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Abstract: Hip joint implants are one of the most common types of medical implants used to replace 

a damaged joint and restore its functional activity. Hundreds of thousands of surgeries are performed 

annually to install them, which underscores the importance of developing and improving materials 

for such implants. Modern materials for implants, including cobalt-chromium alloys, stainless steel, 

titanium and other titanium alloys, face problems such as the toxicity of certain elements (for 

example, aluminum, vanadium, nickel) and excessive Young's modulus, which negatively affects 

biomechanical compatibility. A mismatch between the stiffness of the implant material and the bone 

tissue, called stress shielding, can lead to bone resorption and loosening of the implant. Recent studies 

have shifted the focus to β-titanium alloys due to their exceptional biocompatibility, corrosion 

resistance, and low Young's modulus, which is close to the Young's modulus of bone tissue (10-30 

GPa). Among them, Ti-38Zr-11Nb alloy is promising for use as an implant material. In this study, the 

microstructure, mechanical properties, and phase stability of Ti-38Zr-11Nb alloy were studied. 

Energy dispersion spectrometry confirmed the homogeneous distribution of Ti, Zr, and Nb in the 

alloy. Microstructural analysis revealed elongated β-grains after rolling and quenching, and grinding 

contributed to recrystallization and the formation of subgrains. X-ray diffraction analysis confirmed 

the presence of a stable β-phase under any heat treatment conditions, which is explained by the use 

of Nb as a β-stabilizer and Zr as a neutral element with a weak β-stabilizing effect in the presence of 

other β-stabilizers. The modulus of elasticity after annealing decreased from 85 GPa to 81 GPa. 

Mechanical tests showed a significant increase in tensile strength (from 529 MPa to 628 MPa) 

simultaneously with a 32% decrease in elongation to fracture of the samples. These changes are 

caused by microstructural transformations such as the formation of subgrains and rearrangement of 

dislocations. Based on the results of the study, it can be concluded that Ti-38Zr-11Nb alloy is a 

promising material due to its lower low Young's modulus relative to the classical materials used and 

stable β-phase, which provides the possibility of long-term use of the implant, without the risk of 

formation of brittle phases. 

Keywords: titanium alloys; zirconium alloys; Young’s modulus; mechanical properties; implants; 

medical materials 
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1. Introduction 

The hip joint is one of the most stressed elements of the human musculoskeletal system [1] In 

the presence of the development of degenerative joint diseases or serious joint damage as a result of 

injuries, implantation of an artificial hip joint may be recommended to replace the lost healthy one. 

For the manufacture of the leg and cup of the hip joint, it is necessary to use materials that provide a 

set of properties: biocompatibility, sufficient mechanical properties, corrosion resistance, and the 

value of the Young's modulus close to the value of the bone index. There is an annual increase in the 

number of such operations, which is associated with a number of factors, such as an increase in the 

life span of the population, increased availability of such operations in different parts of the world, 

increased awareness of the possible prospects for the use of artificial joints and an increased relative 

number of successful operations [2,3]. The materials used in hip arthroplasty today belong to the 

following material groups: cobalt-chromium alloys, stainless steel, titanium and titanium alloys. [4–

6] 

Despite their high strength and corrosion resistance, some of these materials contain elements 

that are toxic to the human body, such as aluminum, vanadium and nickel [7–10], and their elastic 

modulus (Young's modulus) is much higher  than that of bone tissue [11,12], which can negatively 

affect biomechanical compatibility due to the risk of aseptic loosening, wear, and mismatch of the 

mechanical properties of the implant with those of the bone tissue [13]. 

The modulus of elasticity (E) is a key mechanical property of a material that determines its 

stiffness and ability to resist deformation in tension or compression . For materials used in 

endoprosthetics, it is critical that the modulus of elasticity be as close as possible to that of bone tissue, 

which is in the range of 10-30 GPa [14,15]. This match ensures optimal mechanical biocompatibility 

between the implant and the surrounding bone tissue, which promotes uniform load distribution 

and minimizes the risk of localized overstress in the bone-implant system [16–20]. 

