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Abstract: 

Biomaterials are becoming an increasingly important research topic over time as they are used to replace parts and functions of the human 

body, helping to improve the quality of human life. Titanium alloys are particularly important for the development of new biomaterials. 

Commercial pure titanium and its alloys are used as essential structural biomaterials in the manufacture of implants due to their excellent 

biocompatibility, good corrosion resistance and mechanical strength. However, studies have shown that aluminum and vanadium ions are 

released in alloys such as Ti-6Al-4V, which can cause health problems over time. Because of the problems that occur, researchers are 

working to improve the properties of titanium alloys by adding new elements. In most cases, different metals are added to titanium and it is 

known that with the presence of different metals, the properties of titanium also change. All biomedical titanium alloys must undergo various 

testing procedures before they can be used. The article describes the characterisation methods used in the development of titanium alloys, 

such as: light and scanning electron microscopy, energy-dispersive spectrometry, X-ray diffraction analysis, differential scanning 

calorimetry, differential thermal analysis. The reliability of the results depends on the methods used and the avoidance of errors in the 

characterisation of biomedical alloys in order to reach better conclusions and produce alloys of the highest quality desirable for use in the 

human body. 
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1. Introduction 

After the first meeting on biomaterials, held in South Carolina 

in 1969, the field of biomaterials received a lot of attention. [1] 

Nowadays, biomaterials play an important role. [2] Biomaterials are 

artificial or natural materials. They are used to make structures or 

implants to restore form or function or to replace a diseased or lost 

biological structure. [3,4] In this way, biomaterials help to improve 

the quality of life. [1] With the advances in medicine and materials 

processing in recent decades, a large number of biomaterials have 

been developed with properties suitable for various applications. [2] 

Metals have been used for decades for various applications in 

medicine. They are used in different parts of the body, such as 

artificial heart valves, as replacement implants in the knee, hip, 

elbow and shoulder, as stents in blood vessels and as dental 

implants. A large number of biomaterials are used for hip, spine and 

knee replacements. [1,5] Biomaterials must meet various criteria 

such as sufficient strength, bioadhesion, osseointegration ability, 

biofunctionality, high corrosion resistance, biocompatibility, high 

wear resistance and low friction. [6, 7] Biomaterials are also 

characterised by their biocompatibility. Biocompatibility is an 

important property of the material. [8] From studies conducted, 

elements such as Ti, Mo, Nb, Zr, W, Ta, Au and Sn are highly 

biocompatible, while Al, V, Cr and Ni are elements considered 

hazardous to the human body. Figure 1 shows detailed information 

about pure metals and their biocompatibility. [9] 

 

 

Fig. 1 Pure metals and their biocompatibility 9. 

 

 

 

Metals and alloys used in biomedicine include stainless steels, 

titanium and cobalt based alloys. [6, 10] Only commercially pure 

titanium (CP-Ti) has the best biocompatibility among metallic 

materials, but its mechanical properties are not satisfactory. [11] 

Titanium and titanium alloys are currently the most commonly used 

metals in the manufacture of medical components, especially 

implants. Their natural properties such as low density and thus low 

weight, good corrosion resistance, low modulus of elasticity, wear 

resistance, high mechanical strength, relatively low modulus of 

elasticity, excellent biocompatibility and non-magnetic behavior 

give them an advantage over other metals such as chromium and 

cobalt alloys and stainless steels. [6, 9, 12] Titanium has long been 

considered a safe and inert element for human use. It also produces 

minimal side effects in the human body. This can also be considered 

one of the main reasons for using titanium as an implant. These 

alloys have better biocompatibility than stainless steel and cobalt-

based alloys due to their good corrosion resistance. [2] However, in 

addition to the good properties mentioned, titanium alloys also have 

some poor tribological properties due to low resistance to plastic 

shear, low protection by surface oxides and low hardening. [6] Most 

of the published literature refers to the alloy Ti-6Al-4V  because of 

its properties. However, there are some issues that limit the long-

term use of these commonly used alloys as implants. Some of the 

disadvantages of these Ti-based alloys are that they lead to 

loosening of the implant and fracture of the bone due to the stresses 

being shielded due to the difference in elastic strength between the 

implant and the surrounding tissue, causing discomfort over a long 

period of time. [13] Concerns have been raised with the use of 

aluminium and vanadium as alloying elements regarding their 

harmful effects following the release of ions into the body, which 

can cause dermatitis, while in some cases implant rejection occurs. 

