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The effect of ultrasonic influence on the structure evolution and creep of nanostructured titanium alloy of the 

grade VT1-0 obtained by the method of severe plastic deformation has been studied. It is shown that ultrasonic 

influence with a frequency of f = 20 kHz and an amplitude of 65 MPa leads to relaxation of internal stresses in the 

nanostructured VT1-0 alloy due to the formation of an equilibrium structure of boundaries without noticeable grain 

growth. In this case, the mechanical properties of the alloy change as follows: the tensile strength increases, while 

maintaining the yield strength and ductility. The reason for the observed effect may be the low stacking fault energy 

of the VT1-0 alloy, which complicates the course of relaxation processes, as well as the rearrangement of the 

structure during creep with the formation of new deformation boundaries, which are more resistant to tensile loads. 

PACS: 62.20.Hg, 61.72.Ff, 61.10.-i 

 

INTRODUCTION 

In recent years, much attention has been paid to the 

development of a new approach to improving the 

properties of metals and alloys based on their 

nanostructuring by severe plastic deformation (SPD) 

[1]. Commercially pure titanium is widely used in 

various industries, including as a structural material for 

nuclear power engineering due to its high strength, high 

radiation resistance, and corrosion resistance in active 

media [2]. The formation of the nanostructured state 

using SPD makes it possible significantly increase the 

ultimate strength of titanium [3, 4], while maintaining, 

and even increasing, its positive properties, for example, 

biocompatibility [5]. 

Now, a large amount of research has been carried 

out on the structure and mechanical properties of 

titanium obtained by SPD, however, the problem of 

increasing the plasticity and thermomechanical stability 

of nanostructures titanium while maintaining high 

strength remains the actual. 

It is known that in nanostructures materials obtained 

by SPD, grain boundaries that are in a nonequilibrium 

state and have an increased free volume create a high 

level of internal stresses and, as a result, nanomaterials 

have low plasticity and thermal stability [6–9]. 

Low-intensity ultrasonic influence (USI) is an 

effective way to decrease the level of inhomogeneities 

of internal stress fields, reduce the metastability of the 

structural-phase state, and, consequently, improve the 

physical and mechanical properties of various 

heterogeneous materials [10]. 

To relax the stresses of the nonequilibrium structure 

of nanomaterials obtained by SPD, a promising method 

for improving the properties can be USI.  

An ultrasonic wave, passing through a material, 

interacts with defects of various types and causes 

changes in the structure, which depend on the 

parameters of USI: intensity, temperature, duration, etc. 

By varying the parameters of USI, it is possible to 

obtain a structure in the material that has the necessary 

properties. 

Previously, on the example of materials with an 

HCP lattice (Zr, Zr1Nb alloy), we have shown 

[11, 12] that as a result of low-intensity ultrasonic 

action on a nanostructure state of deformation origin, 

the level decreases and the spectrum of internal 

stresses in the bulk of the material is equalized, while 

maintaining the size factor and increasing the 

homogeneity of the structure. Ultrasonic treatment 

makes it possible to maintain a higher strength of the 

material, while increasing plasticity, material 

homogeneity and greater structural stability during 

plastic flow under creep conditions. 

When choosing structural materials, much attention 

is paid to the study of creep characteristics, since most 

industrial structures operate under static loading 

conditions. 

The purpose of this work is to study the patterns of 

creep and evolution of the structure of commercially 

pure titanium alloy of the grade VT1-0, obtained by the 

method of severe plastic deformation by rolling, and the 

effect of ultrasonic influence on the characteristics of 

the material. 
 

MATERIAL AND PROCESSING METHOD 

The commercial pure titanium alloy of the grade 

VT1-0 of industrial production was investigated, the 

amount of impurities of which does not exceed 0.3%. In 

order to study the effect of ultrasonic treatment on the 

structure and properties of the VT1-0, the following 

processing modes were studied: 

1. MT-1 – rolling deformation at the room tempe-

rature, strain () was  = 3.0; 

2. МT-2 – МT-1 + USI at 300 К.  

The part of strained samples was subjected to low-

intensity USI (f = 20 kHz) at T = 20 C by the method 

described in [13]. The amplitude of the ultrasonic shear 

stresses was 65 MPa, the duration was 30 min.  

For studying the material defect structures, the 

electrical resistivity (R) was measured by 4-th points 

scheme at T = 20 C after each treatment. A measuring 

error did not exceed ± 0.05%. 
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The structure evolution monitoring was carried out 

by electron microscopy. Creep tests were carried out in 

the step loading regime, the elongation measurement 

accuracy was 5·10 -5сm. 

RESULTS AND DISCUSSION 

Fig. 1 shows the dependences of the creep rate at 

T = 20 and 350 C on the true stress of the VT1-0 alloy 

samples in various structural states.  
 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Creep rates as a function of the applied stress at 

Т = 20 (3, 4) and 350 C (1, 2) of VT1-0 alloy 

specimens after processing modes: 

MT-1 – 1, 3; MT-2 – 2, 4 
 

It can be seen, that after ultrasonic treatment of the 

nanostructured VT1-0 alloy (MT-2), the tensile strength 

at the test temperature T = 20 С increased by ~ 8% 

compared to MO-1, while maintaining the yield strength 

and plasticity. 

At the test temperature T = 350 C, the tensile 

strength increases by ~ 20%, while the yield strength 

and plasticity do not change. 