When the Young's modulus of the implant material is significantly higher than that of the bone, 

a phenomenon known as stress shielding occurs. In this case, the load is distributed unevenly 

between the implant leg and the bone into which it is integrated. Thus, there is an atypically low local 

load on a part of the bone tissue, as a result of which the rate of bone resorption begins to exceed the 

rate of bone formation. For example, cobalt-chromium alloys, which have high strength and wear 

resistance, have high stiffness (Young's modulus ~134-230 GPa) [21,22]. Stainless steel is less 

commonly used due to its lower biocompatibility and corrosion resistance, and its Young's modulus 

is high at ~190-210 GPa, [23,24] which also exceeds the Young's modulus of bone tissue (10-30 GPa). 

Titanium and titanium alloys are widely used because of their excellent biocompatibility, corrosion 

resistance, and moderate Young's modulus (~100-110 GPa for Ti-6Al-4V), but pure titanium and most 

of its alloys (with α, α+β phase) still have an excessive Young's modulus relative to bone tissue, which 

can lead to uneven load distribution. According to Wolff's Law, bone adapts to the applied loads: 

insufficient mechanical stimulation activates bone resorption processes, leading to gradual thinning 

and weakening of the bone. This leads to a violation of the fixation of the implant and further 

loosening of the implant, which necessitates a second operation to replace the implant leg. 

In connection with the above, the study of materials with a lower Young's modulus relative to 

the materials used can reduce the effect of bone destruction over time and lead to a longer period of 

operation of the product. 

For a long time, β titanium alloys were not of interest to industry, but recent research and a new 

look at the applicability of materials find in them a promising replacement for the materials currently 

used due to a successful combination of properties such as high biocompatibility, decent corrosion 

resistance and, most importantly, a lower Young's modulus relative to Ti–6Al-4V and cobalt- chrome 

alloys. The development of β–titanium alloys with a Young's modulus of about 50-80 GPa makes it 

possible to create bone implants with a more natural stiffness, and as a result, minimizing the risk of 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 February 2025 doi:10.20944/preprints202502.1884.v1

https://doi.org/10.20944/preprints202502.1884.v1


 3 of 18 

 

stress shielding with further bone resorption. In addition, the optimization of the phase composition 

(predominance of β-phase) and the alloying with biocompatible elements (e.g. Zr, Nb) allow the 

elimination of toxic components and improve osseointegration. . [1–5] These advantages pave the 

way for the development of durable implants capable of providing uniform load distribution and 

reducing the frequency of revision surgery. However, to introduce such alloys into clinical practice, 

further research is needed to optimize their composition, assess their fatigue resistance and longterm 

stability in biological environments. This work contributes to these challenges by focusing on 

analyzing the relationship between structure, phase composition and mechanical properties of β-

titanium alloys, which is a critical step towards their practical application in endoprosthetics. 

The purpose of this study is to develop and comprehensively evaluate a titanium alloy 

containing zirconium and niobium for use as a material for bone implants. The aim of this work was 

to analyze the stability of the phase composition after annealing and on the mechanical, cyclic and 

superelastic properties of the alloy. We paid extra care to look at Young's modulus, which is a main 

factor in how well the mix works with human bone. This is key for making the implants last longer 

and work better. In this work, we checked both the physical and strength features of the mix. 

2. Materials and Methods 

2.1. Selection of the Object of Research 

In this work has been studied (at.%): Ti-38Zr-11Nb. Titanium produced by VSMPO-AVISMA 

Corporation (Russia), zirconium and niobium produced by Chepetskiy Mechanical Plant (Russia) 

were used. The Mo equivalent is an empirical parameter representing the contribution of the alloying 

elements to the stability of the β-phase relative to Mo [6]. 

To perform the calculation, it is necessary to convert atomic percentages to mass percentages 

(Table 1): 

Table 1. Conversion of atomic percentage to mass percentage. 

