 
formed were magnesium.

4.2. Microstructural characterization of Ti-34Nb-
6Sn and Ti-34Nb-6Sn/Mg alloys by X-ray 
diffraction

In the diffractograms of Figure 6, it can be seen that 
the temperature provided the formation of materials under 
two phases: α and β phase, and no Sn or Mg remained in 
their elementary state. There was no formation of oxides 
or nitrides such as TiO and TiN, as well as magnesium 
oxides, further no hydride peak was verified, confirming the 
dehydrogenation during the heat. The preliminary structural 
refinement showed that materials heated at 700 ºC, 44% by 
mass was structured under α phase and 56% under β phase, 
in the absence of Mg (Figure 7). In the refinement, masses 
of 95.734 g/unit cell (Ti) and 185.812 g/unit cell (Nb) were 
considered for α and β phases, respectively. In addition, it is 
a ternary alloy and the β phases of Ti and Nb are isomorphic 
with a very small difference in the lattice parameter (a = 
0.33065 nm for Ti and 0.33066 nm for Nb), that is, there is 
no difference in the diffraction pattern. In the presence of 
Mg, the α phase was 43% and the β phase was 57% under 
the same considerations. In sintering at 800 ºC (Figure 6) 
without Mg, the α phase was 33% and the β phase, 67%. 
Regarding with Mg, the proportion was 37% and 63% α and β 
phases, respectively. To the both conditions, is possible affirm 
that not have significative difference on phases distribution.

4.3. SEM and EDS evaluation
Figure  8a-d shows the micrographs obtained by a 

backscattered electron detector of the microstructure of the 
samples in different experimental conditions. The microstructure 
consists of regions with darker contrast, which refers to 
the richest Ti phases (lowest atomic number), with the 

Table 1. Rietveld refinement details for powder samples. (Ti-H2: Pdf Number: 64798, Nb-H0.95: Pdf Number: 80-2282, Tetragonal-Sn: 
Pdf Number: 86-2265).

Powder Samples Ti-H2 (%) Nb-H0.95 (%) Tetragonal-Sn (%) hcp-Mg (%)
Ti-34Nb-6Sn 60 38 0.71 -

Ti-34Nb-6Sn/Mg 64 32 3.4 <1%

Figure 6. X-ray diffraction pattern of sintered samples.Figure 5. X-ray diffraction pattern of milled powders.



Rossi et al.8 Materials Research

hcp structure (α phase) and poor in β stabilizing elements 
(higher atomic radius), brighter contrast region related to 
the β phase richer in Nb with bcc structure and some regions 
with intermediate contrast, related to the β-Ti as indicated 
by arrows. The Nb particles in both sintering temperatures 
does not appear to have completely dissolved, because in 
the brightest contrast, the percentage of Nb is higher than 
Ti. In the dark contrast the percentage of Ti is higher than 
Nb. Note that with the increase in the sintering temperature, 
the regions rich in Nb decreased in size (Figure 8c, d). This 
decrease indicates a higher allotropic transformation due to 
the increase in β-transus temperature. The portion regarding to 
the brightest contrast increased with the sintering temperature, 
an indication there was enrichment in phases by elements of 
greater atomic number, not necessarily being accompanied by 
the formation of a homogeneous alloy. The ratio of the dark/
bright area that was 41:59 without Mg changed to 43:57 (at 
700 ºC) with Mg and from 26:74 to 20:80 without and with 
Mg, respectively, at 800 ºC (Figure 8e).

The elemental mapping of the Ti-34Nb-Sn sintered at 
800 ºC is indicated in Figure 9. The Ti and Sn present better 
homogeneity compared to Nb particles whereas when compared 
to samples obtained at 700 ºC. Sn is a neutral stabilizer, its 
diffusion in Ti is more significant57,58. In addition, Sn melts 
first than the other materials, as it has a lower melting point 
(231.9 oC). The molten Sn flows into the pores of the Ti or 
Nb particles by capillary forces and there its diffusion in 
the Ti or Nb structure is favored, being incorporate easily. 
In more detail, the solid solution forms when the solute 
atoms (like Sn) are added to the host material (Ti) then 
the crystal structure is maintained and no other structure is 
formed28 and the solubility of Ti in liquid Sn was found to 
be extremely high. The solution phase formed by Sn in Ti 
matrix is treated as substitutional solution, and according to 
Wang et al.34, the solubility of Sn in β (Ti,Nb) solid solution 
phase can be determined by compositions of the equilibrium 
phases of the typical annealed alloys, and the maximum 
value is 3.7‑11.1 at %, which is a relative large solubility. 

The solubility of liquid Sn in β(Ti) is 0–11.1 at.%. The absence 
of Sn peaks in the XRD pattern, as well as the formation of 
the α and β phases may indicate their incorporation in the 
crystalline lattice of Ti and Nb.

