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Abstract: The effects of heavy cold plastic deformation by rolling on microstructural features and
mechanical properties of Ti–25Nb–6Zr–1.7Fe (wt %) biocompatible alloy (TNZF) were studied.
After a preliminary alloy processing, a heavy plastic deformation by cold-rolling (CR) with a total
relative degree of plastic deformation of 90% (equivalent plastic strain, ε = 2.42) and a subsequent
solution heat treatment (CR+ST) at 900 ◦C for 0.6 ks/water quenching were applied and then
investigated. The CR and CR+ST states have microstructures consisting of mixtures of β-Ti phases
and α”-Ti. The alloy in CR state shows a pronounced deformation texture, with highly deformed
and elongated β-Ti grains, exhibiting internal highly fragmented areas, with shear lines at about
45◦ and a sub-micron/nanocrystalline fine dispersed α”-Ti phase. The alloy in CR+ST state has
completely recrystallized equiaxed polyhedral β-Ti grains, with average grain size close to 52 µm
and a sub-micron/nanocrystalline fine dispersed α”-Ti phase. Recorded mechanical properties,
for both CR and CR+ST states, show quite similar values for the yield strength (σ0.2), ultimate tensile
strength (σUTS) and Vickers microhardness (HV0.1) for CR state (σ0.2 = 603 MPa, σUTS = 1282 MPa
and 287 HV0.1) in comparison with CR+ST state (σ0.2 = 598 MPa, σUTS = 1256 MPa and 256 HV0.1).
Values for the modulus of elasticity (E) are lower (E = 72 GPa for CR state and E = 61 GPa for CR+ST
state) than those for conventional biocompatible alloys (E ~ 110 GPa).

Keywords: titanium alloys; cold plastic deformation; solution heat treating; scanning electron
microscopy; X-ray diffraction; mechanical testing

1. Introduction

During the last decade, major efforts have been dedicated to studying multicomponent Ti alloys
containing non-toxic and non-allergic alloying elements such as Nb, Zr, and Ta due to their appropriate
combination of properties: good mechanical properties, high corrosion resistance in body fluids
or simulated body fluids, and enhanced biocompatibility [1–6]. If one considers the mechanical
properties, i.e., the demand for a low modulus of elasticity in implantable biomedical applications [7–9],
it was demonstrated that the values of elastic modulus are strongly dependent on thermomechanical
processing parameters [10–12].

The necessity of obtaining alloys exhibiting a low elastic modulus appears to surpass the “stress
shielding effect” [13], which leads to bone resorption around the implant [14] due to the large difference
in elastic modulus values between the implant material and natural bone. At present, there are some
studies concerning titanium alloys with low elastic modulus (55–65 GPa) containing non-toxic and
non-allergic alloying elements, such as Ti–29Nb–13Ta–4.6Zr (wt %), Ti–24Nb–4Zr–7.9Sn (wt %) [15],
Ti–35Nb–2Ta–3Zr (wt %) [16], and Ti–35Nb–7Zr–5Ta (wt %) [17,18].
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A suitable thermomechanical processing route is a key issue in obtaining adequate microstructures
containing a favorable phase combination to achieve a final desired combination of properties,
i.e., low elastic modulus and suitable mechanical properties together with corrosion resistance and
biocompatibility. It was proven that a bimodal microstructure consisting of a mixture of β-Ti and
α”-Ti phases, with an increased α”-Ti phase fraction can lead to a structural state exhibiting a lower
elastic modulus, due to the lower elastic modulus of the α”-Ti phase in comparison with the β-Ti
phase [19,20]. Constituent phase fractions can be manipulated by thermomechanical processing to
adequately steer the mechanical properties towards the desired values.