Chemical Element Atomic Mass (a.e.m.) 
Atomic Percentage 

(%) 
Atomic Mass * Atomic Percent = 

Mass Percentage 

(%) 

Ti 47.87 50 2393.5 34 

Nb 92.91 11 1022.01 15 

Zr 91.22 39 3557.58 51 

Taking into account the mass percentages and literature data on the contribution of the alloying 

elements, we make a calculation:  

[Mo] eq = 0.28 * [%mass Nb] + 0.08 * [%mass Zr] 

When estimating the molybdenum equivalent of a complex alloy, the effect of different β-

stabilizers is considered additive and the influence of α-stabilizers and neutral hardeners is neglected. 

Thus the effect of Nb on β-phase stability is 1/3.6=0.28, i.e., niobium is 3.6 times weaker in stabilizing 

the beta-phase and zirconium is 14 times weaker than molybdenum, the effect of Zr on β-phase 

stability is 1/14=0.08. [6,7] 

Calculation of the molybdenum equivalent: 

[Mo] eq = %Nb*0.28 + %Zr*0.08 = 15*0.28 + 51*0.08= 8.28 

From the data obtained and the information in Table 2, it can be concluded that the alloy studied 

have an α+β phase in the annealed state; therefore, by means of thermomechanical treatment, namely 

plastic deformation and quenching, alloys with an unstable β phase, low Young's modulus and 

superelasticity effect can be obtained from them. 

Table 2. Value of molybdenum equivalent as a function of alloy phase composition [Adapted from Ref. [7]]. 

Alloy Grade [Mo] Equivalent 

(α + β)-alloys 3.3–10 
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Pseudo β-alloys 11.0–16.3 

β-alloys 16.9 

2.2. Production and Processing of Research Samples 

The alloy samples were melted in a copper water-cooled crystallizer in an argon arc furnace with 

a non-expendable tungsten electrode L200DI (Leybold-Heraeus, Hanau, Germany) at an argon 

pressure of 40×103 Pa. The following were used as charge materials: titanium (Ti-1 grade), zirconium 

(Zr-1 grade), and niobium (Hb-1 grade). The materials were placed in a copper water-cooled tray of 

a vacuum electric arc furnace as follows: titanium was placed at the bottom of the crystallizer wells, 

then zirconium, and niobium on top. The order of arrangement of initial metals corresponded to the 

melting temperature of each material, and melting was carried out by arc directed from top to bottom. 

In addition, zirconium was placed in a separate pan to act as a getter. The furnace was vacuumed to 

a residual pressure of 1.33 Pa and filled with high purity inert argon gas. First, the zirconium getter 

is melted after induction into the inert gas chamber to remove possible oxygen impurities in the gas. 

Next, the starting materials are melted until individual ingots are formed. Remelting was carried out 

7 times, with the ingots being turned over for better mixing of the raw materials. The specified 

number of remelting operations helped to achieve uniformity of chemical composition throughout 

the ingot volume. The duration of each ingot melting was 1-1.5 min. After melting, the ingot had the 

shape of a "boat" with length ~120 mm, width ~25 mm, height ~12 mm. 

The obtained ingots have a dendritic structure. Homogenizing annealing in a vacuum resistance 

furnace ESKVE-1.7.2.5/21 ShM13 (NITTIN, Moscow, Russia) at 1000 °C for 4 h was used to 

homogenize the structure and remove stresses. To protect against oxidation, annealing was 

performed in a vacuum environment at 27×10−4 Pa 

Primary deformation of ~18 mm thick castings was carried out by warm rolling at preheating to 

a temperature of 700 °C on a double-roller mill, DUO-300 (AO Istok ML, Fryazino, Moscow Oblast, 

Russia), with partial absolute compressions per pass: 1.5 mm down to billet thickness of 4.0 mm 

