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INFLUENCE OF HEAT TREATMENT ON THE MICROSTRUCTURE AND  
PHYSICOMECHANICAL PROPERTIES OF TITANIUM ALLOYS OF  
THE Ti−−Nb−−Mo SYSTEM 

О. М. Myslyvchenko,1,2  А. А. Bondar,1  N. І. Tsyganenko,1 
V. М. Petyukh,1  Yu. F. Lugovskyi,1  and  V. F. Gorban1 

We present the results of investigation of the structure and properties of four titanium alloys of the Ti–
Nb–Mo system after their subsolidus annealing and annealing with quenching from 870°С.  The ob-
tained results indicate that heat treatment strongly affects the phase composition, microstructure, micro-
hardness, Young’s modulus, and elastic properties of investigated specimens.  The annealed alloys are 
two-phase ′α + β  alloys and their Young’s modulus is close to Young’s modulus of pure titanium  (87–
100 GРа).  Quenching leads to the formation of the ′′α -phase and the amount of β -phase becomes in-
significant.  As a result, the microhardness somewhat decreases and Young’s modulus becomes ∼ 1.5 
times lower. 
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Introduction 

In recent years, the demand of contemporary medicine for metallic implants permanently increases.  
The implantation of any biomaterial is accompanied by its direct contact with tissues and media of the human 
organism.  Thus, the materials used for implants must guarantee not only the required mechanical and chemical 
biocompatibility but also high wear and corrosion resistances, strength, and ability to be integrated with biologi-
cal media.  As one of important characteristics of medical alloys intended for the replacement of the bone tis-
sues, we can mention the elasticity modulus, which determines the functional reliability of implants under the 
actual conditions of operation in human bodies.  In order to guarantee the optimal redistribution of stresses and 
prevent the premature degradation of the bone tissue, the modulus of elasticity of the implant should be close to 
the modulus of elasticity of the bone  (∼ 40 GPa). 

At present, titanium and alloys based on titanium nickelide (TiNi) are the most widespread materials used 
for the production of bone implants.  Titanium nickelide is extensively used in the medical practice.  However,  
it contains nickel, which exerts negative influence on the living organisms [1].  For this reason, nickel-free me-
tallic implants of the Ti−Nb, Ti−Mо, and other systems were investigated in [2–6].  In the tensile tests carried 
out under the conditions of cyclic loading and unloading, alloys of the Ti−Nb system underwent the inverse mar-
tensite transformation between the rhombic ′′α -martensite phase and the initial phase and exhibited the property 
of superelasticity and low induction stress of the martensite transformation  (∼ 200 МРа) [7].  At the same time, 
alloys of the Ti−Mo system have low elasticity but high induction stress of the martensite transformation under 
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the conditions of cyclic tensile loading–unloading [8].  This is why, for implants, the researchers now actively de-
velop materials of the Ti−Nb−Mo system, which combine the required properties, namely, low Young’s modulus, the 
absence of toxic action upon the organisms, and high levels of strength and elasticity [9–12].  Surveys of publications 
concerning the Ti−Nb−Mo system were presented in [13, 14].  Note that phase equilibria were investigated in the 
solid state [15, 16].  At the same time, the melting point and metastable phase transformations are studied insuf-
ficiently.  

The aim of the present work is to study the influence of heat treatment on the phase composition, micro-
structure, and physicomechanical properties of titanium alloys of the Ti–Nb–Mo system, which were investigat-
ed in the cast state in [17].  

Methods 

As source materials, we used (wt.%):  titanium iodide (99.9 Ti);  high-purity molybdenum rods  (99.97 Mo 
with impurities of  0.01 Fe,  0.002 Al,  0.002 Ni,  0.003 Si,  0.0005 Ca + Mg,  0.004 C,  and  0.002 O),  and 
NbSh-00 niobium (with impurities of  0.05 Ta, 0.02 Fe, < 0.03 N, < 0.03 C, < 0.03 O, 0.009 Ti, and  0.009 Si).  
Alloys used for investigations were obtained as a result of melting in an electric-arc furnace with the help of 
a tungsten nonconsumable electrode on the copper hearth with water cooling.  Melting was performed in a pro-
tective argon atmosphere (under a pressure of  50–80 kPa).  The procedure of cleaning was carried out by pre-
liminary melting of titanium getter for  5 min.  The charge was melted under the conditions of weak burning of 
the arc and then remelted by turning over five times.  First, we obtained two samples  (15 g)  of each alloy, 
which were smelted into a dingle sample with a mass of  30 g  in the last stage.  The rate of cooling of the ingots 
was ∼ 80–100°С/sec.  The composition of the alloys obtained for investigation was monitored by analyzing the 
total mass losses in the course of smelting.  Since they did not exceed  0.15 wt.%,  it was assumed that the alloys 
have the same compositions as the compositions of the charge.   