The purpose of the present study is to examine the effects of heavy plastic deformation, applied by
cold-rolling and followed by a solution heat treatment, on the microstructural features and mechanical
properties of a Ti–25Nb–6Zr–1.7Fe (wt %) alloy, to gain a larger perspective on the correlation
between thermomechanical processing conditions and the properties that result. When designing the
chemical composition for the investigated alloy, reducing production costs was one of the objectives,
without compromising the alloy’s characteristics suitable for biomedical applications. Thus, the content
of some expensive materials was reduced (Nb) or even substituted (Ta) in the alloy composition.
On the other hand, considering the high differences in melting points between these elements and Ti,
synthesis technology is significantly simplified for the Ti–25Nb–6Zr–1.7Fe (wt %) alloy, compared to
other titanium alloys containing Ta and a higher level of Nb.

2. Materials and Methods

The Ti–25Nb–6Zr–1.7Fe (TNZF) (wt %) alloy was produced starting from high-purity elemental
components supplied by Sigma-Aldrich, Taufkirchen, Germany (Ti 99.9%, Nb 99.8%, Zr 99.9%, Fe 99.5%
minimal purity), in a cold crucible levitation melting furnace (FIVES CELES MP25, Fives, Paris, France)
under an argon protective atmosphere. The melt was cast in ∅20 × 45 mm ingots inside the melting
furnace chamber. To increase the alloy homogeneity, three re-melts were performed; they were
imposed by the high difference concerning the specific weight and melting temperature values of the
alloying elements.

A preliminary alloy processing was necessary to obtain the so-called precursor samples to be
used for heavy plastic deformation procedure.

From the initial ingots, 6 × 16 × 40 mm longitudinal slices were cut and plastic deformed by
cold-rolling with 50% relative degree of plastic deformation, to refine the initial as-cast microstructure.
After cold-rolling, a recrystallization at 950 ◦C for 1.2 ks, followed by water quenching, was applied
in order to remove all unwanted effects induced by the cold plastic deformation (highly deformed
and fragmented grains, high density of defects, accumulated strain hardening, etc.) and to obtain a
pristine recrystallized microstructure, with equiaxed polyhedral grains, with an average grain size
close to 60–80 µm. Samples obtained as described above were precursor samples for the alloy final
thermomechanical processing, based on heavy plastic deformation, which is the subject of this paper.

For this processing stage the cold rolling deformation degrees, as well as the parameters for heat
treatment were established based on the authors’ previous results [21].

The thermomechanical processing route based on heavy plastic deformation consisted, firstly,
of a plastic deformation by cold-rolling (CR), realized in deformation steps with 5% relative plastic
deformation degree, to achieve the final imposed 90% total deformation degree (equivalent plastic
strain, ε = 2.42). After cold plastic deformation, a solution heat treatment at 900 ◦C for 0.6 ks, in a high
vacuum (CR+ST) with final water quenching was applied. The alloy was investigated in both states,
CR and CR+ST.

In the processing procedures described above, cold-rolling processes were performed using a
Mario Di Maio LQR120AS laboratory mill (Mario Di Maio, Milan, Italy), at 3 m/min rolling speed.
The heat treatments were performed using a GERO SR 100X500/12 high-temperature laboratory
furnace (Carbolite Gero, Neuhausen, Germany).
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Samples resulted from CR and CR+ST processing were cut and prepared for further investigation.
For microstructural analysis, XRD, EBSD, EDS, and SEM techniques were used, while for
mechanical characterization tensile testing and micro-hardness testing were applied. The samples
for microstructural analysis were metallographic grinded down to 1200-grit SiC paper and polished
with 6 µm and 1 µm polycrystalline diamond suspension followed by super-polishing with 0.02 µm
colloidal silica mixed with 10% H2O2 as a mild oxidizing agent.

After this stage, samples for EBSD analysis and for SEM analysis were prepared differently.
For EBSD analysis, the samples were further polished by vibropolishing for 10 h using a short flocked
polishing pad and as polishing agent 0.02 µm colloidal silica mixed with 10% H2O2. For SEM analysis
the metallographic prepared samples were etched by swabbing for 10–15 s with a mixture of 6%
HNO3 + 3% HF + 91% H2O. XRD and SEM analysis were realized on different directions in a sample
reference frame (Figure 1). XRD investigations were performed on the sample surfaces defined by
RD (rolling direction)–TD (transverse direction), while SEM investigation were performed on the
sample surfaces defined by RD–TD and RD–ND (normal direction), according to the specified sample
reference frame shown in Figure 1.
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Figure 1. Samples’ reference frame.