(heating every 2 passes, total 10 passes), then 1.0 mm down to billet thickness of 2.0 mm (heating 

every pass, total 2 passes), and a further 0.5 mm down to final billet thickness—1 mm (heating before 

the first pass at thickness of 2 mm, total 2 passes). The billets were heated before deformation in a 

muffle furnace KYLS 20.18.40/10 (Hans Beimler, Leipzig, Germany) to a temperature of 600°C for 20 

min before the first rolling and for 5 min during intermediate annealing. The plates were cold-rolled 

from a thickness of 1.5 mm. The effect of heat treatment on the structure and mechanical properties 

of Ti-38Zr-11Nb alloys was investigated on samples cut from plates with a final thickness of 1 mm 

using a DK7745 Electrical discharge machining (Meatec, Moscow, Russia). Prior to this, the plate 

(length ~640 mm, width ~56 mm, height ~1 mm) was quenched by heating for 5 min at 600°C and 

cooling in room temperature water. During the rolling and quenching process, a thin oxide layer was 

formed on the plate surface. This layer was removed by mechanical grinding. 

Preparation of samples for metallographic study was carried out by sequential grinding on a 

Phoenix 4000 machine (Buehler, Lake Bluff, Illinois, USA). The microstructure was revealed and 

analyzed by etching in a weak solution of hydrofluoric and nitric acids with distilled water in the 

ratio of 10% HF: 10% HNO3: 80% H2O for 20–30 s. After, the microstructure was rinsed with distilled 

water, and residual water was removed by air flow.  

2.3. Methods of Research 

To determine oxygen and nitrogen impurities, we used reducing melting in a graphite crucible 

in a helium-fueled pulse resistance furnace using the TC-600 analyzer (LECO, 3000 Lakeview 

Avenue, St.Joseph, MI 49085-2396, USA). Nitrogen was detected by thermal conductivity, and oxygen 

was detected by the amount of released CO2 using the infrared absorption method. 

To determine hydrogen impurities, we used reducing melting in a graphite crucible in an argon-

fueled pulse resistance furnace using the RHEN-602 analyzer (LECO, 3000 Lakeview Avenue, 

St.Joseph, MI 49085-2396, USA). Hydrogen was detected by thermal conductivity. 
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To determine carbon and sulfur impurities, we used oxidizing melting in a ceramic crucible in 

an induction furnace with the flux using a CS-600 analyzer (LECO, 3000 Lakeview Avenue, St.Joseph, 

MI 49085-2396, USA). The elements were detected by the amount of released CO2 and SO2 using the 

infrared absorption method. The distribution of elements was studied using the scanning electron 

microscope (SEM) EM6900 (KYKY, Beijing, China) with an EDS detector from Oxford Instruments 

(Oxford Instruments, Abingdon, Oxfordshire, United Kingdom) using Aztec software. 

X-ray phase analysis was performed on the DX2700mini diffractometer (Dandong Haoyuan 

Instrument Co., Dandong City, Liaoning Province, China). The studies were carried out in CuKα = 

1.54178 Å radiation, 2θ = 20-100° range, the shooting step was 0.02°/s, the holding time per step was 

0.2 s, the voltage on the tube was 40 kV, the current was 13 mA. The analysis of the obtained 

diffraction patterns was carried out in the Match! 3 program. 

For optical examination of the microstructure, the samples were pre-pressed in a rigid mold into 

cylinders by means of one-sided pressing. 

The samples were pressed on an IPA 40 air-hydraulic press (Remet, Bologna, Italy) into Aka-

Resin Epoxy resin at temperatures of 160…185°C and a holding time of 20 minutes. The sample was 

placed in a mold, filled with granulated resin, after which the chamber was closed and the sample 

was pressed to a pressure of 6 bar. The device then performed a given program, after which the 

pressed sample was ground and polished. Polishing and grinding of samples for examination on an 

optical microscope were carried out in the following sequence. 

• On a Piatto diamond disc with the following grit: 

P220 for 10 min 

P600 for 10 min 

P1000 for 5 min 

P1200 for 5 min 

P2500 for 5 min 

P4000 for 5 min 

• On an Akasel NAPAL velvet polishing wheel with a DiaMaxx Poly diamond suspension with 

particle sizes of 1 μm and 50 nm for 5 min for each suspension. 