4.4. Porosity analysis
The total porosity found in the sintered samples is shown 

in Table 2. The increase in temperature did not promote a 
significant change in the porosity of materials without Mg. 
In the case of materials with Mg, the porosity increased at 
both temperatures compared to their respective controls. It is 
also noted that there was a 26% decrease in porosity with 
increasing temperature for materials with Mg. The porosity 
distribution of the samples in the different processing conditions 
is shown in Figure 10. Among the different temperature 
conditions, there are no different porosity distributions in the 
materials. The process involves mixing titanium powders with 
space-holder, compaction the mixture into green compacts, 
and heat treatment to burn out space-holder and sintering. 
The benefit of this is that it allows the extent of the porosity, 
the pore shape, and pore size distribution to be controlled by 
changing the volume fraction and shape of the space-holders. 
The porous materials made by the space holder technique 
have two types of pores: macro-pores, obtained by subsequent 
elimination of the space-holder material; and micro-pores, 
obtained by partial sintering of the titanium powder matrix.

For sintered porous materials fabricated using space-
holders, the porous state cannot be defined by a single 

Figure 7. Phase crystalline structure found by X-ray diffraction and structural refinement (Rietveld method) for samples obtained by 
sintering at a) 700 oC and b) 800oC.

Table 2. Porosity of sintered materials determined by the Archimedes 
method.

Material Total
Porosity % vol (SD)

Ti-34Nb-6Sn (700 ºC) 23±0.5
Ti-34Nb-6Sn/Mg (700 ºC) 38±0.6

Ti-34Nb-6Sn (800 ºC) 21±1.4
Ti-34Nb-6Sn/Mg (800 ºC) 28±0.3
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Figure 8. SEM of sintering materials at 700 ºC and 800 ºC. a) Ti34Nb6Sn b) Ti34Nb6Sn/Mg at 700 ºC. c) Ti34Nb6Sn D) Ti34Nb6Sn/
Mg at 800 ºC. e) Quantification of the size of brightest zone on sintered materials.

parameter such as the relative density. This is because 
there are two inherent length scales in this material, as 
listed below: 1. Macro-scale pores –these are formed by the 
space-holder, which determines the size and morphology of 
these large pores. 2. Micro-scale pores –these arise due to 
incomplete sintering of the titanium powder. The size and 
morphology of these small pores are determined by the 

size of the constituent powder particles, and the level of 
compression and sintering59.

In Figure  10a,  b, both materials have macro and 
micropores, and with the increase in temperature there is a 
decrease in microporosity. With the addition of Mg, at both 
temperatures, the porosity increased significantly, as well 
as the pore size (Figure 10c, d). This increase in pore size 
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is due to the size of the Mg particles that evaporated during 
the sintering process. It is noted that in relation to porosity, 
the samples are more homogeneous with the increase in the 
sintering temperature. This fact can be confirmed by the lower 
standard deviation obtained from samples sintered at 800 ºC 
(Figure 10e). This higher homogeneity is due to the reduction 
of pores of sizes smaller than 100 µm. Some studies have 
revealed that the optimal porosity range of an implant for 
bone growth is between 20 to 50%60. In Figure 10e, observe 
the pores formation increase with temperature and with the 
use of Mg, in the range of 98-238 µm.

This characteristic can assist in the adhesion, growth 
and proliferation of bone cells inside these structures61. 
The micropores have sizes in a range of 2-5 µm. According to 
some studies, they are classified with micropores when they 
are smaller than 10 µm61. Although some studies consider 
that the pores size does not influence the bone-implant 
interface62, others suggest that materials with porosity in the 
250-600 µm range are suitable for orthopedic application63. 
Still others have reported that pores between 100-400 µm 
provide sufficient permeability for bone mineralization64. 
Qualitatively, the milling of 60 min promoted higher 
formation of micropores compared to materials with 40 min 

of milling, possibly due to the smaller particle size and low 
sintering temperature (700 ºC)64. Since even increasing the 
porosity with the addition of Mg, at 60 min of milling, there 
are still micropores in the microstructure of the samples. 
According to some studies, micropores are not desired in the 
materials, as they can reduce the load-bearing cross section 
and consequent deterioration of the compressive strength of 
them65,66. The decrease of microporosity was also confirmed 
when quantifying the relative porosity of the two samples 
as showed in Table 2.

4.5. Hardness behavior
The hardness values of the samples can be seen in 

Table 3. With the increase in the sintering temperature from 
700 to 800 ºC the samples without magnesium increased the 
hardness by 4.8%. The samples with Mg increased by 30.4%. 
This considerable increase in hardness is due to the decrease 
in apparent porosity, possibly due to the higher sintering 
temperature and lower microporosity formed, contributing 
to a better homogeneity of the samples. Usually, the porosity 
of sintered materials decreases, and the distribution of pores 
changes with increasing temperature, since the mass transport 

Figure 9. Typical element mapping by EDS of Ti-34Nb-6Sn sintered at 800 ºC. a) SEM of Ti-34Nb-6Sn sintered at 800 ºC. b), c) and d) 
map distribution of Ti, Nb and Sn.
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is greater at higher temperatures, which leads to greater 
formation of more efficient particle-to-particle bonds67. 
In the case of samples without Mg, the porosity (Table 2), 
did not change significantly. It is evident that the mass 
transport occurred as changes in the fraction of phase and 
porosity distribution were observed. The temperature effect 

Figure 10. Micrograph of the pore distribution of sintered materials under different experimental conditions. a) and b) referring to samples 
Ti-34Nb-6Sn at 700 ºC and 800 ºC. c) and d) referring to Ti-34Nb-6Sn / Mg samples sintered at 700 ºC and 800 ºC. e). Evolution of pore 
size evaluation on the samples by Image J software.

