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Influence of Zr Content in Ti-40Nb-xZr Alloys on the Microstruture, Elastic Modulus and Microhardness
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In recent years, there has been a growing interest in the search for metallic alloys with favorable 
mechanical and chemical characteristics that elicit a positive biological response. Among these 
alloys, β-Ti alloys have attracted significant attention due to their low elastic modulus and excellent 
biocompatibility. The addition of Nb contributes to stabilizing the β phase at room temperatures, 
leading to the transformation of β into β + α (β-isomorph). Additionally, despite Zr being commonly 
considered a neutral element, it can exhibit a β-stabilizing characteristic when combined with betagenic 
elements. Both Nb and Zr have been shown to effectively increase the lattice parameter of the β phase, 
which is advantageous for reducing the elastic modulus. The primary objective of this study was to 
characterize β-Ti alloys within the Ti-Nb-Zr system, specifically Ti-40Nb-20Zr, Ti-40Nb-30Zr, and 
Ti-40Nb-40Zr (wt.%) produced via arc furnace casting. The study aimed to investigate the influence 
of the proportion of β-stabilizing or betagenic elements on the microstructure and properties of the 
alloys, including Vickers microhardness and elastic modulus.
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1. Introduction
The growth of the elderly population, the existence 

of degenerative bone diseases, and the occurrence of 
accidents represent a set of reasons to study metallic 
alloys that have mechanical and chemical characteristics 
favorable to the biological response1-3. In this context, β-Ti 
alloys are of interest due to their low elastic modulus and 
excellent biocompatibility1,2. Stress shielding is one of 
the mechanical problems associated with the difference in 
the values of the elastic modulus between the prosthesis 
material and the bone tissue4-7. In this case, this property 
value difference results in an uneven distribution of the 
mechanical stress, with most of the stress being directed 
toward the metal alloy. Thus, there is a reduction in the 
stimuli received by the tissue, causing interference in 
mechanotransduction, and resulting in problems such as 
atrophy and osteoporosis2,8,9.

Pure titanium shows a change in crystal structure 
from a temperature is known as β-transus (882°C)2,10. For 
lower temperatures, the material has a compact hexagonal 
structure (phase α); and for higher temperatures, a body-
centered cubic structure (β-phase)1,2,10. The addition of 
alloying elements changes the β-transus temperature. So 
that the drop in the value of this transition temperature is 
equivalent to the enlargement of the beta phase field, thus 
elements with this character are called β-stabilizers1,2,10. 
Within this class of stabilizers, some elements decompose 
phase β into phase β + intermetallic (β-eutectoid) and 
those that transform the phase β into phase β + phase 

α (β-isomorphs)1,2,10. Niobium is in the latter case1,2,11. 
On the other hand, zirconium is a neutral element, although 
it can express a β-phase stabilization behavior in the 
presence of β-stabilizers elements2,11,12. Both elements 
proved to be efficient in increasing the beta-phase lattice 
parameter, which is an indicative condition of reduced 
elastic modulus1,13,14.

Varying the amount of β-stabilizing elements added 
and changing the cooling rate result in different proportions 
of the phases obtained in the alloy2,10. Regarding beta Ti 
alloys, the amount of these elements added is significant, 
so that, regardless of the applied cooling rate, there is no 
alpha phase formation2. However, other phases are formed 
due to the non-occurrence of thermodynamic equilibrium. 
In this case, metastable phases known as α’, α”, ω, and β’ 
may be present1,2,10.

In a condition with a high concentration of alloying 
elements, small changes in the amount cause changes in 
the phases formed and, therefore, in their crystal structures. 
Comparatively, the formation of α’ (distorted HCP) and 
α” (orthorhombic) is related to a lower content of added 
elements in contrast to the formation of a ω and β’1,2,10. And, 
normally, α’ and α” are phases that form without diffusion, 
that is, of the martensitic type1,10,14. Thus, there are two 
associated temperatures: the temperature at the beginning 
of the martensitic transformation (Mi) and the temperature 
at the end of the martensitic transformation (Mf), which 
can be changed with the addition of alloying elements and, 
therefore, are important for controlling the proportion of 
beta phase and martensitic phases formed1,2.*e-mail: formentonrafael@gmail.com
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When the alloying element concentration increases and 
the temperature at which the martensitic transformation 
starts is below room temperature, the beta phase can be fully 
retained1,2. However, normally, the formation of a metastable 
phase also occurs (phase ω or phase β’), which are regions of 
the material with a low concentration of alloying elements 
and with a high degree of distortion1,2,14,15. Furthermore, 
the formation of the omega phase can be associated with 
a non-diffusive process that occurs during a rapid cooling 
ωath (athermal) or after a heat treatment through nucleation 
and growth ωiso (isothermal)1,2,10.