A Phoenix 4000 polishing machine(Buehler, Lake Bluff, Illinois, USA) was used for grinding and 

polishing. 

The surface of the samples was etched with a solution of nitric and hydrofluoric acids with 

distilled water in a ratio of HF: HNO3: 15 H2O by volume. The sections were immersed in the etching 

solution for 5–30 s, then washed with running water. 

Light microscopy was carried out on the MET 5C (Altami, Saint Petersburg, Russia) microscope 

using a high-resolution video camera built into the device and Altami Studio 4.0 software. [8] 

Nanohardness and Young's modulus were determined using a NanoScan-4D nanohardness 

tester (NauchSpecPribor, Troitsk, Russia). Instrumental indentation was performed according to ISO 

14577-1:2002 [9]. All specimens were subjected to instrumental indentation into the matrix with a 

load of 500 mN using a Berkovich type diamond tip. Measurements were taken across the full width 

of the specimen. The load/unload rate was 20 mN/s, the contact time was 20 s, and the distance 

between indentations was 200 μm. The number of indentations for each treatment type was 27. The 

experimental curves were processed using NANOINDENTATION 3.0 software from CSM 

Instruments (Switzerland) with a specified Poisson's ratio (0.3) and averaged over five experimental 

curves. Elastic recovery was defined as the ratio of elasticity to total indentation work. Fractographic 

studies were carried out on a KYKY EM6900 (KYKY, Beijing, China) scanning electron microscope 

using a secondary electron detector at an accelerating voltage of 20 kV. 

Static mechanical tests were performed on an INSTRON 3382 universal testing machine (Instron, 

Norwood, MA, USA) at a tensile speed of 1 mm/min using flat specimens of 28 × 6 × 1 mm and a 

working part size of 15 × 3 × 1 mm. The number of specimens for each alloy and treatment type was 

9. The processing of the test results to determine the characteristics of mechanical properties was 

carried out in accordance with GOST 1497-84 using INSTRON Bluehill 2.0 software. The following 
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parameters were determined: conditional yield strength σ0.2, tensile strength σv and relative 

elongation δ.  

Cyclic tests to determine the hysteresis behavior of the material were performed on an INSTRON 

3382 universal testing machine. For each specimen, 10 cycles were performed; in the first part of the 

cycle, the specimen was stretched at a rate of 1 mm/min until the working area was elongated by 8%, 

and in the second part of the cycle, the specimen was compressed at a rate of 1 mm/min to the original 

size. The best hysteresis behavior can be used to evaluate the superplasticity effect of the alloys 

studied. Strain measurement was performed with an additional probe mounted directly on the 

specimen with two clamps along the edge of the specimen work area, so that the tensile value of the 

specimen work area was more accurate and did not include the strain of the gripping parts of the 

specimen, which occurs when using tensile values from the INSTRON 3382 frame-mounted probe. 

The specimen dimensions were 56 × 10 × 1 mm and the workspace size was 32 × 6 × 1 mm. 

3. Results 

3.1. Chemical Analysis of Alloy Plates by Energy-Dispersive Spectrometry 

The results of chemical analysis of Ti-38Zr-11Nb alloy plates by energy-dispersive spectrometry 

show the uniformity of element distribution over the studied area, as well as the result at selected 

points on the plate surface. The electron image of the studied area and the uniformity of chemical 

element distribution, as well as the points of composition analysis are shown in the images in Figure 

1 (a-d). 

  
(a) (b) 

  
(c) (d) 

Figure 1. Distribution of elemental composition by area. 

Confirmed alloy composition: Ti - 51.8% (at.), Zr - 37.1% (at.), Nb - 11.1% (at.). An example of 

the spectrum obtained for three points is shown in Figure 2. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 February 2025 doi:10.20944/preprints202502.1884.v1

https://doi.org/10.20944/preprints202502.1884.v1


 7 of 18 

 

  
(a) (b) 

  
(c) (d) 

 
(f) 

Figure 2. Results of chemical analysis of polished Ti-38Zr-11Nb alloy plate: a – image of SE plate surface; b – 

image of BSE plate surface; c – results of chemical analysis at point 1; g – results of chemical analysis at point 2; 

d – results of chemical analysis at point 3. 

