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Titaniumalloys arewidely used in biomedical applications due to their excellent properties such as high strength,
good corrosion resistance and biocompatibility. Titanium alloys with alloying elements such as Nb and Zr are
biocompatible and have Young's modulus close to that of human bone. To increase the bioactivity of titanium
alloy surfaces is used chemical treatment with NaOH followed by immersion in simulated body fluid (SBF).
The purpose of this study was to produce the alloy Ti–27Nb–13Zr with low Young's modulus by powder metal-
lurgy using powders produced by the HDH process. The formation of biomimetic coatings on samples immersed
in SBF for 3, 7, 11 and15 dayswas evaluated. Characterization of the coatingwas performed bydiffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS) and scanning electron microscope. The microstructure and
composition of the alloy were determined using SEM and XRD, while the mechanical properties were evaluated
by determining the elastic modulus and the Vickers microhardness. The sintered alloys were composed ofα and
β phases, equiaxed grains and with density around 97.8% of its theoretical density. The Vickers microhardness
and elasticity modulus of the alloy were determined and their values indicate that this alloy can be used as a
biomaterial. Analysis of the coating revealed the presence of calcium phosphate layers on samples immersed
for N3 days in the SBF solution.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Titanium alloys for implants with good biocompatibility, longer life-
time in the human body environment, Young's modulus compatible
with that of human bone (10–30GPa) [1], and highmechanical strength
[2], are being developedwith non-toxic alloying elements such as niobi-
um (Nb) and zirconium (Zr) to replace the traditional alloy Ti–6Al–4V.
Niobium is added as it is a β-phase stabilizer and highly biocompatible
[3] whereas Zr is a neutral element in terms of phase stabilization,
even though some research work suggests that zirconium stabilizes
the β-phase in the Ti–Nb–Zr system [4]. In addition, it is desirable to
have the elastic modulus of the titanium alloy close to that of human
bone. In implants, high Young's modulus results in bone resorption
(stress shielding), while a low elastic modulus causes overloading [5].

Powder metallurgy (PM) has been successfully used in the produc-
tion of several titanium alloys [6]. This method is excellent for near
net-shape production of surgical implants due to some inherent advan-
tages. These include capability of precisely adjusting the chemical
composition, feasibility, reduced cost and reduction of modulus by
introducing pores [1]. The powders used in PM can be prepared by the
hydrogenation – dehydrogenation (HDH) process using metal scrap.
This process introduces hydrogen atoms in the metal's interstitial sites
des).
to promote embrittlement of the metal. The hydrogenated metal is
then mechanically ground to obtain a fine powder that is heated
under vacuum to remove the hydrogen [7,8]. The advantages of HDH
process for powder production are: It's low cost, better green density
and improved in densification during sintering, control of oxygen con-
tent in sintered samples and the hydrogen emitted from the hydroge-
nated powders might become a protective atmosphere during powder
sintering [7,9].

The composition of the titanium alloy was chosen using the orbital
molecular method in which two parameters (B0 and Md) are deter-
mined theoretically. B0 is the bond order, a measure of the covalent
bond strength between Ti and an alloying element. Md is the metal's
d-orbital energy level which correlates with electronegativity and the
radius of themetallic element [10]. It has been reported the elasticmod-
uli values of titanium alloys decrease with increase in B0 and Md [10].
Thus, this method allows us to select alloys with elastic modulus close
to human bone from the position of the alloy in the stability map, called
theB0 �Mdmap. As per this procedure, the alloy Ti–27Nb–13Zr with
B0 ¼ 2:867 and Md ¼ 2:480 is located near in the α + β region with
elastic modulus in the range of 60–70 GPa [10,11,12]. The advantage
of α + β alloys is that they can be strengthened by heat treatment
and have properties like high specific strength, fatigue resistance
and excellent corrosion resistance [13,14]. Besides, these alloys are
often used in several medical applications such as femoral hip
stems, spinal components, fracture fixation plates, etc [14].
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Fig. 2. Cumulative particle size distribution of Ti–27Nb–13Zr alloy powder.
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Titanium alloys are used as orthopedic and dental implants, but the
bioactivity is not sufficient to attain adhesion between the implant and
bone [15,16]. Therefore it is necessary to modify the metal surface
to make it bioactive. There are several surface modification techniques
and these include: mechanical methods (machining, grinding, polishing,
blasting), chemicalmethods (acid-etching, hydrogen peroxide treatment,
alkali-heating procedure, acid-alkali or acid-alkali pre-calcification proce-
dure, surface-induced mineralization) and electrochemical methods
(electro-crystallization, electrophoretic deposition, and anodic oxidation)
[17,18].