The formation of the athermal omega phase occurs 
from the collapse of some planes {222} of the beta phase 
in the <111> directions, in order to form a single plane 
without the occurrence of diffusion and without changing the 
chemical composition of the original beta1,16. By increasing 
the concentration of Zr in alloys of the Ti-Nb-Zr system, a 
reduction in omega-phase precipitation was noted after rapid 
cooling. This fact is associated with the restriction imposed 
by this atom in the solution that makes it difficult to collapse 
the beta-phase planes, which are responsible for the phase 
transformation12,16,17. Therefore, the increase in Zr should 
reduce the value of the elastic modulus of the titanium alloy, 
as desired in the present work.

The microstructure will therefore be a consequence of 
the amount of alloying elements and the cooling conditions. 
Thus, the material’s elastic modulus will be the contribution of 
the elastic modulus of each phase formed as a function of its 
volumetric fraction1,18. In this context, the search for reducing 
the value of this property can be estimated by models, which 
offer research perspectives to follow. Among them, there is 
the DV-Xα method that has two analysis parameters: Bo and 
Md, and based on a diagram of Bo (medium) x Md (mean), it is 
possible to estimate the compositions of new research alloys 
that present the possibility of having a low elastic modulus1,2,19.

The parameters are averaged compositionally: parameter 
x atomic compositional fraction. For the case of the β phase, 
it was noted that the increase in Bo and the decrease in Md 
are good indicators of stability, with Bo being the most 
appropriate parameter to analyze the reduction of the elastic 
modulus1,2,20. And when analyzing the influence of several 
elements, it was found that Nb and Zr are indicated as great 
elements for research. A better understanding of this method 
is beyond the scope of this study.

Finally, the main objective of the study is to characterize 
titanium beta alloys of the Ti-Nb-Zr system (Ti-40Nb-20Zr, 
Ti-40Nb-30Zr, Ti-40Nb-40Zr in wt.%) and investigate the 
influence of levels of β-stabilizing elements on the microstructure 
and properties, such as Vickers microhardness and elastic 
modulus, E (GPa), of alloys melted in an electric arc furnace. 
The alloys were named, respectively, as 20Zr, 30Zr, and 40Zr.

2. Methods
From high purity elements (>99.9%) and the master-alloy 

Ti-33Nb-33Zr (wt.%), acquired from ERCATA GmbH 
(Electron Beam Melting –EBM), the TNZ alloys system 
with different compositions of Ti, Nb, and Zr were obtained: 
Ti-40Nb-20Zr, Ti-40Nb-30Zr, Ti-40Nb-40Zr (wt.%), 
are presented in Table 1.

First, the arc furnace (Edmund Buhler model D-72411) 
was sanitized with ethyl alcohol to prevent contamination 
of the alloys with impurities. For sample preparation, a 
specific amount of Ti-33Nb-33Zr alloy was weighed and 
certain amounts of Ti, Nb, and Zr (Table 1) were thus added 
and placed in the furnace crucible. With the closing of the 
furnace, the purification of the atmosphere was started through 
a vacuum followed by an injection of argon, and this cycle 
was repeated three times. After the fourth injection, the alloys 
melting has begun. Finally, samples of approximately 20 g 
were obtained. The furnace was equipped with a water-cooled 
copper crucible. To ensure a homogeneous melt, the samples 
were turned inside the oven and melted 15 times.