Table 3 presents the results of the study of the alloy impurity composition. 

Table 3. Impurity composition of the alloy. 

Alloy Oxygen, 

mass % 

Nitrogen, 

mass % 

Hydrogen, 

mass % 

Carbon, mass 

% 

Sulfur, mass 

% 

Ti-38Zr-11Nb 

0,02 ± 0,005 0,0059 ± 0,004 0,0064 ± 0,001 0,017 ± 0,005 

0,0054 ± 

0,0009 

The results of chemical analysis showed that the obtained alloys correspond to GOST 19807-91 

[10] for titanium alloys of the VT1-0 type in terms of the amount of impurities. 

3.2. Optical Microscopy of Microstructures of Ti-38Zr-11Nb Plates 

Figure 3 shows the microstructures of the plates after quenching, obtained by studying the cross-

section relative to the rolling direction. 
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(a) (b) 

Figure 3. Microstructure of Ti-38Zr-11Nb alloy plates after quenching. 

Figure 4 shows the microstructures of the plates after quenching and annealing at 400°C for 1 

hour in vacuum, obtained by examining the cross section relative to the rolling direction. 

  
(a) (b) 

Figure 4. Microstructure of Ti-38Zr-11Nb alloy plates after quenching and annealing. 

After quenching, the microstructure of the plates in the longitudinal and transverse sections is 

not uniform and consists of β-grains of elongated shape along the rolling direction. The non-

uniformity of the grains can be explained by insufficient preheating of the blanks before contact with 

the massive cold rolls of the rolling mill, while the quenching time is insufficient for recrystallization. 

Annealing allows the recrystallization process to occur at a low temperature due to sufficient 

exposure time and possible excess internal energy in the grains after quenching. Grain growth is 

associated with the recrystallization process, and the formation of subgrains is observed at the same 

time.  

3.3. X-Ray Phase Analysis (XRF) of Ti-38Zr-11Nb Alloys 

The results of X-ray phase analysis of the plates after rolling with quenching and rolling with 

quenching and annealing are presented in Table 4. The alloys after quenching and quenching with 

annealing consist only of β-Ti. This is due to the influence of the β-stabilizer Nb and the neutral 

element Zr. Zirconium alone is a neutral hardener, but in the presence of other β-stabilizers, it also 

weakly stabilizes the β-phase. [11] The phase composition does not change after annealing. This 
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confirms that long-term use of the studied material after quenching during aging will not change its 

phase, and accordingly, Young's modulus will not increase to high values. 

From the diffraction patterns in Figure 5 it is evident that the sample of the material with the 

studied amount of Nb, the formation of α′-Ti and ω-Ti after quenching is suppressed and completely 

replaced by β-Ti. 

Table 4. Phase composition of Ti-38Zr-11Nb alloy plates. 

Composition Condition 
Phase 

Structure 

Type of Crystal 

Lattice 

Conten

ts, Volume. % 

Crystal Lattice 

Parameters 

Ti-38Zr-11Nb 

After the rolling 

process and 

quenching 

 β-Ti type A2, cI2 100 a = 3.4 ± 0.01 Å 

After the rolling 

process, quenching 

and annealing 

 β-Ti type A2, cI2 100 a = 3.4 ± 0.01Å 

 

Figure 1. X-ray diffraction patterns of alloys. 

3.4. Nanohardness of Ti-38Zr-11Nb Alloy 

The nanohardness of Ti-38Zr-11Nb alloy samples in the condition after quenching from 600°C, 

as well as after quenching from 600°C and annealing at 400°C for 1 hour was determined using the 

nanoindentation method. The results are presented in Figure 16 and Table 5.  

