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A B S T R A C T

Introduction. The development of a new class of non-magnetic corrosion-resistant materials with constant elastic properties 
over a wide temperature range — i.e., exhibiting Elinvar eff ect — is a pressing challenge in the transition to advanced intelligent 
manufacturing technologies and robotic systems. To address this challenge, it is necessary to develop a process chain for producing 
ingots of stable β-titanium alloys with Elinvar eff ect. Achieving a stable recrystallized structure of the alloys over a wide tempera-
ture range also appears promising. Such advances will enable the use of this class of materials in the fabrication of elastic elements 
intended for oscillatory measuring systems in aerospace and other high-tech applications. Purpose. This study aimed to investigate 
the feasibility of producing a recrystallized β-phase structure in Ti–Nb–Zr, Ti–Nb, and Ti–Mo alloys exhibiting a new type of Elinvar 
behavior using thermomechanical processing methods. To achieve this purpose, the following tasks were accomplished: (1) produc-
tion of ingots of stable β-titanium potentially Elinvar alloys Ti–22Nb–15Zr, Ti–40Nb, Ti–45Nb, Ti–50Nb, Ti–12.6Mo, Ti–15Mo, and 
Ti–20Mo (at.%); (2) development of a processing sequence capable of forming a recrystallized equiaxed β-phase structure without 
traces of other phases, given that the new type of Elinvar behavior is structurally insensitive; and (3) investigation of the structural 
and phase state of alloys with potentially natural Elinvar behavior, and elucidation of the relationship between grain size and alloy-
ing element content. Methods. The objects of the study were ingots of Elinvar alloys Ti–22Nb–15Zr, Ti–40Nb, Ti–45Nb, Ti–50Nb, 
Ti–12.6Mo, Ti–15Mo, and Ti–20Mo (at.%). The ingots were smelted in an electric arc furnace with a tungsten electrode. The samples 
were then subjected to thermomechanical processing according to the following schedule: longitudinal hot rolling (true logarithmic 
strain e = 0.3), homogenization annealing, longitudinal cold rolling (true logarithmic strain e = 0.67), and post-deformation anneal-
ing. Annealing was performed at 1,000 °C for 30 minutes in an argon atmosphere, followed by water quenching. The structural and 
phase state of the samples was investigated using optical and electron microscopy, X-ray diff raction (XRD), and energy-dispersive 
X-ray spectroscopy (EDS). The average grain size was determined using the linear intercept method. Results and discussion. Stable 
β-titanium Elinvar alloy ingots were obtained. They are characterized by a high degree of chemical homogeneity and compliance 
with the specifi ed composition throughout the cross-section. It was found that the proposed thermomechanical processing route for 
these alloys leads to the formation of a single-phase recrystallized structure consisting of equiaxed β-phase grains. Grain sizes are 
shown to vary from 22.6 ± 1.4 to 68.1 ± 3.7 μm. In binary alloys of the Ti–Nb and Ti–Mo systems, a decrease in grain size is ob-
served with an increase in the Nb and Mo content. Specifi cally, for the Ti–Nb system, the grain size decreased from 57.8 ± 3.3 μm to 
22.6 ± 1.4 μm with an increase in niobium content of 10 at.%. For the Ti–Mo system, the grain size decreased from 68.1 ± 3.7 μm 
to 34.4 ± 2.0 μm with an increase in molybdenum content of 7.4 at.%. The formation of a recrystallized equiaxed β-phase structure 
throughout the ingot volume during combined thermomechanical processing confi rms the potential for industrial application of these 
alloys.

For citation: Baranova A.P., Skirpichnikova A.A., Strakhov O.V., Bazlov A.I., Eliseeva O.-L.V., Dubinskiy S.M. Formation of a single-
phase recrystallized structure in titanium-based alloys with natural Elinvar behavior by thermomechanical processing. Obrabotka metallov 
(tekhnologiya, oborudovanie, instrumenty) = Metal Working and Material Science, 2026, vol. 28, no. 2, pp. 223–242. DOI:10.17212/1994-
6309-2026-28.2-223-242. (In Russian).
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Introduction

In conventional metals and alloys, Young’s modulus (E) generally decreases with increasing temperature. 
However, certain materials exhibit an anomalous elastic behavior characterized by a very low temperature 
sensitivity of the elastic modulus and an almost constant value within a limited temperature range. Such 
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behavior was fi rst reported in 1920 by the Swiss–French physicist C. E. Guillaume in an Fe–Ni–Cr alloy 
system and was termed Elinvar behavior [1, 2].