After surface treatments using the methods mentioned above, the
alloys can be made bioactive by forming a biomimetic coating on the
surface [19]. The procedure to form a biomimetic coating has advan-
tages over other methods of coating (plasma spray, sputter deposition
and sol–gel). This procedure is a low temperature process and applica-
ble to any heat sensitive substrate including polymers. It allows the for-
mation of bioactive bone-like apatite crystals. It forms evenly and inside
porous or complex implant geometries. It can also incorporate bone-
growth-stimulating factors [20]. In addition, the biomimetic process
helps forma biologically active apatite layer on the substrate after immer-
sion in an artificially prepared supersaturated calcium and phosphate so-
lution known as simulated body fluid (SBF) [21]. SBF is a solution that has
inorganic ions in concentrations similar to that of human blood plasma
but does not contain any cells or proteins [22].

The purpose of this research was to characterize the Ti–27Nb–13Zr
alloy produced by PM, analyze the influence of milling time on the
sintering process, determine the mechanical properties (elastic modu-
lus and microhardness) and evaluate the biomimetic coating to verify
if the alloy can be used in orthopedics or dental applications.

2. Materials and methods

The Ti–27Nb–13Zr alloywas prepared bymixing powders of TiH, NbH
and ZrH. The NbH and ZrH powders were obtained by hydrogenating the
respectivemetal scraps. TiH powderwas purchased fromBrats – Sintered
Filters and specials metallic powders.

The hydrogenation temperature of zirconium andniobiumwere 650
and 700 °C, respectively, and this was done for 30min. The heating rate
to thehydrogenation temperaturewas 20 °C aminute andhydrogen gas
pressure was 9.5 bar. A stainless steel recipient was used to crush the
hydrogenated powders. The powders were then sieved (40 mesh)
prior to milling. Before mixing the powders, pickling solutions were
used to remove the impurities. A solution of distilled water and HNO3

(10:1) was used for ZrH and a solution of H2SO4, HNO3, HF and distilled
water (5:2:2:1) was used for NbH. The powders to be characterized
using various techniques were prepared by first weighing them in the
Fig. 1. XRD spectra of Ti–27Nb–13Zr after milling for (a) 2 h, (b) 6 h, and (c) 10 h.
right proportions followed by grinding in a Fritsh GmbH high-energy
Pulverisette 7 Premium mill at a speed of 300 rpm and with a ball
to powder ratio of 10:1 for 2, 6 and 10 h. Themilling cruciblewas coated
with zirconium oxide and the balls, 5 mm in diameter, were also made
of the same material. The milling was carried out with cyclohexane
(C6H12) after which the powders were dried by reducing the pressure
in the milling chamber with a mechanical vacuum pump. The powder
mixtures were characterized in terms of structure and composition by
XRD analysis. The grain size distribution and morphology were studied
using a SEM.

The samples for SEM, XRD analysis, microhardness measurement
and biomimetic coating, were uniaxially compacted in a 6.0 mm diam-
etermatrix, with pressure of 65MPa, followed by cold isostatic pressing
(CIP) at 200 MPa during 60 s. The samples for measuring the Young's
modulus were rectangular parallelepiped (40 × 6 × 2 mm) and these
were compacted in a rectangular matrix at pressure of 6 MPa followed
by CIP under conditions mentioned above. The lower pressure was
used for shaping the specimen before CIP and sintering.