Table 5. Nanohardness of Ti-38Zr-11Nb plates. 

Composition Condition Nanohardness, HV 

Ti-38Zr-11Nb 
After the rolling process and 

quenching 
258 ± 7 
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After the rolling process, 

quenching and annealing 
236 ± 10 

The nanohardness of the plates decreases slightly after annealing, which is associated with an 

increase in grain size due to partial recrystallization and a decrease in dislocation density, while the 

phase composition remains the same. Unlike microhardness, which reflects average properties at the 

microstructure level, nanohardness is measured at ultra-low loads (millinewtons) and allows the 

analysis of local mechanical properties at the level of individual grains, their boundaries or nanoscale 

regions. This makes the nanohardness method highly sensitive to microstructural changes such as 

recrystallization, subgrain formation, redistribution of residual stresses or the appearance of 

nanoclusters that are not detected by X-ray diffraction. However, due to the local inhomogeneity of 

the material, the correct interpretation of the data requires an increase in the number of 

measurements per sample to ensure the statistical reliability of the results when analyzing subtle 

effects, including the evolution of the defect structure. 

3.5. Mechanical Properties 

Mechanical test results for the Ti-38Zr-11Nb alloy are shown in 6. Typical tensile diagrams are 

shown in Figure 2. 

 

Figure 2. Tensile diagram of Ti-38Zr-11Nb alloy samples. 

Table 6. Mechanical properties of Ti-38Zr-11Nb plates. 

State δ, % σ0.2, MPa σв, MPa 

Ti-38Zr-11Nb 

After the rolling 

process and quenching 
12.2± 1.4 371± 35 529± 14 

After the rolling 

process, quenching and 

annealing 

9.3 ± 0.7 614 ± 20 628 ± 14 

The yield strength has almost doubled, from 371 to 614 MPa. The tensile strength has also 

increased, but not as significantly, from 529 to 628 MPa. The relative elongation has decreased by 

32%, indicating a decrease in ductility. Based on the XRD data on the preservation of the cubic beta 

phase and microstructural changes such as grain size, it can be assumed that the presence of 
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subgrains leads to an increase in strength and a decrease in ductility. Residual stresses or defect 

distribution may also play a role. After quenching, the material may have a high dislocation density 

and residual stresses. Low-temperature annealing can promote the relaxation of these stresses and 

the redistribution of dislocations, possibly forming a more stable structure, for example, the transition 

from an unstable beta phase to a stable one. This can increase the yield strength and strength due to 

dislocation hardening, but reduce ductility due to a decrease in the ability to deform. It is also possible 

that annealing has caused the atoms in the beta phase to become ordered, creating a short-range order 

that is not detectable by X-ray diffraction but affects the mechanical properties. The ordered structure 

can impede the movement of dislocations, increasing strength but making the material more 

brittle.[XXX] Another factor is the change in grain size and the formation of subgrains observed in 

optical studies - the formation of a submicrostructure has occurred, which increases strength. It is 

also worth considering the possible release of very small amounts of other phases that are not 

detected by X-ray diffraction due to their small size or low concentration. For example, nanoscale 

clusters or phase nuclei that do not form a crystal lattice distinguishable by X-ray diffraction. 

3.6. Cyclical Loading 

Figure 3 shows the tensile diagrams for cyclic loading up to 8% strain for 10 cycles. 

This alloy does not have superelasticity. 

 

Figure 3. Cyclic loading of the alloy Ti-38Zr-11Nb. 

3.7. Young’s Modulus 

The Young's modulus of the alloys after quenching from 600°C and annealing at 400°C for 1 

hour was determined using the nanoindentation method. 

An example of a loading diagram during indentation is shown in Figure 8. The results of the 

study of the elastic modulus of plates after rolling and quenching are presented in Table 7. 
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Figure 4. Typical diagram of alloy loading during indentation into the alloy after annealing. 

Table 7. Young’s modulus values of plates. 