The XRD investigations were performed using a PANalytical X’Pert PRO MRD diffractometer
(PANalytical, Almelo, The Netherlands) with a wavelength of Cu k-alpha (λ = 1.5418 Å); recorded XRD
spectra were fitted to determine the phase structure and to calculate lattice parameters of observed
phases. The fitting procedure was performed using PeakFit v.4.11 software package (Systat Software,
Erkrath, Germany), to determine for each observed diffracted peak its position, intensity and
broadening. A pseudo-Voigt diffraction line profile was used for fitting the results. Data obtained from
the fitting procedure was further processed using UnitCell software (Department of Earth Sciences,
University of Cambridge, Cambridgeshire, UK), in order to compute the lattice parameters. The SEM
analysis was performed using a TESCAN Vega II-XMU microscope (TESCAN, Brno, Czech Republic)
fitted with an EBSD Bruker Quantax eFlash detector (Bruker Corporation, Billerica, MA, USA) and
an EDS EDAX Octane Plus detector (EDAX, Mahwah, NJ, USA). Mechanical characterization was
performed using a DEBEN MicroTest 2000N universal micromechanical testing module (Deben,
Woolpit, Bury Saint Edmunds, UK), at 0.4 mm/min cross-head speed, and a microhardness tester
Wilson–Wolpert 401MVA (Wilson Hardness, Norwood, MA, USA), using a testing load of 100 gf and
a dwell time of 30 s. Five bone-shaped specimens (0.7 × 2.1 × 10 mm—calibrated area dimensions)
were cut and prepared for tensile testing for each structural state (CR and CR+ST). All specimens
were machined such that the testing direction is parallel to the rolling direction (RD). Microhardness
investigations were performed on the same samples used also for SEM analysis (RD–ND sample
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surface). Tensile and microhardness tests were repeated five times for each microstructural state and,
finally, the mean and standard deviation were calculated.

3. Results and Discussion

3.1. The Effect of Thermomechanical Processing upon Microstructure Evolution

The microstructural characterization aimed to analyze the TNZF alloy’s component phases and
phase morphology for both CR and CR+ST microstructural states.

Figures 2 and 3 present the XRD spectra corresponding to CR and CR+ST processed states
together with detailed zooms of cumulative diffraction peaks. For CR state (Figure 2) both β-Ti and
α”-Ti phases were identified. It was found that β-Ti phase shows presence of (110), (200) and (211)
diffraction lines, while α”-Ti phase shows presence of (111), (022), (131), (113) and (220) diffraction lines.
The β-Ti phase was indexed in Im-3m body centered cubic system, with a calculated lattice parameter
of about a = 3.31 Å, while α”-Ti phase was indexed in Cmcm orthorhombic system, with calculated
lattice parameters as follows: a = 3.26 Å, b = 4.74 Å and c = 4.63 Å. Considering the specific of
microstructural transformations induced by deformation under a high plastic strain (equivalent plastic
strain, ε = 2.42) [13,22] it can be assumed that α”-Ti phase is a stress-induced one. Also, broad β-Ti
and α”-Ti peaks indicate highly distorted Ultra-Fine Crystalline (UFC)/Nanocrystalline (NC) grains
because of the intense plastic deformations applied [23].