The alloys were annealed at a temperature of  1600°С  for  10 h  in an ShVL-0,6.2/25 furnace in an argon 
atmosphere gettered with titanium chips.  This temperature is lower (by  80–125°С)  than the initial points of 
melting obtained by the differential thermal analysis (DTA).  The annealed samples were repeatedly heated  
in air for  1–2 min  up to a temperature of  870°С  and then quenched in water.  Then the samples were ground 
with abrasive paper with different grit sizes and polished with a chromium-oxide suspension.  In order to study 
the microstructure in the course of etching, we used the Kroll etching agent  (8 mliter HF,  20 mliter HNO3 , 
and 62 mliter H2O ).  

The X-ray investigations were carried out in a DRON-3 diffractometer in the CoKα -radiation.  The X-ray 
diffraction patterns were taken by the method of step-by-step scanning with intervals of  0.05°  and holding 
times of  1–2 sec.  The microstructure was investigated with the help of an MIM-7 optical microscope.   
The DTA was carried out in a device equipped with a sensor similar to the sensor developed in [18].  As a pro-
tective medium, we used high-purity helium under a pressure of  100 kPa.  The samples were placed in ceramic 
crucibles made of Sc2O3 .  

To determine the modulus of elasticity, we used ultrasonic vibrations [19] and microindentation.  It was de-
termined as the mean value of measurements carried out for two specimens.  The specimens had the shape of 
rods with square cross section  25 × 2 × 2 mm in size.  The selected length of the specimens guaranteed the res-
onance frequency of longitudinal vibrations equal to  ∼ 100 kHz.  The modulus of elasticity was determined  
as follows:  E = 4ρl2 f 2 ,  where  l   is the length of the specimen,  f   is the frequency of natural longitudinal 
vibrations, and  ρ  is density.  The density of the investigated materials was measured by hydrostatic weighing.  
The procedure of microindentation was carried out in a “Mikron-Gamma” device under a load of 2.94 N applied 
to a Berkovich diamond pyramid with an apex angle of  65°.  
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Fig. 1. X-ray diffraction patterns of alloys of the Ti−Nb−Mo system annealed at 1600°C for 10 h:  (1) Ti94Nb4Mo2 ;  
(2) Ti95.5Nb1.5Mo3;  (3) Ti92.5Nb5Mo2.5 ;  (4) Ti94Nb2Mo4 ;  ( )  α ;  ( )  β . 

Loading and unloading were performed automatically for 30 sec.  We simultaneously recorded the diagrams 
of loading, holding, and unloading on the F−h  coordinates  (h   is the depth of penetration of the indenter).   
The device automatically calculates the values of hardness  (H ),  contact modulus of elasticity  (Er ),  elastic 
strains  (εes),  and yield strength  (σes )  [20]. 

Results and Discussion 

According to the results of X-ray diffraction (XRD) analysis, the phase compositions of four investigated al-
loys annealed at a subsolidus temperature are mixtures of two phases, namely, the hexagonal α -phase and the 
cubic β -phase (Fig. 1).  It was established that in all investigated alloys, the lattice constants are close and weak-
ly depend on the composition (Table 1).  An increase in the content of alloying elements (especially of molyb-
denum) leads to a certain increase in the content of the β -phase with the molybdenum equivalent of the alloy, 
which is computed as follows:  Moeqv = %Мо + (%Nb/3.3), where  %Мо  and  %Nb  are the contents of the 
corresponding metals in at.%. 

The results of optical microscopy (Fig. 2) are in good agreement with the XRD data and show that all alloys 
have heterophase structures.  An attempt to analyze the microstructure with the help of scanning electron mi-
croscopy did not give the desired results because we did not observe any contrast between the phase compo-
nents.  This means that the mean atomic numbers of the indicated two phase components (i.e., their chemical 
compositions) are close.  