Table 3. Vickers hardness analysis.

Material Temperature Hardness (HV)
Ti-34Nb-6Sn 700 ºC 146±16

Ti-34Nb-6Sn/Mg 700 ºC 92±10
Ti-34Nb-6Sn 800 ºC 153±12

Ti-34Nb-6Sn/Mg 800 ºC 120±20
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was higher for samples containing Mg, probably because its 
evaporation is more intense in the temperature range used. 
The Mg effect was less for the synthesis at 800 ºC, with 
smaller difference either between the hardness, as well as the 
effect of temperature on the hardness, porosity and fraction 
of β phase was higher in the samples with Mg. It should be 
remembered that the composition of Mg determined by EDS 
is not accurate due to the low content of this element in the 
samples. The hardness values found are significantly close 
to the Ti-CP (136 HV), considering that the fraction of α and 
β phases and microstructures are different from those of the 
present work68. In similar alloys, the hardness value found 
was 158 HV for Ti-33.6Nb4Sn69 and 173 HV for Ti-30Nb-
4Sn70. Since the hardness and porosity ratio of materials 
applied to orthopedics is extremely important to mimic the 
bone tissue, the hardness of the materials synthesized here 
is similar to materials already commercialized71.

4.6. Biological effect caused by the treatment 
of BMMSCs after 24 hours in contact with 
alloys

Figure 11 represents the biological effect of the conditioned 
medium with the materials obtained by sintering at 800 ºC, 
that present better homogeneity in they microstructure. Note 
that there was no significant difference (P> 0.05) in cell 
viability after 24 h of culture using conditioned medium with 
samples compared with the control group. This finding may 
be due to the absence of ions or toxic particles released in 
the culture medium, not influencing the viability of the cells. 
This analysis is extremely important, because in a biological 
environment, the first contact with the biomaterial is made 
by stem cells that will later differentiate into bone cells and 
adhere to the implant, allowing for good osteointegration72.

4.7. BMMSCS adhesion on the alloys surface
In the 72-h growth test, the cells adhered to practically 

the entire surface of the material, as well as inside the pores 
(Figure 12a-d). It is not possible to quantify the adhered cells, 
however, cell proliferation and adhesion were very good in 
all materials. It is also noted that after 72 h in direct contact 
with the surface of the materials, the morphology of the cells 

is more circular in the materials with Mg (Figure 12c and 12d 
compared to materials without Mg (Figure 12a and 12b). 
This may be due to two factors: greater porosity formation 
and the preference of the cells for these rougher regions, 
which mimic the natural bone tissue. However, at 700 ºC the 
cell filopodia are observed, which would indicate the best 
adhesion, while at 800 ºC the cells are more rounded and, in 
all cases, present formation of adhesion filopodia. A second 
factor to be taken into account would be Mg, which has not 
completely evaporated. It can assist in the adhesion of cells, 
as it increases the osteoconductivity of the material (property 
of indicating the path for bone growth, on the surface or 
pores). Divalent ions such as Mg2+, Ca2+ or Mn2+ can bind 
to sites present in the extracellular domain of the integrin 
subunits73, which are transmembrane proteins responsible 
for cell adhesion74.

5. Conclusions
•	 Hydride and dehydride process of titanium and 

niobium powders was confirmed by the XRD 
patterns, as well as the formation of brittle particles 
in order to optimize the milling process;

•	 All samples were structured under α and β phase, 
and samples that received Mg as a spacer had 
slightly lower β phase content compared to 
samples without Mg, suggesting that greater 
porosity formation may influence the α→β 
transformation process due to the presence of 
barriers formed by pores;

•	 Mg provided greater porosity formation, and at 
800ºC the formation of micropores decreased, due 
to better sintering of the materials;

•	 Materials milled in a shorter time promoted a 
significant increase in the formation of macropores;

•	 Hardness obtained for materials without Mg at 700 
and 800ºC and for materials with Mg obtained at 
800ºC presented values close to commercialized 
materials and also to others with similar nominal 
composition;

•	 Cells treated with conditioned medium with the 
samples that received Mg showed cell viability 

Figure 11. Cell viability of BMMSCs after 24 h of culture in a conditioned medium with the samples sintered at 800 ºC. Absorbance 
measurements performed using a 570 nm microplate reader.
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comparable to the control group, and after 48 h of 
cell culture on the samples, there was significant 
growth; cells that grew under the Mg-containing 
materials showed more circular morphology, an 
indication of possible cell differentiation;
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