Composition Е, GPa 

After the rolling process and 

quenching 
85 ± 3 

After the rolling process, 

quenching and annealing 
81 ± 2 

The decrease in Young's modulus from 85 GPa to 81 GPa after low-temperature annealing, with 

preservation of the β-phase, may be due to microstructural changes: Relaxation of residual stresses 

from quenching reduces distortions in the crystal lattice, reducing its local stiffness; atomic ordering 

(short-distance order) or redistribution of alloying elements in the β-matrix alters interatomic 

interactions, affecting the elastic properties; a decrease in dislocation density during annealing 

weakens their contribution to elastic strength; and the possible formation of nano-sized clusters or 

local inhomogeneities, not detected by X-ray diffraction, modifies the deformation response. These 

processes, without affecting the phase composition, reduce the global stiffness of the material, which 

is manifested by a decrease in Young's modulus during nanoindentation. 

3.8. Fractography 

Figure 8 shows a typical view of the fracture surface under static loading for samples of Ti-38Zr-

11Nb alloy after rolling and quenching: 1—ductile fracture zone with noticeable material flow; 2—

ductile fracture zone with formation of a microporous surface; 3—brittle fracture zone; 4—location 

of fracture onset. 
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( a) 

 
( b) 
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( c) 

 
( d) 

Figure 9. Fractography of Ti-40Zr-9Nb alloy after rolling and quenching: (a) General view; (b) Fracture surface; 

(c) Central part; (d) Zone with the presence of brittle fracture. 

SEM images show typical signs of tensile failure of beta titanium alloy. Visual analysis reveals 

the following key features: large areas with tensile structures are visible; areas of microporosity are 

present, which may be the result of the formation of plastic flow cells prior to fracture, characteristic 

of plastic failure; areas with smooth surfaces are noticeable, which may indicate brittle local failure. 

At the same time, it is possible to note the presence of a layered structure, i.e., a central, more viscous 

area and an area of increased plastic deformation on the outside, which was created during the 

production of the specimens, in which a high degree of deformation accumulates precisely on the 
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sides of the specimen in contact with the rolls of the rolling mill. On a large scale, it can be seen that 

the pits are not uniform in size, and some of them are connected by narrow bridges. This confirms 

the active plastic flow of the material. Small intercellular cracks are present, which may indicate 

localized zones of brittle failure under peak loads. 

4. Conclusions 

The beta phase in the Ti-38Zr-11Nb alloy was detected as expected after quenching and 

confirmed after low-temperature annealing. This confirms the long-term stability of the phase 

composition, which is important for the use of the material in implantology. 

The uniform distribution of elements (Ti, Zr, Nb) in the alloy contributes to the homogeneity of 

its mechanical properties and biocompatibility, and the presence of zirconium in combination with 

niobium stabilizes the beta phase, improving the mechanical properties. 

The low modulus of elasticity (reduction from 85 GPa to 81 GPa after annealing) brings the 

mechanical properties of the alloy closer to those of bone tissue, minimizing the risk of stress 

shielding and improving the biomechanical compatibility of the implant. The increase in strength 

properties (yield strength increased from 371 to 614 MPa) after quenching and annealing is associated 

with recrystallization, subgrain formation, redistribution of residual stresses and dislocation 

strengthening. These changes result in improved mechanical stability of the implant. 

The plasticity of the material decreased (relative strain decreased by 32%) due to the formation 

of an ordered structure that prevents dislocation movement and local microstructural changes. 

Microstructural analysis revealed that the material shows signs of plastic failure with local zones 

of brittle failure, which requires further optimization of composition and processing to increase 

durability and reliability. 

The absence of α′ and ω phase formation (within the sensitivity of the device) after heat 

treatment confirms the stabilizing effect of niobium and zirconium on the beta phase, which is 

important for maintaining a low elastic modulus and biocompatibility of the material. 

Analytical methods (energy dispersive spectrometry, X-ray phase analysis, nanohardness) 

confirmed the high homogeneity and stability of the material properties, making the Ti-38Zr-11Nb 

alloy a promising candidate for use in hip arthroplasty. 
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