Elinvar alloys are widely used for the fabrication of components of oscillatory measuring systems re-
quiring constant elastic properties over the operational temperature range, including microelectromechani-
cal systems (MEMS) employed in miniature sensors and transducers [3–6]. Sensors manufactured from 
Elinvar alloys, in addition to their direct aerospace applications, can also be utilized in robotics and other 
high-technology fi elds where high measurement accuracy is required [7]. A key advantage of Elinvar alloys 
is the possibility of creating medium-precision inertial sensors based on ring, cylindrical, and bell-shaped 
resonators [7].

Elinvar behavior is typically characterized by a temperature coeffi  cient of the elastic modulus on the 
order of 10−5–10−6 °C−1 [2, 8, 9]. Several mechanisms explaining the origin of Elinvar behavior have been 
proposed in the literature, including mechanisms associated with magnetic moment interactions [2, 8, 9], 
phase transformations and pre-transitional phenomena [10–13], high dislocation density [10, 14], and an-
isotropy of temperature dependencies of elastic constants in low-symmetry crystal lattices [13, 15–22].

However, recently a new type of Elinvar behavior has been discovered, which is associated with a 
unique interatomic interaction in the BCC β-phase of titanium alloys [23, 24]. This type of Elinvar behavior 
is distinguished by a wide temperature range (up to ~400 °C), low sensitivity to the structural state of the 
alloy, and insensitivity to external magnetic fi elds.

Such behavior was fi rst observed in the shape memory alloy Ti-22 Nb-6 Zr (at.%) during cooling from 
the high-temperature β-phase stability region in the temperature range from 550 to 150 °C [18,19]. How-
ever, the practical implementation of the Ti-22 Nb-6 Zr alloy is limited by several factors. These include 
premartensitic phenomena occurring near room temperature, which are accompanied by a decrease in the 
elastic modulus below 150 °C, and the precipitation of the isothermal ω-phase during heating, which leads 
to a signifi cant change in the elastic modulus and, consequently, the loss of Elinvar behavior [23, 24].

An increase in the heating rate can suppress the precipitation of the ω-phase; however, this approach 
makes the alloy sensitive to the heating rate and therefore imposes limitations on its operational parameters 
[25, 26]. Suppression of premartensitic phenomena by lowering the martensitic transformation tempera-
ture and the premartensitic softening range can be achieved by additional alloying with zirconium [27]. In 
particular, the alloy composition Ti-22 Nb-15 Zr exhibits martensitic transformation start temperatures and 
premartensitic phenomena approximately 315 °C lower than those observed in Ti-22 Nb-6 Zr.

Subsequently, a new type of Elinvar behavior was also observed in the stable β-titanium alloy Ti-50 Nb, 
where it manifests itself in two temperature ranges extending up to 200 °C and separated by a temperature 
region in which Elinvar behavior is absent [28]. Based on the phase diagram [29] and [30], alloys contain-
ing at least 40 at.% Nb are classifi ed as stable β-alloys.

At lower niobium contents, precipitation of the stable α-phase as well as metastable phases such as α′ 
and α″-martensite, ωiso, and ωath can occur [31–35]. All of this confi rms the promising potential of search-
ing for alloy compositions exhibiting the new type of Elinvar behavior among stable β-titanium alloys [36]. 
Alloys of the Ti–Mo system are also promising candidates, since molybdenum is a stronger β-stabilizer than 
niobium. As shown in [37–39], alloying titanium with approximately 30 at.% Mo is suffi  cient to obtain a 
stable β-phase alloy. Moreover, some studies report the formation of a relatively stable β-phase even at a 
molybdenum content as low as 12.6 at.% Mo [40]. Such relatively low alloying levels allow most lattice 
sites in the crystal structure to remain occupied by titanium atoms, whose interatomic interactions in the 
β-phase are responsible for the new type of Elinvar behavior. Therefore, stable β-titanium alloys of the Ti–
Nb and Ti–Mo systems appear to be promising candidates for the development of materials exhibiting the 
new type of Elinvar behavior [23, 24].

Since the new type of Elinvar behavior originates from interatomic interactions and is practically 
independent of the grain structure of the alloy, the formation of a stable recrystallized microstructure over a 
wide temperature range appears promising from the viewpoint of practical applications [30].