The CR+ST state (Figure 3) shows the presence of the same phases, β-Ti and α”-Ti, with the same
diffraction lines. In the CR+ST state, calculated lattice parameter of β-Ti phase was about a = 3.30 Å,
while calculated lattice parameters of α”-Ti phase were about a = 3.29 Å, b = 4.76 Å and c = 4.66 Å.
In CR+ST state, α”-Ti phase is a temperature-induced one due to recrystallization at 900 ◦C for 0.6 ks
of cold-deformed TNZF alloy, followed by water quenching. This assumption is sustained by the
difference in lattice parameters of α”-Ti phase: for CR state a = 3.26 Å, b = 4.74 Å and c = 4.63 Å;
for CR+ST state a = 3.29 Å, b = 4.76 Å and c = 4.66 Å.
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For titanium alloys belonging to other alloying systems some data concerning lattice parameters
were reported. Similar values of lattice parameters for β-Ti and α”-Ti phases were reported in the case
of thermomechanically processed Ti–22Nb–6Ta alloy [24]; in this case, the parent β-Ti phase has the
lattice parameter a = 3.289 Å, while the lattice parameters of α”-Ti phase are: a = 3.221 Å; b = 4.766 Å
and c = 4.631 Å. In the case of Ti–27Nb alloy [25] it was reported that β-Ti phase has the lattice
parameter a = 3.285 Å, while the lattice parameters of α”-Ti phase are: a = 3.225 Å; b = 4.780 Å and
c = 4.682 Å. Also, in the case of Ti–10Zr–5Nb–5Ta alloy [26] it was reported that the lattice parameters
for α”-Ti phase are: a = 3.257 Å; b = 4.741 Å and c = 4.851 Å.
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As concerning the intensities of diffraction peaks, it is known that high intensity peaks of α”-Ti
phase suggest a relatively high volume fraction of α”-Ti phase present in the β-Ti matrix. Recently,
it was showed that heavy plastic deformation can induce recoverable transformation of parent β-Ti
phase in stress-induced α”-Ti phase [27].

To confirm the presence of constituent phases, β-Ti and α”-Ti, a SEM-EBSD investigation was
performed on the alloy in CR+ST state. Taking into account the possibility of introducing artefacts
during specimen preparation due to high distorted grains of alloy in CR state, SEM-EBSD was used as
a tool for qualitative phase analysis only for the alloy in CR+ST state.

Figure 4 presents a high-magnification SEM-EBSD image of phase composite map of both
constituent phases: β-Ti and α”-Ti (Figure 4a) and separately, the phase distribution map for β-Ti phase
(Figure 4b) and for α”-Ti phase (Figure 4c). It can be observed that only in some parent polyhedral
β-Ti grains is present a fine, small-size (NC) fraction of dispersed α”-Ti phase (Figure 4b), while for
the rest of β-Ti grains a higher fraction of the dispersed α”-Ti phase (Figure 4c) is present.

SEM microscopy was performed on both CR and CR+ST states, to analyze TNZF alloy’s
morphological aspects. The microstructure for CR state is presented in Figure 5. Some differences
appear between the micrograph features in the case of the RD–TD and RD–ND planes in sample
reference space. The RD–TD surface investigated (Figure 5a) shows plate-like, highly deformed grains
with the plate surface disposed almost parallel to RD–TD surface. The RD–ND surface investigated
(Figure 5b) shows highly deformed grains disposed parallel to RD direction. As can be observed,
the highly deformed grains have an elongated shape, with internal fragmented areas having as features
shear lines at about 45◦ (Figure 5c,d), indicating a pronounced deformation texture.
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Figure 6 illustrates specific microstructures of the alloy in the CR+ST state for RD–TD surface
(Figure 6a) and for RD–ND surface (Figure 6b). The RD–TD surface investigated (Figure 6a) shows the
presence of completely recrystallized equiaxed polyhedral β-Ti grains, with an average grain size close
to 52 µm, with sub-micron (NC) α”-Ti phase dispersed inside β-Ti grains (confirmed by Figure 4a).
In the case of RD–ND investigated surface it can be seen, besides new grain boundaries, traces of
initial grain boundaries of CR structure, disposed parallel to the RD sample direction (Figure 6b),
suggesting that the CR+ST sample partially retains the effects of initial cold heavy plastic deformation
(see Figure 5b), even after subsequent heat treatment.

Metals 2018, 8, x FOR PEER REVIEW  7 of 13 

 

Figure 6 illustrates specific microstructures of the alloy in the CR+ST state for RD–TD surface 
(Figure 6a) and for RD–ND surface (Figure 6b). The RD–TD surface investigated (Figure 6a) shows 
the presence of completely recrystallized equiaxed polyhedral β-Ti grains, with an average grain 
size close to 52 μm, with sub-micron (NC) α″-Ti phase dispersed inside β-Ti grains (confirmed by 
Figure 4a). In the case of RD–ND investigated surface it can be seen, besides new grain boundaries, 
traces of initial grain boundaries of CR structure, disposed parallel to the RD sample direction 
(Figure 6b), suggesting that the CR+ST sample partially retains the effects of initial cold heavy plastic 
deformation (see Figure 5b), even after subsequent heat treatment. 