The microhardnesses of annealed alloys vary within the range  3.0–3.6 GPa (Fig. 3а).  The Ti94Nb4Mo2  al-
loy (with the lowest content of the phase based on β -titanium) has the lowest microhardness.  At the same time, 
the Ti92.5Nb5Mo2.5  and Ti94Nb2Mo4  alloys have the highest microhardness.  

Young’s moduli of the annealed alloys (Fig. 4а) are close to the Young’s modulus of pure titanium (87–
100 GPa).  Despite the fact that the molybdenum equivalent (Table 1) and, hence, the content of the β -phase in 
Ti94Nb2Mo4  alloy take the highest values, this alloy is not characterized by a low value of Young’s modulus 
(as compared with the the other alloys).   
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Fig. 2. Optical microscopy of alloys of the Ti−Nb−Mo system annealed at 1600°C for 10 h:  (a) Ti94Nb4Mo2 ;  (b) Ti95.5Nb1.5Mo3; 
(c) Ti92.5Nb5Mo2.5 ;  (d) Ti94Nb2Mo4 . 

Table 1 
Lattice Constants and Mass Content of Phases According to the Results of the XRD Analysis 

of Alloys of the Ti–Nb–Mo System Annealed at 1600°°С for 10 h 

Alloy  Composition  
(аt.%) 

Моlybdenum   
equivalent 

α  β  

contents,  
wt.% 

lattice  
constants, nm 

contents,  
wt.% 

lattice  
constants, nm 

1 Ti94Nb4Mo2  3.2 72 a  = 0.2946;  
 c  = 0.4685 28 a  = 0.3260 

2 Ti95.5Nb1.5Mo3 3.4 69 a  = 0.2946;  
 c  = 0.4686 31 a  = 0.3260 

3 Ti92.5Nb5Mo2.5  4.0 65 a  = 0.2946;  
 c  = 0.4687 35 a  = 0.3260 

4 Ti94Nb2Mo4  4.6 62.5 a  = 0.2947;  
 c  = 0.4687 37.5 a  = 0.3261 
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Fig. 3. Microhardness (а), elastic strains (b), and yield strength (c) of alloys of the Ti−Nb−Mo system annealed at 1600°C for 10 h 
(dark columns) and annealed with subsequent quenching from 870°C (gray columns):  (1) Ti94Nb4Mo2 ; (2) Ti95.5Nb1.5Mo3; 
(3) Ti92.5Nb5Mo2.5 ; (4) Ti94Nb2Mo4 . 

 

Fig. 4. Young’s moduli of alloys of the Ti−Nb−Mo system annealed at 1600°C for 10 h (a) and alloys annealed at 1600°C for 10 h with 
subsequent quenching from 870°C (b):  (1) Ti94Nb4Mo2 ;  (2) Ti95.5Nb1.5Mo3;  (3) Ti92.5Nb5Mo2.5 ;  (4) Ti94Nb2Mo4 ;  
( ) composition of the alloys;  ( ) and ( ) Young’s moduli (GPa) obtained according to the results of the methods of ultrason-
ic oscillations and microindentation, respectively. 
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Table 2 
Temperatures of Phase Transformations (°°С) in Alloys of the Ti−−Nb−−Mo System  

Annealed at 1600°°С for 10 h According to the Results of DTA  

Alloy  Composition,  
at.% 

Heating Cooling 

Onset of the  
′α → β-trans-
formation 

End of the  
′α → β-trans-
formation 

Onset of  
melting 

End of  
melting 

Onset of  
crystalliza-

tion 

Onset of the  
β → ′α -trans-

formation 

1 Ti94Nb4Mo2  570 794 1726 1765 1777 774 

2 Ti95.5Nb1.5Mo3  522 816 1683 1750 1758 798 

3 Ti92.5Nb5Mo2.5  560 771 1725 1773 1774 716 

4 Ti94Nb2Mo4  682 796 1718 1763 1768 743 

As follows from the accumulated results (Fig. 4а), the elasticity moduli determined by the method of inden-
tation take lower values, which is possibly connected both with the accuracy of measurements (indentation is 
an indirect method of measuring the elasticity modulus) and with the changes in the fine structure of the speci-
men (because the indentation of the indenter into the specimen is accompanied by its deformation on a level 
of  8–10%).  At the same time, the acoustic method does not involve deformation and, therefore, does not 
change the density of dislocations. 