Traditionally, titanium alloys are subjected to hot rolling followed by homogenization after melting in 
order to eliminate casting defects and facilitate subsequent thermomechanical processing (TMP) [41, 42]. 
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The degree of hot rolling is typically no less than 25% (true logarithmic strain e ≈ 0.3), while the tempera-
tures of hot rolling and homogenization annealing are varied within 850–1,200 °C, depending on the alloy 
composition, in order to avoid the β → α transformation [41–45]. To obtain a recrystallized microstructure, 
TMP is employed, which involves cold rolling followed by recrystallization annealing [28, 46, 47].

For ternary alloys of the Ti–Nb–Zr system, compositions close to Ti-22 Nb-15 Zr are typically subjected 
to cold longitudinal rolling with a true strain ε ranging from 0.2 to 2.9, followed by recrystallization an-
nealing at 550–900 °C for 5–60 min, resulting in a recrystallized β-phase microstructure with grain sizes of 
50–150 μm [28, 46, 47].

The Ti-50 Nb alloy was subjected to TMP, consisting of hot longitudinal rolling at 900 °C with ε = 0.3, 
followed by post-deformation annealing (PDA) at 1,000 °C for 10 min. This resulted in the formation of 
a recrystallized single-phase β structure [28, 29]. For alloys of the Ti–Mo system, however, information 
on TMP remains limited. Available data are mainly restricted to homogenization annealing. For example, 
the Ti-17.6 Mo alloy was homogenized at 1,000 °C for 6 h followed by water quenching, resulting in an 
equiaxed β-phase microstructure without reported grain size data [48]. In the case of the Ti-12.6 Mo alloy, 
homogenization annealing at 1,000 °C for 1 h, followed by hot rolling at 900 °C, air cooling, and subse-
quent annealing at 900 °C for 1 h with water quenching, produced a recrystallized single-phase β-structure 
with grain sizes exceeding 100 μm [40, 49].

However, systematic studies addressing the possibility of thermomechanical processing (TMP) and the 
formation of a recrystallized β-phase in titanium alloys exhibiting the new type of Elinvar behavior are 
currently lacking.

Therefore, the purpose of this work was to investigate the possibility of forming a recrystallized β-phase 
microstructure in titanium alloys of the Ti–Nb–Zr, Ti–Nb, and Ti–Mo systems exhibiting the new type of 
Elinvar behavior using thermomechanical processing.

To achieve this purpose, the following research objectives were addressed:
– to produce ingots of stable β-titanium alloys with potential Elinvar behavior: Ti-22 Nb-15 Zr, Ti-40 

Nb, Ti-45 Nb, Ti-50 Nb, Ti-12.6 Mo, Ti-15 Mo, and Ti-20 Mo;
– to develop a TMP route enabling the formation of a recrystallized equiaxed β-phase microstructure 

free of secondary phases;
– to investigate the structural and phase states of alloys exhibiting potential intrinsic Elinvar behavior 

and to determine the relationship between grain size and alloying element content.

Methods

The Ti-22 Nb-15 Zr, Ti-40 Nb, Ti-45 Nb, Ti-50 Nb, Ti-12.6 Mo, Ti-15 Mo, and Ti-20 Mo (at.%) alloys 
were selected as potentially promising materials exhibiting a new type of Elinvar behavior. Ingots weighing 
50 g were produced by arc melting in an Arcast Arc 200 laboratory furnace (Arcast Inc. , USA) using a non-
consumable tungsten electrode in an argon atmosphere. A similar ingot production procedure was employed 
as shown in [19, 30]. Cp-titanium wire (VT1-00 grade), cp-niobium wire (NB-1 grade), cp-molybdenum wire 
(MCh grade), and iodide zirconium were used as starting materials. The starting materials were mechanically 
crushed to a fraction size below 5 mm in their largest dimension. To ensure chemical homogeneity, the ingots 
were subjected to six consecutive remelts. The correspondence to the target composition, as well as the 
homogeneity of the distribution of the major elements, was assessed by energy-dispersive X-ray spectroscopy 
(EDS) using a Tescan Vega3 SBH scanning electron microscope (TESCAN, Czech Republic) in two regions, 
namely the edge and the center. The relative measurement error did not exceed ±1.0%. To evaluate chemical 
homogeneity, the analysis was carried out in two areas across the cross-section of each ingot. The selection of 
these two areas was dictated by the need to identify possible segregation during solidifi cation. In each area, 
measurements were performed at fi ve points. The content of gas-forming impurities was evaluated by the 
reductive melting method using a TC-600 analyzer (Leco, the Netherlands).