Two cuts were made on each sample using diamond discs 
on the IsoMet 5000 precision cutter. The thinnest piece was 
used in the first part of the characterization (Olympus optical 
microscope (BX41M-LED model, with Infinity Capture 
acquisition and processing system) and the other piece was 
sent for XRD (Rigaku diffractometer, model Geigerflex 
ME210GF2, with sweep between the angles of 20 - 90° with 
a step of 2°/min). The cast (cut) samples were embedded in a 
cold-curing polymeric resin. Subsequently, they were sanded 
with 240, 360, 400, 600, 1200, and 1500 mesh sandpaper. And 
then, with the surface prepared for polishing, a polisher, and 
0.3 μm and 1 μm alumina suspensions were used. Finally, 
the samples had their surfaces etched with a modified Kroll 
reagent (40% vol. HF + 40% vol. H2O + 20% vol. HNO3) 
for approximately 5 seconds.

Thus, it was possible to analyze them through the 
FEG microscope (Philips XL30) in SE and SEM-EDS 
modes, coupled to the Energy Dispersive Spectroscopy 
(EDS) system, with Oxford Link Tentafet X-ray detector 
for chemical composition semiquantitative determination. 
E (GPa) was determined by Sonelastic ATCP equipment 
following ASTM E1876:2001 and Vickers microhardness 
with a Shimadzu HMV–G20ST applying 0.5kgf for 15s 
following ASTM-E101921,22.

The mathematical representation of the refraction 
phenomenon is given by Bragg’s Law, where dhkl: 
interplanar distance, n: reflection order, θ: diffraction 
angle; and λ: wavelength. For each crystal system there 
is an expression for dhkl it to the lattice parameters and to 
the Miller indices (hkl)23.

Table 1. Mass amount of Ti-33Nb-33Zr alloy and high purity element (Ti, Nb, and Zr) used to obtain each of the 20Zr, 30Zr and 40Zr 
alloys (wt.%).

Alloys/ Elements Ti-33Nb-33Zr (g) Ti (g) Nb (g) Zr (g)

20Zr 12 4 4 0

30Zr 18 0 2 0

40Zr 12 0 4 4
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3. Results
The results of the tests and analysis described in the 

previous section will be presented below, and then a discussion 
will be presented regarding the present results.

3.1. Microstructure characterization

3.1.1. X-ray Diffraction (XRD)
Figure  1 show the X-ray patterns of the four alloys 

studied, indicating only the presence of β-Ti phase (bcc) for 
20Zr, 30Zr, and 40Zr. The XRD technique has a detection 
limitation, that is, for sufficiently low volumetric fractions 
(bellow 5% in volume) and precipitate sizes, no peaks are 
displayed in the diffractogram even if the phase is present. 
In this way, the conclusion of phases formed through XRD 
analysis is insufficient for the identification of ω-phase 
since this phase is usually in very small volume and in 
nanometric scale for 20Zr, 30Zr, 40Zr alloys, as showed in 
the literature24-27. In this case, from the analysis of the results 
of measurements of hardness and elastic modulus, it will be 
possible to indicate the presence of such phase, since both 
properties mentioned are influenced by the occurrence of 
ω-phase, increasing them.

It can be seen from the diffraction pattern that the increase 
in the zirconium content shifts all peaks to values smaller 
than 2θ, indicating an increase in the lattice parameter, and 
this is reported in the literature13,28. As widely observed in the 
literature, (110) peak was identified in this work, the main 
peak for the beta phase, with greater intensity. In addition 
to these, (200), (211), and (220) peaks were also identified, 
and these planes are characteristic of the β-Ti (bcc) phase.

Based on the literature, the lattice parameter of the 
β phase, at 900°C, for pure Ti is a = 3.332 Å2,29. In addition, 
from the X-ray pattern and Bragg’s law and the interplanar 
distance equation, it was possible to obtain the values of 
the β-phase lattice parameter for each alloy (a20Zr = 3.3479; 
a30Zr = 3.3672; a40Zr = 3.3938 Å) confirming that there was an 
increase of lattice parameter of the β phase with increasing 
Zr addition. Thus, as previously mentioned, it was noticed 
that all alloys presented higher lattice parameter values when 
compared to the pure Ti parameter. This result was already 
expected since the presence of Zr was shown by the literature 
as being efficient in increasing the lattice parameter1,2,10,13. 
Thus, being an indication of the reduction in the value of 
the elastic modulus.