The sintering temperature in a high vacuum furnace was 1300 °C
and the specimens were heated to this temperature at 5 °C/min until
500 °C, held for 1 h for dehydrogenation and then at 7 °C/min up to
1300 °C and held for 3 h. The sintered samples were mounted in
epoxy resin and prepared for metallographic examination using con-
ventional techniques. That is, the mounted specimens were ground
using SiC sandpaper and then polished using colloidal silica (0.06 μm).
The hardnessmeasurementswere performed in a BuehlerMacrovickers
5112 equipment with a load of 300 g for 15 s. X-ray diffraction analysis
was carried out in a Rigaku DMAX 2200 equipment, operating at 40 kV,
20mA and copper radiation. The scanned rangewas 20° to 90° at a scan
Fig. 3. Variation of density of samples prepared with powders milled for different times.



Fig. 4. Scanning electron micrographs of Ti–27Nb–13Zr milled for different duration and heat treated at 1300 °C for 3 h. (a) 2 h; (b) 6 h; (c) and (d) 10 h.
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rate of 2°/min. The XRD patterns were compared with the PDF −2
database of the International Centre for Diffraction Data (ICDD).
The elastic modulus of the alloy was determined by a dynamic method
based on impulse excitation of vibration using a Grindosonic apparatus.
Themeasurementswere performed as per ASTMstandards. Kroll solution
was used for metallographic etching of samples, and the microstructure
was observed in a Philips XL – 30 model scanning electron microscope
(SEM).

To obtain the biomimetic coating, the sintered samples were first
washed in anultrasonic cleanerwith acetone andultrapurewater (MilliQ,
Millipore). After which they were given an alkali pre-treatment that
consisted of soaking the samples in NaOH (5 M) solution at 60 °C for
24 h followed by washing with ultrapure water. The samples were then
immersed in the SBF solution prepared by dissolution in ultrapure
water of the following analytical grade reagents: NaCl, KCl, K2HPO4,
CaCl2·2H2O,MgCl2·6H2O,NaHCO3, andNa2SO4 [19]. The pHwas adjusted
with HCl 0.1 M and tris (hidroxymetilaminomethane) to 7.25 (36.5 °C).
The samples were placed in separate polyethylene recipients containing
SBF and held for 3, 7, 11 and 15 days under constant agitation. The SBF so-
lutionwas renewed every three days. Finally, the sampleswere removed,
washed in ultrapure water and dried at 40 °C.

The coated specimens were studied using diffuse reflectance FTIR
spectroscopy (Thermo Nicolet 870 – NEXUS), scanning electron micros-
copy (SEM – Philips XL – 30) and XRD analysis.
Table 1
EDS analysis of α and β phases in microstructure of Fig. 4(d).

Phases Ti (wt%) Nb (wt%) Zr (wt%)

α phase 78.0 10.0 12.0
β phase 59.5 28.5 12.0
3. Results and discussion

The hydrogenated powders that were used to prepare the Ti–
27Nb–13Zr alloy revealed angular morphologies. Mean particle sizes of
130 and 170 μm for TiH and ZrH, respectively, while NbH b 425 μm.

The phases present in the powder mixtures after milling are hy-
drides (TiH1,5, NbH0,89 and ZrH2), α-Ti and Nb as shown in Fig. 1. The
ICDD codes used to identify the phases α-Ti, TiH1,5, ZrH2, Nb and
NbH0,89 were: 44–1294, 78–2216, 17–0314, 89–3715 and 7–0263
respectively. Peak broadening observed in Fig. 1 is due to structure
Fig. 5. XRD spectra of Ti–27Nb–13Zr alloy after sintering.



Table 2
Quantity of phases formed in Ti–27Nb–13Zr as determined by the Rietveld method.

TNZ Ti-α (%) Ti-β (%) α″ phase(%) σ

1300 °C/3 h–2 hm 14.47 83.27 2.37 2.70
1300 °C/3 h–6 hm 11.2 82.74 6.06 1.85
1300 °C/3 h–10 hm 30.11 53.55 16.34 2.01

Fig. 6. Young's modulus and microhardness of specimens sintered at 1300 °C for 3 h.
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distortion–introduction of atoms and/or defects. Displacement of the
peaks is also associated with deformation of the crystal structure, due
to dissolution of elements and the introduction of defects during the
grinding process. The disappearance of theNbH peaks occurs due to for-
mation of a solid solution in the crystal structure of titanium [23].
Fig. 7. Scanning electron micrographs of the surf
Fig. 2 shows the cumulative particle size distribution of Ti–27Nb–
13Zr milled for 2, 6 and 10 h (hm – hours of milling).