Although Ti-6Al-4V is considered highly resistant to corrosion, no 

material is completely bioinert. The release of ions can cause 

allergic reactions in some cases. Vanadium can have both positive 

and negative effects on the body. Therefore, great efforts have been 

made to develop titanium alloys with relatively harmless elements. 

Elements considered safer than aluminium and vanadium include 

niobium, tantalum and zirconium. Similarly, the release of 

aluminium and vanadium ions can cause neurodegenerative 

diseases such as Alzheimer's disease and peripheral neuropathy. It 

can be deduced that there is a need to explore metals that are better 

substitutes for alloying elements in Ti-alloys, as well as their 

properties. [13] With the increasing demand for durable implants, it 

has become necessary to accelerate research into the development 

of biomaterials, which should lead to a significant production of 

implants. [14] 
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2. Methods of characterizations  

 

The article describes some of the test methods used in the 

development of titanium alloys. The methods described and 

explained in the article are characterisation methods using a light 

microscope (LM), a scanning electron microscope (SEM), an 

energy- dispersive spectrometer (EDS), X-ray diffraction (XRD), 

differential scanning calorimetry (DSC) and differential thermal 

analysis (DTA) methods. The aim of these methods is to 

characterise materials in order to determine suitable process 

parameters that will result in an alloy with a satisfactory 

microstructure or properties desirable for use in the human body. 

Two types of microscopy are generally known. These are light 

microscopy (LM) and scanning electron microscopy (SEM). In light 

microscopy, the specimen is illuminated with visible light and the 

image is produced with a system of objectives and eyepieces. 

Scanning electron microscopy (SEM) is one of the most commonly 

used instrumental methods to examine and analyse the 

characterisation of solids containing micro- and nanoparticles. SEM 

can provide information on surface topography, crystal structure 

and chemical composition. It is used to obtain a realistic three-

dimensional image of the surface of the sample under investigation. 

One of the reasons why SEM is preferred for particle size analysis 

is its resolution of 10 nm or 100 Å. The basics of SEM 's work 

involve scanning the surface of the sample under investigation with 

a very precisely focused electron beam. The smaller the electron 

beam, the smaller the surface of the sample and the more accurate 

the image. Energy dispersion X-ray spectroscopy (EDS) works in 

conjunction with SEM to provide qualitative and qualitative results. 

[15] 

X-ray diffraction (XRD) is an increasingly important method 

for the qualitative and quantitative characterisation of crystalline 

materials. It is a particularly valuable analytical method because it 

is possible to obtain a large amount of necessary information based 

on a very small sample. A key feature of qualitative analysis is that 

the constituents are identified as specific compounds. [16] It 

provides information on phases, structures and parameters such as 

crystallinity, average grain size, defects and crystal deformations. It 

can be said that the sample obtained by this method actually 

corresponds to a fingerprint, i.e. the periodic arrangement of the 

atoms of the material under investigation. [17] X-ray diffraction is 

one of the most important methods for studying and diagnosing 

atomic structure, particle morphology, phase composition and a 

number of other structural features. After the discovery of the 

effects of X-ray diffraction, it has been successfully used to 

determine the structure of crystalline, conventionally crystalline and 

amorphous materials, as well as the size and shape of microscopic 

and submicroscopic particles in liquid and solid states. [18] 

The most common methods of thermal analysis are differential 

scanning calorimetry (DSC) and differential thermal analysis 

(DTA). Thermal analysis is a method that has continued to develop 

in terms of new applications in the study of phase equilibria and 

phase transformation behaviour. [19] These methods have a major 

impact on materials science as they allow the measurement of a 

wide range of physical and chemical properties. They are also two 

closely related methods that analyse the change in temperature 

difference between a sample and a reference sample while subjected 

to temperature change and thermal effects in the material. 