 
Figure 6. SEM micrographs of TNZF alloy in the CR+ST microstructural state: (a) SEM micrograph 
considering the RD–TD sample surface; (b) SEM micrograph considering the RD–ND sample 
surface; (c) EDS spectra of selected area 1; (d) EDS spectra of selected area 2. 

Similar microstructures have been observed in the case of other thermomechanical processed 
β-Ti alloys [28–31]. 

To analyze the chemical homogeneity of recrystallized equiaxed polyhedral grains existing in 
TNZF alloy in the CR+ST state, two random grains (light gray—EDS area 1 and dark gray—EDS area 
2) were investigated (Figure 6a) by EDS. Figure 6c,d show the EDS spectra of investigated areas 1 
and 2. 

Tables 1 and 2 present the obtained composition analysis by EDS. It can be observed that the 
contents of Zr and Fe are higher in the first grain analyzed: Zr = 6.22 wt % and Fe = 1.78 wt % for the 
first analyzed grain, while Zr = 5.17 wt % and Fe = 1.63 wt % for the second grain analyzed. 
Regarding the content of Nb, a higher quantity is present in the second grain (Nb = 27.30 wt %) in 
comparison with the first (Nb = 23.36 wt %). However, we can say that the EDS analysis shows no 
significant compositional differences between the two investigated grains. Small gaps between the 
EDS compositional analysis for randomly selected area 1 and area 2 indicate a good chemical 
homogeneity for the TNZF alloy. 

Figure 6. SEM micrographs of TNZF alloy in the CR+ST microstructural state: (a) SEM micrograph
considering the RD–TD sample surface; (b) SEM micrograph considering the RD–ND sample surface;
(c) EDS spectra of selected area 1; (d) EDS spectra of selected area 2.

Similar microstructures have been observed in the case of other thermomechanical processed β-Ti
alloys [28–31].

To analyze the chemical homogeneity of recrystallized equiaxed polyhedral grains existing in
TNZF alloy in the CR+ST state, two random grains (light gray—EDS area 1 and dark gray—EDS area 2)
were investigated (Figure 6a) by EDS. Figure 6c,d show the EDS spectra of investigated areas 1 and 2.

Tables 1 and 2 present the obtained composition analysis by EDS. It can be observed that the
contents of Zr and Fe are higher in the first grain analyzed: Zr = 6.22 wt % and Fe = 1.78 wt % for
the first analyzed grain, while Zr = 5.17 wt % and Fe = 1.63 wt % for the second grain analyzed.
Regarding the content of Nb, a higher quantity is present in the second grain (Nb = 27.30 wt %) in
comparison with the first (Nb = 23.36 wt %). However, we can say that the EDS analysis shows no
significant compositional differences between the two investigated grains. Small gaps between the EDS
compositional analysis for randomly selected area 1 and area 2 indicate a good chemical homogeneity
for the TNZF alloy.
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Table 1. EDS compositional analysis for selected area 1.

Element Weight % Atomic % Net Int. Rel. Err. % K Ratio Z R A F

ZrL 6.22 3.82 430.55 4.37 0.0528 0.9365 1.0940 0.8830 1.0266
NbL 23.36 14.09 1675.06 2.62 0.2042 0.9411 1.1002 0.9119 1.0187
TiK 68.64 80.30 8303.14 2.46 0.6142 1.0292 0.9703 0.8550 1.0168
FeK 1.78 1.79 134.05 12.07 0.0150 1.0246 0.9959 0.7900 1.0425

Table 2. EDS compositional analysis for selected area 2.