Themarked reduction in particle sizewith increase inmilling time is
due to increased number of collisions between the balls in the crucible
and the alloy particles, promoting thereby the breaking-up of larger par-
ticles into smaller ones by the deformation and fracture process [23].
Smaller particle size contributes towards increased densification. In ad-
dition, the higher surface area of the smaller particles increases the
number of bonds among the particles, and promotes more efficient
solid state diffusion processes [24,25].

The green density and sintered density of the samples are shown in
Fig. 3. As foreseen, there is a decrease in density due to reduction in par-
ticle size. In powdersmilled for 2 h (2 hm) thewider particle-size distri-
bution, which includes large and small particles, favors stacking and
higher green density as the smaller particles fit into the interstices
between the large particles. Whereas in powders milled for 6 and 10 h
the small particles provide a greater number of contacts, causing in-
creased resistance to compaction. Thus the inter-particle friction increases
with decreasing particle size, resulting in increased agglomeration and
lower green density [26].

The calculated theoretical density of the alloy is 5.42 g cm−3. The
smaller particle size of powders milled for 6 and 10 h provides greater
inter-particle contacts and therefore, more paths for process diffusion,
thus increasing densification.

Fig. 4 shows scanning electron micrographs of Ti–27Nb–13Zr
powders milled for 2, 4 and 6 h and heat treated at 1300 °C for 3 h.
The sample in Fig. 4(a) shows several regionswith undissolved niobium
(white area), α-Ti (dark area) and the β-Ti matrix (light area). In
Fig. 4(b), a micrograph of the sample with powder milled for 6 h, the
Nb remained undissolved and more precipitates of α-Ti are visible. In
Fig. 4(c) and (d), undissolved Nb is no longer seen and there are larger
α-Ti colonies alongside α-plates (αp). When titanium alloy is cooled
ace of a sample treated with NaOH solution.



Fig. 8. SEM of samples after immersion in SBF for periods of: (a) 3 days; (b) 7 days; (c) 11 days; and (d) 15 days. The EDS of the region in the black circle in (d) is shown in (f).

Fig. 9. Diffuse Reflectance Infrared Fourier Transform (DRIFT) analysis of samples
immersed in SBF for periods of 3 (a) and 15 days (b).
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from the β-phase regime, the α-phase nucleates from the β phase
matrix [27]. In this investigation the samples were furnace cooled,
which is a slow cooling process. Hence, the tendency to formα colonies
in the β matrix.

EDS analysis at regions shown with black circles in Fig. 4d revealed
the composition (semi-quantitative) shown in Table 1 of the α and β
phases in samples prepared with powders milled for 10 h and sintered
at 1300 °C for 3 h.

The alloy consists predominantly of the β-Ti phase (bcc) with some
α-Ti (hcp) as shown in Fig. 5. The presence of the orthorhombic mar-
tensite α″ phase, caused by transition from the hexagonal α′ phase to
the body centered cubic β phase, is due the amount of Nb (N 20%) in
the alloy [28,29].

The quantity of phases formed in samples milled for different dura-
tion is given in Table 2. With increase in milling time, a decrease in
quantity of the β phase occurs. It has been reported that in titanium
alloy the α-phase exhibits higher elastic modulus compared with the
β-phase. The elastic modulus of the different phases in titanium alloys
increase in the sequence β b α″ b α b Ω [30].
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The elastic modulus and microhardness of alloy samples prepared
with powders milled for different duration and sintered at 1300 °C for
3 h are shown in Fig. 6. These mechanical properties increase with
milling time of thepowders and thequantity ofα andβphases. Samples
prepared with powders milled for 2 h had lower modulus values
(50 GPa), akin to human bone, but the hardness was low that could
lead to greater wear out. Nevertheless, these specimens still revealed
undissolved niobium.