Differential scanning calorimetry is a method in which the change 

in heat flow difference between a sample and a reference sample is 

analysed while they are subjected to a temperature change. 

Differential thermal analysis is a method in which the change in 

temperature difference between a sample and a reference sample is 

analysed while they are subjected to a temperature change. The 

notation of the DTA method is the differential thermocurve or DTA 

curve. [20] The above methods explain endothermic and exothermic 

processes at very low (-120°C) to high temperatures (DSC 600°C 

and DTA 1800°C). Physical properties measured by these methods 

include crystallisation temperatures, melting transitions, specific 

heat capacity, enthalpy of melting and crystallisation, liquid crystal 

transitions, solid-solid transitions, evaporation, sublimation, thermal 

conductivity and glass transition temperature. Chemical properties 

monitored by the above methods include oxidative reactions, solid-

state reactions, dehydration, decomposition, chemisorption, 

combustion, hardening and polymerisation. [21] Depending on the 

measurement method used, a distinction is made between two 

measurement methods. These are differential scanning heat flow 

calorimetry (heat flow DSC) and differential scanning calorimetry 

with power compensation (power compensation DSC). [20, 21] 

 

Ti- alloys 

  

S. Y. Alshamari et al. analysed binary Ti-Cu alloys, i.e. Ti-

0.5Cu, Ti-2.5Cu and Ti-5Cu, prepared by vacuum sintering of 

compacted powders. Using a light microscope, the sintered samples 

were found to have mostly closed spherical pores in the centre of 

the samples in the range of 15 to 50 µm. The alloys were sintered at 

a temperature of 1250˚C, resulting in the formation of spherical 

isolated pores. This is an indication that the sintered Ti-Cu alloys 

have reached the final stage of sintering. Since Cu is a stabilizer of 

the titanium β-phase, its addition leads to the formation of an α+β 

lamellar structure. Using SEM analysis, they found that there is a 

microstructural difference in the thickness and amount of β-phase 

between the different alloys, even when the amount of β-phase 

present increases. Only the increase in β-phase was determined by 

the XRD analysis. The XRD patterns of the sintered alloys Ti-2.5Cu 

and Ti-5Cu show the peaks of β-Ti and Ti2Cu phases, especially in 

the Ti-5Cu sample. [22] 

P. Pripanapong and colleagues conducted the tests on a Ti-Cu 

alloy with compositions Ti-2Cu, Ti-4Cu, Ti-7Cu and Ti-10Cu. The 

samples were sintered at 1000 °C for 1 hour in an argon 

atmosphere. The microstructure of the investigated alloys shows a 

4% Cu alloy, which has a hypoeutectoid structure. The mentioned 

structure includes primary α-Ti (white phase) and eutectoid phase 

(lamellae α-Ti/Ti2Cu), which transforms from β-Ti at high 

temperature. The alloy with 10% Cu has a predominantly eutectoid 

structure. XRD analysis showed Ti-2Cu peaks corresponding to α-

Ti only, while the Ti-10Cu alloy had α-Ti and Ti2Cu peaks. In the 

differential thermal analysis (DTA), Ti-15Cu was investigated 

because the amount of copper added is the largest and it is also 

easier to detect a possible reaction between titanium and copper 

powder. The DTA curve showed an exothermic reaction at 1078°C, 

which is consistent with the melting temperature of pure copper. 