After melting, rectangular billets with dimensions of 25–30 × 9–10 mm and a length of 38–43 mm 
were cut from the ingots by electrical discharge machining and were subsequently subjected to TMP. The 
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TMP route included longitudinal hot rolling, homogenization annealing, longitudinal cold rolling, and PDA 
(post-deformation annealing). The general TMP scheme is shown in Fig. 1.

Fig. 1. Schematic of the thermomechanical processing route for Elinvar alloys

Hot rolling was carried out to eliminate defects of the cast structure. Prior to rolling, the billets were 
placed in a laboratory furnace SNOL-4 and then heated to 900 °C for the Ti-40 Nb, Ti-45 Nb, and Ti-50 Nb 
alloys, and to 1,100 °C for the Ti-22 Nb-15 Zr, Ti-12.6 Mo, Ti-15 Mo, and Ti-20 Mo alloys, followed by a 
holding time of 30 min to ensure uniform heating throughout the entire cross-section. The heating tempera-
ture and holding time were selected based on phase diagram data [29] so that the alloys were in the single-
phase β-region during processing.

The rolling process was carried out on a DUO-210 rolling mill in a single pass, with a reduction of 25% 
(true logarithmic strain е = 0.3).

After rolling, the specimens were water quenched in order to stabilize the structure and to suppress the 
precipitation of isothermal phases that could form during slow cooling.

After hot rolling, the billets were subjected to homogenization annealing in a protective argon atmosphere 
at 1,000 °C in a UPP-200M quenching furnace (YASAM, Russia) in order to obtain a chemically homogeneous 
composition and to complete recrystallization processes initiated during hot rolling. For this purpose, the 
specimens were placed into a preheated furnace, held for 30 min, and subsequently quenched in water.

Following homogenization, the billets were cut by electrical discharge machining into specimens with a 
rectangular cross-section of 5 × 6–7 × 45–52 mm, which were then subjected to cold rolling. The specimens 
were rolled in 10 passes with a total reduction of ε = 49% (true logarithmic strain е = 0.67) using Chinetti 
LM120 electromechanical stationary rolling mills (Chinetti snc, Italy).

To form a recrystallized structure, the billets after rolling were subjected to PDA at 1,000 °C in an argon 
atmosphere using a UPP-200M quenching furnace (YASAM, Russia). The billets were placed in a furnace 
preheated to 1,000 °C, held for 30 min, and subsequently quenched in water. The annealing temperature 
was selected so that recrystallization proceeded within the single-phase β-region.

After TMP, the phase composition was studied using a DRON-4 X-ray diff ractometer (Russia) with 
CuKα radiation in the range of 30–100°, with an exposure time of 3 s and a scanning step of 0.05°. The 
tube operating parameters were U = 49 kV and I = 30 mA. Specimens with dimensions of 7 × 7 mm were 
cut using a diamond disk and subsequently ground with abrasive papers of P120–P1,200 grit size, followed 
by chemical etching to remove the deformed and oxidized surface layer. The following etching solutions 
were used:

– 1HF : 3HNO₃ : 6H₂O for the Ti-22 Nb-15 Zr alloy;
– 1HF : 3HNO₃ : 10H₂O for the Ti-40 Nb, Ti-45 Nb, and Ti-50 Nb alloys;
– 1HF : 3HNO₃ : 16H₂O for the Ti-12.6 Mo, Ti-15 Mo, and Ti-20 Mo alloys.
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The grain structure of the alloys was investigated by optical microscopy using a ZEISS Axio Observer 
metallographic optical microscope (Zeiss, Germany) equipped with Tixomet Pro software. The specimens 
were prepared using a procedure similar to that employed for X-ray diff raction specimens. The diff erence 
was that grinding was performed using abrasive papers with grit sizes up to P4,000, followed by polishing 
with a 0.05 μm silicon oxide suspension and a 3% hydrogen peroxide solution. Chemical etching was then 
carried out until the grain structure became visible.

The average grain size was determined using the random intercept method. To obtain statistically reli-
able results, at least 300 intercepts were measured for each specimen. Statistical processing of the grain size 
measurements was performed using Student’s t-test with a 95% confi dence level t = 1.967.