3.1.2. Optical (OM) and scanning electron microscopy (SEM).
The chemical composition of the alloys was analyzed 

through semi-quantitative EDS analysis. Bearing in mind that 
SEM-EDS is a semi-quantitative technique, and therefore a 
small variation is expected, the results obtained show that the 
alloys then have the designed chemical composition. Table 2 
shows the chemical composition of each alloying element 
considering atomic percentage (at.%) and weight (wt.%).

Figure 2 shows a sequence of optical micrographs (left) 
and SEM micrographs (right). As in the XRD, in the optical 
microscope, there is a limitation regarding identifying 
phases with nanometric sizes since the device’s resolution 
is approximately 400 nm. Therefore, for alloys 20Zr, 30Zr, 
and 40Zr, even if the phase is present, it will not be possible 
to observe it. It can be noted in all alloys the typical dendritic 
microstructure of solidification.

During solidification, even at higher rates of cooling, the 
outermost solidified layer follows the nominal equilibrium 
composition. Therefore, there are compositional fluctuations 
between the liquid phase and the solid phase formed as 
the temperature is lowered30. Moreover, when the content 
of β-stabilizing elements is high, there is a tendency for 
microsegregation to occur during solidification, which can 
lead to an ill-defined β-Transus31. In this way, the composition 
of the dendrites varies slightly from that of the matrix, 
even though both have a body-centered cubic structure, as 
pointed out by the XRD (for alloys 20Zr, 30Zr, and 40Zr). 
This justifies the contrast obtained in the OM images since 
each region presents different corrosion resistances, which 
generate different visual aspects after metallographic 
preparation.

Figure 1. X-ray diffraction patterns for the Ti-40Nb-20Zr, Ti-40Nb-30Zr, 
and Ti-40Nb-40Zr in the ‘‘as-cast’’ condition.

Table 2. Semi-quantitative chemical composition obtained by SEM-EDS (weight %) for 20Zr, 30Zr, and 40Zr, considering weight 
percentage (wt.%) and atomic (at.%).

Alloys/ Elements Zr wt. % - (at. %) Nb wt. % - (at. %) Ti wt. % - (at. %)

20Zr 23 - (17) 37 - (26.8) 40 (56.2)

30Zr 30 - (23.4) 38 - (29.1) 32 (47.5)

40Zr 38 - (33.8) 41 - (34) 21 (32.2)
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Figure 2. Micrographs obtained by OM (left) and SEM (right) a),b) 20Zr, c),d) 30Zr and e),f) 40Zr in as-cast condition.

3.2. ThermoCalc, elastic modulus and vickers 
microhardness

The ThermoCalc software provided pseudo-binary diagrams 
for each of the alloys indicating the volumetric variation of 
the phases as a function of temperature under equilibrium 
conditions. Thus, there is no indication of metastable phases 
formation such as ω, and β’. Therefore, ThermoCalc was used 
to follow the microstructural evolution during solidification, 
and to estimate the β-transus temperature. Thus, it could be 
noticed that in all cases there was a decrease in the β-transus 

of the 20Zr, 30Zr, and 40Zr alloys related to the transition 
temperature for pure Ti (882°C), showing an expansion of the 
β-phase field, as a result of the presence of the β-stabilizing 
elements, Table 3.