This compares to the XRD result of the sintered samples. The 

exothermic peak of the DTA analysis results indicates the formation 

of Ti2Cu in the alloy after the copper powder was melted. [23] 

Algattaan and co-workers added another alloying element, in 

this case manganese, to the Ti-Cu alloy. Ti-0.5Mn-0.25Cu, Ti-1Mn-

0.5Cu, Ti-2Mn-1C, Ti-3.5Mn-1.75Cu and Ti-5Mn-2.5Cu alloys 

were tested. The XRD diffractograms of the mentioned Ti-Mn-Cu 

alloys show that the α-phase of titanium is the primary phase 

forming the alloys. The relative intensity of the β-phase of titanium 

increases with the addition of a larger amount of alloying elements, 

as both manganese and copper are elements that stabilize the β-

phase of titanium. Accordingly, it is expected that the β-phase of 

titanium in the microstructure of Ti-Mn-Cu alloys will be more 

pronounced in heavier alloy compositions. The microstructural 

analysis results show that the sintered Ti-Mn-Cu alloys have a fully 

lamellar microstructure composed of almost equal α-Ti grains and 

parallel α-Ti and β-Ti lamellae, regardless of the alloy composition. 

With increasing manganese and copper content, the relative amount 

of β-Ti phases present in the microstructure increases linearly. The 

higher manganese and copper content increases the fineness of the 

lamellae and thus decreases the spacing between them. [24] 
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Xu et al. investigated a biocompatible Ti-28Nb-35.4Zr alloy 

used as a bone implant. The results showed that the sintering 

temperatures have a significant influence on the mechanical 

properties of the alloys. SEM microphotography showed that the 

atomised powders have a typical spherical shape. XRD analysis 

showed that the atomised powders consist of a β-Ti, while the 

spherically milled powders consist of β-Ti and TiO2. TiO2 mostly 

appears because some oxygen is introduced during the ball milling 

process. The hardness of Ti-28Nb-35.4Zr alloy generally increases 

with increasing sintering temperature, which significantly improves 

the mechanical properties of the produced alloy. [25] 

Examining Ti-Nb alloys, Haq et al. determined that before the 

start of heat treatment, the microstructure of the investigated alloy 

consisted mainly of separated α-Ti grains and Nb grains with a 

lamellar α- and β-structure at the interface between them. As the 

heat treatment was performed at 1200°C, the lamellar 

microstructure started to grow. After 4 hours of heat treatment, the 

microstructure consisted only of lamellar morphology. The 

microhardness of the sample increased with increasing heating time. 

The microstructure had no influence on the change in hardness. The 

phase change actually played a role in increasing the hardness. [26] 

Kalita et al. prepared a Ti-Nb alloy with different chemical 

composition (Ti-14Nb, Ti-20Nb and Ti-26Nb) using the mechanical 

alloying method. In XRD analysis of the sintered alloy after 

sintering, they observed the β-phase. Only a small amount of 

hexagonal α-phase was present in the samples. Traces of the 

orthorhombic martensitic α'' phase were observed in the Ti-14Nb 

and Ti-20Nb alloys. In the microstructure of the obtained alloys, β-

phase grains with a size of 10-50 µm were observed in the case of 

the Ti-14Nb alloy. Darker areas of the Nb-depleted α-phase were 

present at the grain boundaries. It was found that the amount of α-

phase decreases with the Nb content. Very bright areas of Nb were 

also observed. The presence of these particles leads to a decrease in 

the niobium content in the matrix. XRD analysis was also 

performed after heat treatment and confirms that the applied heat 

treatment resulted in a reduced amount of hexagonal α-phase. A 

regular β-phase was observed in all alloys. A martensite phase was 

observed within the β-phase grains in the microstructure of these 

alloys. The temperatures determined by DCS analysis for As and Af 

were -12.4 and 2.2˚C, respectively. There were no visible effects 

associated with martensitic transformation in the Ti-20Nb and Ti-

26Nb alloys. [27] 