Results and Discussion

Production and characterization of alloy ingots
The typical appearance of the Elinvar alloy ingots after melting is shown in Fig. 2. The ingots exhibit a 

luster without discoloration, signifi cant pores, or shrinkage cavities.
The results of the quantitative chemical analysis, presented in Table 1, indicate a homogeneous 

distribution of the main elements across the ingot cross-section and confi rm agreement with the target 
compositions within the accuracy of the method. Elemental distribution maps (Fig. 3) demonstrate a high 
degree of homogeneity of the main elements throughout the ingot volume.

Fig. 2. Typical appearance 
of ingots after smelting

T a b l e  1

Chemical composition of the main elements in the alloys

Alloy Zone
Chemical element (at. %)

Ti Nb Mo Zr

Ti–22 Nb–15 Zr
edge 62.6 21.9 – 15.5

center 62.0 22.4 – 15.6

Ti–40 Nb
edge 58.3 41.7 – –

center 60.1 39.9 – –

Ti–45 Nb
edge 55.2 44.8 – –

center 55.2 44.8 – –

Ti–50 Nb
edge 49.7 50.3 – –

center 50.7 49.3 – –

Ti–12.6 Mo
edge 887.0 – 13.0 –

center 87.2 – 12.8 –

Ti–15 Mo
edge 85.1 – 14.9 –

center 84.2 – 15.8 –

Ti–20 Mo
edge 80.5 – 19.5 –

center 79.5 – 20.5 –
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Fig. 3. Distribution maps of the main elements in ingots of Elinvar alloys: 
a – Ti–22Nb–15Zr; b – Ti–40Nb; c – Ti–45Nb; d – Ti–50Nb; e – Ti–12.6Mo; 

f – Ti–15Mo and g – Ti–20Mo
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The content of gas-forming impurities was determined to be O = 0.143 ± 0.002 wt.%, N < 0.016 wt.%, 
and H < 0.0039 ± 0.0004 wt.% for all ingots, which meets the requirements of GOST standards for industrial 
titanium alloys [50].

After melting, the ingots were subjected to longitudinal hot rolling. Hot rolling was performed with a 
true logarithmic strain of e = 0.3, which was selected based on the data presented in [51] as suffi  cient for 
eliminating the cast structure. The hot rolling temperatures were chosen individually for each alloy group 
based on previous study and the phase diagrams of the Ti–Nb, Ti–Mo, and Ti–Nb–Zr systems. For the binary 
alloys Ti–40 Nb, Ti–45 Nb, and Ti–50 Nb, a rolling temperature of 900 °C was selected based on [28], 
whereas for the alloys Ti–22 Nb–15 Zr, Ti–12.6 Mo, Ti–15 Mo, and Ti–20 Mo, a temperature of 1,100 °C 
was applied based on [29, 35].

The appearance of the billets of the potential Elinvar alloys after longitudinal hot rolling is shown in Fig. 4.
After longitudinal hot rolling, the billets of the Elinvar alloys were subjected to homogenization anneal-

ing at 1,000 °C for 30 min in order to complete the homogenization processes and fi nalize recrystallization 
processes that had occurred dynamically during hot rolling. Such a unifi ed annealing route was selected for 
all alloys as it corresponds to the single-phase β-region in terms of temperature and provides suffi  cient time 
for diff usion processes during homogenization, based on [28, 29, 40, 42, 52, 53] (Fig. 5).

Subsequently, the alloys were subjected to longitudinal cold rolling with a true logarithmic strain of 
e = 0.67. According to [43, 46, 51], this level of deformation is suffi  cient to initiate subsequent recrystal-
lization processes during annealing, while remaining moderate and therefore not leading to severe material 
damage.

Fig. 4. Blanks of Elinvar alloys after longitudinal hot 
rolling
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After cold rolling, the alloys were subjected to recrystallization annealing under conditions similar to 
those used for homogenization annealing, since such a route ensures recrystallization of the alloys within 
the single-phase β-region.

It should be noted that the billets of all investigated alloys – Ti–22 Nb–15 Zr, Ti–40 Nb, Ti–45 Nb, 
Ti–50 Nb, Ti–12.6 Mo, Ti–15 Mo, and Ti–20 Mo – successfully passed through all stages of TMP, including 
longitudinal hot and cold rolling with intermediate PDA, without signifi cant cracking or the formation of 
pronounced edge cracks. This indicates the feasibility of applying TMP, particularly the routes used in the 
present study, for the production of Elinvar alloys.