The investigated annealed alloys have much lower characteristics of elastic strains under the conditions of 
indentation than the corresponding characteristics for quenched alloys (Fig. 3b).  The maximum elastic strain 
is observed in alloy No. 4 (1.44%).  Unlike this parameter, the yield strength correlates with microhard-
ness (Fig. 3с), namely, its lowest value is observed for alloy No. 1  (0.92 GPa)  and the highest value is detected in 
alloys No. 3 and No. 4 (1.1 GPa).  The dependences of the level of elastic strains and yield strength on the con-
tents of phase components can hardly be detected.  

The temperatures of the phase transformations were determined with the help of DTA of the specimens an-
nealed at 1600°С for 10 h and homogenized (Table 2 and Fig. 5).  In the DTA curves of all alloys, we can dis-
tinguish two sections: the thermal effect of the low-energy α → β -transformation (extended peak in the curve of 
heating at 522–682°С) corresponding to the extended peak of the β → α -transformation (a section in the curves 
of cooling within the temperature range 771–816°С) and the peaks corresponding to melting (in the course of 
heating) and crystallization (in the course of cooling).  It is worth noting that the α → β( ) -polymorphic trans-
formation in the course of heating occurs at a temperature much lower than the temperature of the α → β -trans-
formation in pure titanium (882°С).  

As could be expected, the alloy with the minimal titanium content has the highest melting point, whereas 
the alloy with the maximal titanium content has the lowest melting point.  For quenching, by using the DTA re-
sults on the temperature ranges of the α → β-transformation (Table 2), we choose a temperature of  870°С,  which 
is higher than the highest temperature of existence of the α -phase. 

The X-ray diffraction patterns of alloys preliminarily annealed at 1600°С for 10 h and quenched from 
870°С are presented in Fig. 6.  Their analysis shows that, during the heat treatment, the hexagonal martensite  
α -phase transforms into the rhombic ′′α -phase.  The α - and ′′α -phases are similar and can hardly be distin-
guished by the X-ray phase diffraction analysis.  However, the diffraction maximum (020) at an angle 2θ  = 42.1°   



INFLUENCE OF HEAT TREATMENT ON THE MICROSTRUCTURE AND PHYSICOMECHANICAL PROPERTIES OF TITANIUM ALLOYS 487 

 

Fig. 5. DTA curves for alloys No. 2 (1) and No. 3 (2) after annealing at 1600°C for 10 h  taken at a rate of  20°C/min  (the curves are 
shifted in the vertical direction). 

 

Fig. 6. X-ray diffraction patterns of alloys of the Ti−Nb−Mo system annealed at  1600°C  for  10 h  and then quenched from  870°C:  
(1) Ti94Nb4Mo2 ;  (2) Ti95.5Nb1.5Mo3;  (3) Ti92.5Nb5Mo2.5 ;  (4) Ti94Nb2Mo4 ;  (r)  β ;  (�)  ′′α . 
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Fig. 7. Optical microscopy of alloys of the Ti−Nb−Mo system annealed at 1600°C for 10 h and then quenched from 870°C: 
(а) Ti94Nb4Mo2 ; (b) Ti95.5Nb1.5Mo3; (c) Ti92.5Nb5Mo2.5 ; (d) Ti94Nb2Mo4 . 

and the separated peaks  (112) (022)  and  (200) (130)  at angles of  62.5  and  72.0°,  respectively, serve as direct 
indications of existence of the rhombic ′′α -phase whose crystal lattice is more distorted and has a lower sym-
metry as compared with the hexagonal α -phase.  At first sight, it seems that quenched specimens have a single 
phase. However, a more careful analysis of all X-ray diffraction patterns reveals small amounts of the β -phase: 
two diffraction maxima (110) and (211) at angles  2θ = 45.9° and 84.9°,  respectively (see the inset in Fig. 6). 
In the quenched state, these alloys are characterized by crystallographic textures and high internal stresses, 
which lead to broadening of the diffraction maxima and decrease their intensity.  All these arguments make it 
difficult to correctly determine the contents of the phase components.   