Zhou et al. prepared three types of Ti-Ta binary alloys (Ti-

10Ta, Ti-30Ta, Ti-70Ta). Microscopic analysis showed that the 

tested alloys have lamellar and acicular microstructure. The SEM 

analysis showed the formation of passive oxide films on the surface 

of the samples. Oxide films formed on the surface of the Ti-30Ta 

alloy. The results of XRD analysis showed that TiO2 formed on the 

surface of the Ti-10Ta alloy, while orthorhombic Ta2O5 films were 

present on the surfaces of the other alloys studied. [28] 

Elshalakany and colleagues produced five alloys with different 

compositions (Ti-15Mo-6Zr, Ti-15Mo-6Zr-1Cr, Ti-15Mo-6Zr-2Cr, 

Ti-15Mo-6Zr-3Cr and Ti-15Mo-6Zr-4Cr). Optical micrographs 

showed that the Ti-15Mo-6Zr alloy mainly consists of the (α' + β)-

phase. After addition of 1 wt%Cr, a small amount of the β-phase 

was detected. In all Ti-15Mo-6Zr-xCr alloys investigated, the 

microstructure of the whole alloy was transformed into a granular 

equiaxed β-phase. As the chromium content increased, the average 

grain size of the β-phase decreased. Unlike the Ti-15Mo-6Zr-xCr 

alloy, the microstructure of the Ti-15Mo-6Zr-2Cr alloy appears to 

consist of β-phase grains. In other words, in the Ti-Cr alloy system, 

the β-phase can be completely preserved after rapid cooling when 

the chromium content increases. The average grain sizes of the β-

phase decreased with increasing chromium content. The Ti-15Mo-

6Zr-2Cr alloy has the highest amount of β-phase and also showed 

the highest microhardness values (412 HV). [29] 

Ho et al. investigated the structure and properties of a series of 

binary Ti-Mo alloys with molybdenum content ranging from 6 to 20 

wt%. The experimental results of XRD analysis showed that the 

crystal structure and morphology of the cast alloys were sensitive to 

the molybdenum content. At a Mo content of 6 wt.%, a fine, 

acicular martensite structure of the orthorhombic α" phase was 

observed. At a molybdenum content of 7.5 wt%, the entire alloy 

was dominated by the martensitic α" structure, and when the 

molybdenum content was increased to 10 wt% or more, the retained 

β-phase became the only dominant phase. Of all the Ti-Mo alloys, 

the Ti-7.5-Mo alloy with α"-phase exhibited the lowest hardness. 

[30] 

Luz et al. observed the Ti-40Zr alloy during sintering at a 

temperature between 800-1300°C. From the microstructure 

analysis, they determined that the formation of a two-phase (α+β) 

region started at a temperature of 800°C. The microstructure 

showed dark areas with titanium particles. Grey areas with 

dissolved zirconium particles were also visible. The two-phase 

(α+β) region becomes visible at 1000 °C and consists of a pure 

zirconium core surrounded by a two-phase microstructure. In the 

samples sintered at 1300 °C, a fine-plate α- and intergranular β-

structure prevailed. Analysis of the results showed that slight 

additional densification occurs at temperatures above 1300°C. The 

hardness analysis values showed that as the temperature increases, 

the hardness value also increases. X-ray diffraction analysis 

revealed peaks related to the α- and β-phases of titanium, while the 

peaks of zirconium were not determined, confirming its complete 

resolution at a temperature of 1300°C. Zirconium-rich regions are 

present up to 1200°C. [31] 