Investigation of the phase and microstructural state after TMP
The X-ray diff ractograms of the Elinvar alloys Ti–22 Nb–15 Zr, Ti–40 Nb, Ti–45 Nb, Ti–50 Nb, Ti–12.6 

Mo, Ti–15 Mo, and Ti–20 Mo obtained after TMP are presented in Fig. 6. The phase composition of all 
investigated alloys is represented exclusively by the BCC β-phase. No diff raction peaks corresponding to 
other phases were detected.

The absence of secondary phases, apart from the primary β-phase, indicates that the PDA temperature 
and subsequent cooling rate were appropriately selected. This phase state was ensured by quenching all in-
vestigated alloys from the single-phase region. Such a phase composition, consisting solely of the β-phase, 
is a necessary condition for the realization of the new type of Elinvar behavior [24, 28].

Fig. 6. X-ray diff raction patterns of Elinvar Ti–22 Nb–15 Zr, Ti–40 Nb, Ti–45 Nb, Ti–50 Nb, 
Ti–12.6 Mo, Ti–15 Mo and Ti–20 Mo alloys after thermomechanical processing

Fig. 5. Blanks of Elinvar alloys after longitudinal cold rolling
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The results of optical microscopy of the Ti–22 Nb–15 Zr, Ti–40 Nb, Ti–45 Nb, Ti–50 Nb, Ti–12.6 Mo, 
Ti–15 Mo and Ti–20 Mo alloys after TMP are presented in Fig. 7. In all alloys, the microstructure consists 
of equiaxed β-phase grains.

No traces of secondary phases or cracks are observed in the microstructure images, despite the presence 
of etching artifacts and surface relief on some specimens. Based on the obtained microstructure images, 
the grain sizes were measured using the random intercept method. Subsequently, grain size distribution 
histograms for the Elinvar alloys were constructed from the obtained data, as shown in Fig. 8.

Fig. 7. Microstructure of Elinvar alloys Ti–22 Nb–15 Zr, Ti–40 Nb, Ti–45 Nb, 
Ti–50 Nb, Ti–12.6 Mo, Ti–15 Mo and Ti–20 Mo

Fig. 8. Grain size distribution histograms of Elinvar alloys Ti–22 Nb–15 Zr, Ti–40 Nb, 
Ti–45 Nb, Ti–50 Nb, Ti–12.6 Mo, Ti–15 Mo and Ti–20 Mo
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T a b l e  2

Average grain size values in Elinvar alloys after thermomechanical processing

Alloy Grain size (μm)
Ti–22 Nb–15 Zr 67.9 ± 3.4

Ti–40 Nb 57.8 ± 3.3
Ti–45 Nb 37.3 ± 2.3
Ti–50 Nb 22.6 ± 1.4

Ti–12.6 Mo 68.1 ± 3.7
Ti–15 Mo 56.3 ± 2.9
Ti–20 Mo 34.4 ± 2.0

The presence of a unimodal distribution in the histograms indicates that primary recrystallization oc-
curred without transition to the grain growth stage, i.e., without secondary recrystallization. This observa-
tion confi rms that the selected TMP route was appropriate for the formation of a homogeneous equiaxed 
microstructure in the investigated alloys.

The average grain size values in Elinvar alloys were calculated based on the analysis of the grain size 
distribution histograms. The obtained grain size values are presented in Table 2.

In the Ti-22 Nb-15 Zr alloy, a recrystallized structure with a grain size of 65–70 μm is formed. In the 
binary alloys of the Ti–Nb and Ti–Mo systems, a decrease in grain size is observed with increasing Nb and 
Mo content. For example, in the Ti-40 Nb alloy, recrystallization results in a microstructure with a grain size 
of 57.8 ± 3.3 μm. Increasing the Nb content by 5 and 10 at. % leads to grain refi nement by factors of 1.6 
and 2.5, respectively, resulting in grain sizes of 35–40 μm and 19–24 μm.

In the Ti-12.6 Mo alloy, a recrystallized microstructure with a grain size of 68.1 ± 3.7 μm is formed. 
Increasing the Mo concentration from 12.6 to 15 and 20 at. % leads to a reduction in the average grain size 
by factors of 1.2 and 2.0, reaching 53–59 μm and 32–37 μm, respectively. It should be noted that in both 
binary Elinvar alloy systems, a decrease in Nb and Mo content by 5 at. % results in an approximately 1.6-
fold increase in grain size.