Element Weight % Atomic % Net Int. Rel. Err. % K Ratio Z R A F

ZrL 5.17 3.23 337.60 4.73 0.0441 0.9389 1.0901 0.8857 1.0275
NbL 27.30 16.74 1853.70 2.36 0.2409 0.9435 1.0964 0.9189 1.0175
TiK 65.90 78.37 7392.17 2.61 0.5824 1.0320 0.9673 0.8421 1.0170
FeK 1.63 1.66 115.75 13.22 0.0138 1.0276 0.9930 0.7914 1.0434

3.2. The Effect of Thermomechanical Processing upon Mechanical Characteristics’ Evolution

The mechanical characterization aimed to determine the mechanical properties of the TNZF
alloy, expressed by the yield strength (σ0.2), ultimate tensile strength (σUTS), elongation to fracture (εf),
elastic modulus (E) and microhardness (HV0.1), for both CR and CR+ST microstructural states.

Five samples were mechanically tested to fracture in tensile tests for each structural state, Figure 7
showing some representative stress-strain diagrams for the TNZF alloy in CR (blue line) and CR+ST
(red line) microstructural states.

As can be observed from Figure 7, the CR state shows a limited plasticity in comparison with
the CR+ST state; if the plastic flow plateau (material flow at maximum load) is compared, it is a few
times larger for the CR+ST state comparing to the CR state, due to increased deformation capacity
by slip/twinning of recrystallized structure. Also, another feature is that CR and CR+ST states are
showing a high necking prior to fracture, indicating the presence of a ductile fracture mechanism.
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Based on the obtained stress-strain curves, data concerning the yield strength (σ0.2), ultimate
tensile strength (σUTS), elongation to fracture (εf) and elastic modulus (E) were computed (Figure 8a–d).
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Also, the data obtained from microhardness tests are presented in Figure 8e. The results shown in
Figure 8 were computed via statistical processing of data recorded in tensile and microhardness tests,
the standard deviation for each mechanical property being between ±2.1% and ±3.3% relative to the
results presented by this figure.
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For CR and CR+ST states, the yield strength (σ0.2) (Figure 8a) and ultimate tensile strength
(σUTS) (Figure 8b), have quite similar values: around 600 MPa for the yield strength (σ0.2) and around
1250–1280 MPa for ultimate tensile strength (σUTS). In the case of elongation to fracture (εf) (Figure 8c)
a different situation is observed; the highest value, close to 15.7%, is exhibited by the CR+ST state,
while the CR state exhibits a value close to 5%. The microhardness testing (Figure 8e) showed that
CR state exhibits a value close to 287 HV0.1, while CR+ST state a value close to 256 HV0.1. Finally,
the elastic modulus (E) values are important for this study; CR state exhibits a value close to 72 GPa,
while CR+ST state a value close to 61 GPa, both lower than those for conventional biocompatible
titanium alloys (i.e., Ti–6Al–4V around 110 GPa) [32,33].

In explanation for this behavior, as evidenced by Figure 8a–e, three competitive mechanisms can
be taken into consideration. The first mechanism refers to the influence of phase fractions, a higher
phase fraction of a certain phase having a higher influence upon properties. In this case, it is known that
α”-Ti phase exhibits much lower mechanical properties in comparison with parent β-Ti phase [34,35].
In this study, a higher α”-Ti phase fraction in CR+ST state in comparison with CR state can be evaluated
due to much intense α”-Ti peaks in comparison with β-Ti peaks obtained in the case of CR+ST state
(Figure 3) versus CR state (Figure 2).

The second mechanism refers to the presence of UFC/NC grains, being known that the size
of crystalline grains influences mechanical properties, this being expressed by the Hall–Petch
correlation [36]; a smaller grain size leads to increasing resistance properties. In this case, a smaller
grain size, for both α”-Ti and β-Ti phases, is obtained as a result of heavy cold plastic deformation
(CR state) in comparison with CR+ST state, proved by the broad α”-Ti and β-Ti peaks obtained in the
case of CR state (Figure 2) in comparison with CR+ST state (Figure 3).