In their study, Slokar et al. produced a Ti90Zr10 alloy mixture 

that was analysed. The SEM analysis of the powders showed 

different morphologies of the starting powders, for example, the 

titanium powder consisted of spherical particles with a rough 

surface and the zirconium powder consisted of angular particles. In 

addition, a relatively high degree of agglomeration of the titanium 

particles was observed, as the smallest particles were not separated 

from the powder. In addition, after grinding Ti90Zr10 according to 

the SEM analysis and the corresponding EDS analysis, it was 

observed that many smaller particles retained their original shape as 

the particles were subjected to low energy collisions. In addition, 

only a small portion of the powder was agglomerated and deformed 

into flakes. After milling the powders, the EDS line scan confirmed 

that elemental zirconium remained, indicating that the milling 

parameters were not satisfactory for complete dissolution of 

zirconium into titanium. After sintering, a large number of pores 

were visible that were not spherical, indicating that the final stage of 

sintering had not been completed. Subsequently, the samples were 

subjected to SEM and EDS analysis and it was found that the 

zirconium content in the samples varied, indicating that the mixing 

of the starting powders was not done correctly. Peaks were only 

found for Ti and Zr in all the samples, and titanium was seen to be 

evenly distributed across the analysed range. [32] 

Liu et al. investigated the microstructure of the powder 

metallurgy produced Nb-25Ti-xTa alloy (x = 10, 15, 20, 25, 35 

at.%). In the SEM analysis of the alloy, the β-phase was very easy 

to detect. After sintering at 1700 °C, grain boundaries were clearly 

observed in the Nb-25Ti-xTa alloy. The average grain sizes were 50 

μm, 46 μm and 33 μm. As the Ta content increased, the grain size 

decreased, while the dissolution rate of Nb and Ta into the Ti matrix 

increased with increasing sintering temperature. As the sintering 

temperature increased from 1600 °C to 1800 °C, a gradual transition 

to the β-phase occurred. It was also found that the acicular α-phase 

transitioned to the α + β-phase, and when the temperature increased 

to 1800 °C, a transition to the β-phase occurred. EDS line scanning 

was then performed to determine the distribution of the elements 

Nb, Ti and Ta in the Nb-25Ti-25Ta alloy sintered at 1600 °C. 

Titanium was the main element in the dark areas. As shown by the 

analysis of SEM, the pore size and shape gradually changed as a 

function of the sintering temperature. At higher sintering 

temperatures (1800 °C), there were more pores with regular shape, 

while at low sintering temperatures (1600 °C), the pores were 

mostly irregular in shape. XRD analysis of the sintered Nb-Ti-Ta 
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alloys was also performed and it was found that the predominant 

diffraction peaks of the sample were from the spatially centred 

cubic (bcc) β-phase. Due to the small difference between the lattice 

parameters of Nb and Ta, the diffraction peaks of these elements 

overlapped. [33] 

Popescu and colleagues investigated a new TiZrNbTaFe alloy. 

Based on the morphology of the starting powders, they found 

different spherical shapes for each type of elemental powder. They 

also found that the titanium powder consists of flattened angular 

particles, for zirconium they are needle-like particles, for niobium 

they are flaky, while for tantalum irregular particles with a slight 

tendency to spheroidise and for iron spheroidal particles can be 

seen. XRD analysis of the homogenised sample revealed that in 

addition to Ti, Zr, Nb and Fe powder, a combination of these 

elements with hydrogen or oxygen also occurs, which is due to the 

high degree of oxidation or hydration of the metal powder. After 

alloying the mixture for 20 hours, the analysis of SEM showed that 

the formation of NbTiZr phases was predominant, with some 

unalloyed powders also visible. Based on the results of the X-ray 

analysis, it could be assumed that the alloying process had started, 

but that the milling time was not sufficient to achieve complete 

mixing of the powders into a homogeneous mixture. Thus, Ti made 

up 45 % of the powder mixture, Fe 17 %, Ta 12 %, Zr 4 % and the 

Nb content was 3 %.[34] 

3. Conclusion 

The excellent properties of titanium alloys have made these 

alloys a very important material for various applications, especially 

in biomedicine. Although titanium and titanium alloys are widely 

used biomedical materials, research continues in order to obtain the 

highest quality and most reliable material possible. The above 

overview shows the importance of the presented conventional 

methods for the development of biomaterials. However, they should 

be applied together with other characterisation methods in order to 

be able to adjust the parameters of the biomaterials manufacturing 

process based on the characterisation results obtained, with the aim 

of obtaining titanium alloys with satisfactory properties for 

biomedical applications. 
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