Table 3 shows the values of lattice parameter of β phase (Å), 
elastic modulus, E (GPa), β-Transus (°C) and Vickers 
microhardness obtained for each of the studied alloys, with 
the remarkable influence of Zr addition. The addition of this 
β-stabilizing element reduces the elastic modulus value and 
increases the vickers microhardness value simultaneously. 
These data are graphically represented in Figure 3.
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When the 20Zr (Ti56.3Nb29.0Zr14.7) 30Zr (Ti45.2Nb31.1Zr23.7) 
e 40Zr (Ti32.5Nb33.5Zr34.0) alloys are compared (in at.%), 
at first it is possible to have an impression that Zr itself 
showed an β-stabilizer effect, since it is observed, that 
with the Zr addition, there is a decrease in the β-transus 
temperature. However, differently to what is observed, 
although there is maintenance of Nb content (wt.%), the 
Zr content varies in atomic percentage (Zr at.%). As Nb 
and Zr form substitutional solid solution with Ti in β-Ti 
alloys, from the point of view of the atomic percentage 
(at.%), an increase in the Nb atomic fraction is observed 
when we add Zr. This effect is observed, since Zr, due to 
its higher atomic number (Z= 40) than the Ti (Z = 22), 
when Zr is added to the alloy it increases, relatively, the 
Nb at.%, consequently stabilizing β-Ti phase (bcc) phase 
at lower temperatures. Therefore, the decrease in β-transus 
is associated with an increase in the number of Nb atoms 
as a consequence of the Zr addition, but it can be said that 
Zr shows a β-stabilizing effect just when combined with 
a typical β-stabilizing element, such as Nb. This is true 
because only binary Ti-Zr alloys would never form β-Ti 
phase (bcc), regardless of Zr fraction added to Ti, resulting 
only in equilibrium α-Ti phase (hcp)32.

The increasing addition of β-stabilizing elements, Zr, 
proved to be efficient in increasing the lattice parameter, 
which was already expected based on the literature1-3,10. Thus, 
with the distancing of the atoms present in the body-centered 
cubic structure (beta phase), the interatomic force was 
reduced and, consequently, there was a drop in the values 
of the elastic modulus with the increase of this element in 
the solid solution. Comparing the alloys with the presence 
of Zr, increasing the concentration of this element proved 
to be efficient in reducing the elastic modulus.

In contrast, there was an increase in Vickers microhardness 
as the Zr content increased, probably due to the solid solution 
hardening mechanism33,34. That is, the progressive addition 
of Zr contributed to the expansion of bcc crystal structure 
(increasing lattice parameter) becoming increasingly distorted 
by the difference in atomic radio and, in this way, generating 
more internal strain in the crystalline structure in atomic 
scale. As a macroscopic response, the material indicated an 
increase in microhardness. As previously commented, Zr 
hinders the omega phase precipitation increasing stabilization 
of β-Ti phase (bcc). Therefore, it is to be expected that the 
main reason for the increase in hardness in the 20Zr, 30Zr, 
and 40Zr alloys are due to solid solution hardening. Finally, 
further analysis is needed using high-energy monochromatic 
synchrotron XRD and transmission electron microscopy 
(TEM) in high-resolution mode (HRTEM) and using selected 
area electron diffraction (SAD)35.

4. Conclusion
For Ti-40Nb-40Zr alloy, with the highest Zr content lead 

to greater value of β lattice parameter for -Ti phase (bcc) in 
solid solution with Ti resulting in the lowest elastic modulus 
E = 61 GPa and the highest value of Vickers microhardness 
of 262 HV, due to solid solution hardening.

The combined β-stabilizer effect of Zr together with Nb 
lead to increased atomic fraction of Nb (decreasing Ti content), 
decreasing β-transus temperature, increasing lattice parameter 
of β-Ti phase (bcc) and suppressingmetastable ω precipitation.

Combined effects of increasing lattice parameter and 
electronic parameters (Bo x Md) confirms that increasing Zr 
addition to in β-Ti Ti-40Nb-xZr (x = 20, 30 and 40wt.%) 
alloys increased Vickers microhardness of 262 HV, indicating 
increased mechanical strength and leading to the lowest 
elastic modulus E = 61 GPa for as-cast biomedical metallic 
alloys applications.
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Table 3. Experimental results for Ti-40Nb-20Zr, Ti-40Nb-30Zr, and Ti-40Nb-40Zr.

Parameters/Results 20 Zr 30 Zr 40 Zr

Crystal lattice parameter (β phase) (Å) 3.3479 3.3672 3.3938

β-Transus (°C) 510 490 480

Elastic Modulus 88 ± 2 83 ± 3 61 ± 1

Vickers Microhardness 206 ± 12 239 ± 15 262 ± 17

Figure 3. Variation of elastic modulus, Vickers microhardness 
and β-phase lattice parameter for the 20Zr, 30Zr, and 40Zr alloys.
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