The observed eff ect can be explained in terms of the activation energy of grain growth. For alloys of 
the Ti–Mo system, increasing the molybdenum content from 4 to 20 wt. % leads to a threefold increase in 
the activation energy of grain growth [54]. An increase in the concentration of the alloying element slows 
down atomic diff usion, which hinders grain boundary migration [55]. Consequently, in alloys of the Ti–Mo 
and Ti–Nb systems, a higher degree of alloying reduces the diff usion mobility of atoms, resulting in the 
formation of fi ner grains in more highly alloyed compositions.

The results of the phase and microstructural analysis are in good agreement with the available lit-
erature data. In most titanium alloys, TMP involving moderate or severe cold rolling followed by PDA at 
temperatures above 700–900 °C allows the formation of a recrystallized β-phase microstructure [56–58]. 
It should be noted that the formation of a recrystallized structure is determined by the combined eff ect 
of two factors. The fi rst is the structural insensitivity of the new Elinvar mechanism, which is based on a 
unique interatomic interaction in the BCC β-phase of titanium alloys [23, 24]. This feature eliminates the 
need to select a specifi c TMP route aimed at obtaining a particular grain or subgrain size, or even a certain 
amount of dispersed secondary phases, as required in some other alloy systems [59–61].

The second factor is the high stability of the recrystallized structure during repeated heating and cool-
ing cycles within the temperature range below the fi nal annealing temperature, which should not initiate 
polygonization or secondary recrystallization processes.

In addition, the deformation levels and temperatures, and annealing parameters used in the present work 
are technologically feasible under industrial conditions and can be incorporated into real manufacturing 
processing routes, with minor adjustments related to possible changes in the deformation scheme when 
producing not fl at, but, for example, cylindrical billets [62, 63].
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Thus, the structural states of the investigated alloys represented by the single-phase β-structure appear 
promising for further studies of the Elinvar behavior using both physical and mechanical characterization 
methods.

Conclusion

Studies of the phase and microstructural state of alloys with potential intrinsic Elinvar behavior subjected 
to TMP according to the following route were carried out: longitudinal hot rolling, homogenization 
annealing, longitudinal cold rolling, and post-deformation annealing. Based on the results obtained, the 
following conclusions can be drawn:

1. Ingots of stable β-titanium Elinvar alloys Ti–22 Nb–15 Zr, Ti–40 Nb, Ti–45 Nb, Ti–50 Nb, Ti–12.6 
Mo, Ti–15 Mo and Ti–20 Mo were successfully produced, exhibiting high chemical homogeneity and good 
agreement with the nominal chemical composition throughout the ingot cross-section.

2. It was established that longitudinal hot rolling with a true logarithmic strain of e = 0.3 at 1,100 °C for 
Ti–22 Nb–15 Zr, Ti–12.6 Mo, Ti–15 Mo, and Ti–20 Mo alloys, and at 900 °C for Ti–40 Nb, Ti–45 Nb, and 
Ti–50 Nb alloys, enables the production of technologically processable potential Elinvar alloys capable of 
withstanding subsequent thermomechanical processing steps without signifi cant cracking.

3. Based on the phase analysis of the Elinvar alloy ingots by X-ray diff raction, it was established that 
after longitudinal cold rolling with a true logarithmic strain of e = 0.67 and post-deformation annealing at 
1,000 °C for 30 min, the phase composition of the Elinvar alloys is represented by a stable β-phase. This 
indicates that the selected TMP route eff ectively suppresses the formation and growth of isothermal phases 
in alloys with the selected β-stabilizer content.

4. Optical microscopy revealed that the microstructure of the Elinvar alloys after cold rolling and post-
deformation annealing consists of recrystallized equiaxed grains with sizes of 65–70 μm for Ti–22 Nb–15 
Zr, 21–58 μm for the Ti–(40–50) Nb system, and 32–72 μm for the Ti–(12.6–20) Mo system. In the binary 
alloys of the Ti–Nb and Ti–Mo systems, a decrease in grain size is observed with increasing Nb and Mo con-
tent, which can be related to an increase in the activation energy of grain growth with increasing alloying 
element concentration. In particular, an increase in Nb and Mo concentration by 5 at. % leads to a 1.6-fold 
reduction in grain size.

5. The developed technological processing route, which ensures the formation of a recrystallized 
equiaxed β-phase microstructure through combined TMP, opens up possibilities for the potential industrial 
application of these alloys.
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