The samples with a higher amount of α phase (TNZ 1300 °C/3 h –
2 hm and TNZ 1300 °C/3 h – 10 hm) exhibited greater hardness than
the specimenswith a predominance of β phase. This is due to higher de-
formation resistance of hcp structures (α phase) compared to bcc struc-
tures (β phase) [2].

The samples prepared with powders milled for 10 h and sintered at
1300 °C for 3 h exhibited modulus values close to that of Ti–13Nb–13Zr
alloy [28,29], and high hardness meeting the requirement for long
service life (over 20 years) as bone implants in young patients [31].

Samples that were more homogeneous (1300 °C/3 h and 10 h mill-
ing) were used to form the biomimetic coatings. Fig. 7 shows scanning
electron micrographs of samples treated with 5 M NaOH to form func-
tional groups essential for adhesion of apatites that formwhen the sub-
strate is immersed in SBF. Note the textured surfacewith irregular relief
in Fig. 7(a) and regions with rods and/or needles in Fig. 7(b) and (c).

The EDS analysis showed the presence of the elements Nb, Ti and Zr,
and a considerable quantity of O and Na, indicating formation of sodium
titanate. The formation of titanate is due to partial dissolution of the
passive TiO2 layer in the NaOH solution, owing to the corrosive attack
of OH– ions producing titanate hydrogel layer on the surface of the
substrates [32,33]. This product reacts with Na+ present in the aqueous
solution forming sodium titanate [34], which contributes to Ti–OH
formation.

It has been reported in literature [34] that if there are enough Ti–OH
groups on the surface, the calcium ions can accumulate on the surface so
that the surface can gain an overall positive charge. Thus, negatively
charged phosphate ions to form amorphous calcium phosphate that
spontaneously transforms into the apatite, because, the apatite is the
stable phase in body environment.

The surfaces of specimens immersed in SBF for 3, 7, 11 and 15 days
are shown in Fig. 8. Formation of a layer of globular apatite on the sur-
face can be seen. The cracks seen in Fig. 8(c) formed during the drying
process. Upon exposure to the SBF, the samples release the Na+ ion
from the sodium titanate layer into the SBF via exchange with H3O+

ions in the fluid, increasing thus the OH– concentration and the ionic ac-
tivity of the surrounding fluid, to form Ti–OH groups on the surface of
the titanium coating. These groups are negatively charged and combine
with the positively charged Ca2+ ions in the fluid to form calcium tita-
nate. This combination creates an overall positive charge on the surface.
Subsequently, the calcium titanate (positively charged) combines with
the phosphate ions (negatively charged) to form amorphous calcium
phosphate, which transforms into apatite [34,15,35].

The DRIFT analysis spectrums shown in Fig. 9, reveal the presence of
well-defined bands of O–H at 3500 cm−1, (PO4)−3 at 1010 and
600 cm−1, and (CO3)−2 at 1400 and 1500 cm−1 in samples immersed
in SBF for 3 and 15 days. The specimens immersed for 7 and
11 days also show the same bands. Thus the presence of these
bands in all of the samples together with the EDS analysis results
shown in Fig. 7(f) suggests the formation of apatite [10].

4. Conclusions

The alloy is classified as α + β, and the milling time influences the
formation of these phases. In this case, increase in milling time revealed
a tendency forα″phase to increase. In the alloys preparedwithpowders
milled for 2 and 6 h there is a greater quantity of β-Ti phase than α-Ti.

Increase in milling time to 10 h resulted in an equiaxed structure
with α-plates and α-colonies in the β matrix, with all the niobium in
solution. The microstructure and dissolution of Nb are directly related
to themechanical properties of the alloy, that is, increase in microhard-
ness and Young's modulus.

Evaluation of the biomimetic coating showed that it is possible to
form apatite on all samples immersed in SBF for 3 or more days.

The results obtained from evaluation of specimens immersed in SBF
and the mechanical properties indicate that the alloy prepared with
milling time to 10 h can be used in orthopedic applications (femoral
stem or femoral head) or in dental applications.
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