The microstructures of quenched alloys in reflected light beams are shown in Fig. 7.  In all alloys, we ob-
serve the acicular martensite ′′α -phase in the form of parallel strips and, most likely, with identical orientation 
inside each grain.  Acicular precipitates of the ′′α  -phase are uniformly distributed over the entire area of each 
specimen.  At the same time, in [21], these precipitates were mainly concentrated on the grain boundaries in 
Ti72.5Nb26Si1.5  alloy. 

Significant influence of heat treatment on the phase composition and microstructure of the investigated  
alloys is accompanied by changes in their physicomechanical properties.  Thus, the ′′α -phase in quenched al-
loys has a lower hardness than the  α / ′α -phase  in the annealed alloys (see Fig. 3а).  The stresses in the α / ′α - 
and ′′α -phases of the Ti–Mo system were computed in [22].   It was shown that, in the ′′α -phase, they are lower.   
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This is explained by the fact that the ′′α -phase can be formally regarded as an intermediate phase in the 
β → α -transformation.  In the case where the shift of atoms is incomplete, we observe the formation of the 
rhombic  ′′α -phase.  At the same time, if the shift is complete, then we get the  α / ′α -phases.  The incomplete shift 
in the process of formation of the ′′α -phase requires much smaller displacements than in the case of formation 
of the  α / ′α -phases in the course of rapid cooling.  The shifts of atoms by small distances result in a smaller 
hardening as a result of the formation of lower stresses in the crystal lattice.  This explains the fact that the hard-
ness of alloys with predominant contents of the ′′α -phase is lower than the hardness of alloys in which the 
α / ′α -phases are predominant [22].  

The formation of the metastable ′′α -phase in the course of quenching leads to the improvement of the elas-
tic properties of all alloys.  It should be emphasized that the most pronounced increase occurs in alloy No. 1 
with the lowest molybdenum equivalent.  The dependence of the yield strength on the composition of alloys 
(see Fig. 3с) is similar to the dependence of microhardness of quenched specimens (Fig. 3а).  Note that the lowest 
value of yield strength was detected for alloy No. 3.  However, the influence of quenching on Young’s modulus 
is especially pronounced (see Fig. 4b).  Indeed, the elasticity moduli of quenched alloys become  ∼ 1.5  times 
lower as compared with the elasticity moduli of annealed alloys (Fig. 4а).  According to the literature data, 
the ′′α -phase has the lowest Young’s modulus in the Ті−Мо system [4].  It is formed at high cooling rates and its 
content increases with the molybdenum equivalent of alloying admixtures  (Moeq ).  Here, we can also mention 
another result:  the alloy with the minimum  Moeq   has the lowest Young’s modulus (No. 1).   

Assume that the amount of the β -phase in quenched alloys of the Ті−Nb−Мо system also increases 
with  Moeq  and that the presence of this phase causes an increase in Young’s modulus.  However, this observa-
tion does not explain why alloy No. 2 has the highest elasticity modulus among all investigated materials in 
the quenched state.  Most likely, this is the result of precipitation of the other phases that are not detected in the 
X-ray diffraction patterns and are not visible in the optical microphotographs.  This is why, for our subsequent 
investigations, we propose to use transmission electron microscopy.   

CONCLUSIONS 

In the annealed alloys, in the process of heating and cooling by the DTA method, we discovered the ′α /β  
polymorphic transformation and the effects of melting/crystallization.  In the course of quenching of the an-
nealed alloys, we observe the transformation of the ′α -martensite phase into the ′′α -phase, and the β -phase is 
partially preserved.  The microstructures of quenched alloys contain colonies of acicular ′′α -martensite.  
The microhardness of the annealed alloys increases with the content of the β -phase, which correlates with the 
molybdenum equivalent of alloying admixtures.  Quenching leads to the decrease in hardness and the improve-
ment of the elastic properties.  The annealed alloys have elasticity moduli close to the elasticity modulus of pure 
titanium, whereas quenching makes it possible to make this parameter about  ∼ 1.5  times smaller. 

The present work was performed within the framework of the program of scientific investigations at the 
Department of Physicotechnical Problems of Materials Science of the National Academy of Sciences of 
Ukraine; Topic ІІІ-10-19 (state registration number 0119U100778).  
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