The third mechanism refers to the alloy’s strengthening by the presence of an increased dislocation
density, which ultimately improves the mechanical properties [19]. In this case, a higher dislocation
density is obtained in the case of CR state due to heavy cold plastic deformation applied: up to 90%
relative degree of plastic deformation, ε = 2.42 equivalent plastic strain.
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All three mechanisms are strongly influenced by the processing route; the cold-rolling (CR state)
involves the formation of stress-induced α”-Ti phase with small grain sizes of both β-Ti and α”-Ti
phases and higher dislocation density, while recrystallization followed by water quenching (CR+ST
state) involves the formation of temperature-induced α”-Ti phase with higher grain sizes of both β-Ti
and α”-Ti phases and lower dislocation density.

Considering the demand of implantable biomaterials with a low Young’s elastic modulus [7–12],
the necessity of an internal microstructure able to assure this requirement arises; an increased
α”-Ti phase volume fraction, due to the low elastic modulus of α”-Ti phase in comparison with
β-Ti phase [19,20] is necessary. If one will apply a cold-deformation after CR+ST, it is expected
that, besides existing thermally induced α”-Ti phase, supplementary stress-induced α”-Ti phase
to be generated, increasing the alloy’s total α”-Ti phase volume fraction and as a consequence,
further decreasing the alloy’s elastic modulus. So, further research should focus on finding the
optimal thermomechanical processing route that could lead to an additional reduction in elastic
modulus towards values even closer to the human bone, by increasing α”-Ti phase volume fraction.
Nevertheless, the results of this study highlight that the TNZF alloy is a suitable candidate for materials
used in medical implantable applications.

4. Conclusions

The effects of solution heat treatment upon evolution of microstructure and mechanical properties
for a heavily plastic deformed Ti–25Nb–6Zr–1.7Fe alloy were investigated. The main results can be
summarized as follows:

(1) In both cold-rolled (CR) and solution treated (CR+ST) states, microstructures consisting of
mixtures of α”-Ti and β-Ti phases were obtained. The CR state showed a pronounced deformation
texture, with highly deformed and elongated β-Ti grains, with internal fragmented areas having as
feature shear lines at 45◦ and containing a sub-micron/nanocrystalline fine dispersed α”-Ti phase.
The CR+ST state showed the presence of completely recrystallized equiaxed polyhedral β-Ti grains,
with and average grain size close to 52 µm, containing a sub-micron/nanocrystalline fine dispersed
α”-Ti phase. In the CR state, the α”-Ti phase is a stress-induced one, while in the CR+ST state it is a
temperature-induced one.

(2) The lattice parameters of both α”-Ti and β-Ti phases were computed based on the XRD
recorded spectra. The CR state showed for β-Ti phase a lattice parameter a = 3.31 Å, and for the
stress-induced α”-Ti phase the following lattice parameters: a = 3.26 Å, b = 4.74 Å and c = 4.63 Å.
The CR+ST state showed for β-Ti phase a lattice parameter a = 3.30 Å, and for the thermal-induced
α”-Ti phase the following lattice parameters: a = 3.29 Å, b = 4.76 Å and c = 4.66 Å.

(3) Mechanical characteristics for both CR and CR+ST states, have quite similar values for the yield
strength (σ0.2), ultimate tensile strength (σUTS) and Vickers microhardness (HV0.1) for the CR state
(σ0.2 = 603 MPa, σUTS = 1282 MPa and 287 HV0.1) in comparison with the CR+ST state (σ0.2 = 598 MPa,
σUTS = 1256 MPa and 256 HV0.1).

(4) The plasticity expressed by elongation to fracture (εf), indicates a drastically increased
plastic behavior obtained in the CR+ST state, with a value close to 15%, much higher than the CR
microstructural state (a value close to 5%).

(5) The values obtained for the elastic modulus (E) are very important for this study;
the investigated alloy in CR state has a value of E close to 72 GPa, while the alloy in CR+ST state has
a value close to 61 GPa. Taking into account that both values are lower than those for conventional
biocompatible titanium alloys (~110 GPa) [30,31] and not so much higher than those for natural human
bone (~25 GPa) [37–40], the results of this present study are promising and recommend that the
Ti–25Nb–6Zr–1.7Fe (wt %) alloy be further developed for implantable medical applications.
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