It was shown in [8, 9] that, as a result of low-

intensity ultrasonic action, the material is softening  

because of the relaxation of internal stresses in the bulk 

of the material due to a number of factors. High-

frequency alternating action generates a large number of 

vacancies, which stimulates non-conservative 

dislocation glide. Moreover, the dissipation of vibration 

energy occurs mainly at the interfaces, which can lead 

to the formation of an equilibrium state of the 

boundaries, as well as to a decrease in the level of local 

stresses. In this case, the equilibrium grain boundaries 

are more resistant to subsequent mechanical and thermal 

effects under creep conditions. 

In contrast to the effect of ultrasonic action on the 

properties of nanostructure Zr and Zr1Nb samples 

[11, 12], nanostructured titanium alloy is characterized 

by an increase in the tensile strength, while maintaining 

the yield strength and plasticity.  

After deformation by rolling and USI, the values of 

the relative electrical resistivity (R300 K/R77 K) of samples 

of the VT1-0 alloy were calculated. Determining the 

value of the residual electrical resistivity makes it 

possible to control the change in the defective state of 

the material. Studies have shown that USI leads to an 

increase in residual electrical resistivity by ~ 10%, 

which indicates a decrease in defectiveness and a 

decrease in the level of internal stresses in samples of 

the VT1-0 nanostructure alloy. 

Structural studies have shown that after rolling at 

Т = 20 С to deformation  = 3.0, the structure with a 

grain size of 55 to 140 nm was formed. Grains with a 

size of ~ 100 nm dominate; and as the fact the 

nanostructure was formed (Fig. 2,a). The concentration 

of the boundary phase reaches a significant value: the 

width of traces of the boundaries on electron 

microscope images can be ~ 25 nm. The density of 

dislocations in the body of grains is very low and is at 

the limit of accuracy of the device determination. 
 

 
 

 
 

 
 

Fig. 2. TEM images of VT1-0 alloy after processing 

modes and creep: a – MT-1; b – MT-1+creep at 20 С 

(σ ~ 0.9σВ); c – MT-1+creep at 350 С (σ ~ 0.9σВ) 
 

The imposition of a tensile load in the creep regime 

at T = 20 C on the deformation nanostructure of the 

VT1-0 alloy leads to the destruction of most of the 

boundaries and the formation of a cellular and 

fragmented structure with a fragment size of 

~ 0.05…0.15 μm. New boundaries are formed by 

dislocations that appeared during the scattering of 

unstable deformation boundaries (see Fig. 2,b). 

In the process of creep at T = 350 C of VT1-0 

nanostructures samples, the recrystallized structure with 

an average grain size of ~ 1 μm in place of the 

nanostructure was formed (see Fig. 2,c). 

The main result of ultrasonic influence is a 

significant reduction in the overall level of internal 

stresses, while maintaining the size factor and 

increasing the homogeneity of the structure. This is 

evidenced by the absence of bending contours at the 

boundaries in bright-field images and the absence of 

strands between reflections in microdiffraction patterns 

(see Fig. 3,a). 
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Fig. 3. TEM images of VT1-0 alloy after processing 

modes and creep: a – MT-2; b – MT-2+creep at 20 С 

(σ ~ 0.9σВ); с – MT-2+creep at 350 С (σ ~ 0.9σВ) 
 

There are realized translational modes in the body of 

subgrains in the formation of cells through the process 

of creep at Т = 20 С of a relaxed structure. The 

deformation boundaries turn out to be more resistant to 

tensile loads (see Fig. 3,b). 

The deformation is localized at the boundaries of 

nanograins in the form of clusters of dislocations. 

Microtwins (twin stacking faults) are formed in the 

body of nanograins, which are typical for cold free 

deformation, since their formation requires two times 

less energy than conventional stacking faults. They are 

additional barriers for slipping dislocations. 

Increasing the test temperature in the creep mode to 

T = 350 C leads to unfinished primary recrystallization. 

The size of new grains is about ~ 0.2…1 µm. Polygonal 

boundaries are observed in the body of some grains (see 

Fig. 3,c). Deformation is also carried out by developing 

translational modes. However, an additional reserve of 

uniform plasticity is achieved due to thermally activated 

structural rearrangement with the formation and 

displacement of high-angle and low-angle polygonal 

boundaries. Recrystallization nuclei are formed at the 

triple junctions of deformation boundaries – the places 

of maximum distortion. 

Thus, structural studies indicate a decrease in the 

overall level of internal stresses, which is associated 

with the development of return processes and the 

restructuring of the structure. 

To determine the mechanisms of deformation during 

the creep of the VT1-0 nanostructured alloy, the 

activation volume (V) was measured and calculated by 

using the formulas of the theory of thermally activated 

plastic deformation [17]. The obtained value for 

samples after both treatments (MT-1 and MT-2) is about 

V ~ 1.5·10-21 сm3 at the stress near the yield point. This 

allows us to conclude that the process of plastic 

deformation is controlled by impurities and point 

defects. As the applied stress increases, the activation 

volume decreases at all test temperatures. 

According to the theory, this means that deformation 

defects also control the plastic flow of the material, and 

therefore, the mechanism of strain hardening works 

[17], or the localization of plastic deformation increases 

during creep [18]. Since in our case the tensile strength 

increases, while maintaining the yield strength and 

plasticity, it can be assumed that both of the above 

processes can be responsible for the development of 

deformation during creep. 

According to structural studies, in the process of 

creep of VT1-0, simultaneously with the process of 

the dislocations slipping, reverse processes develop 

at the grain boundaries and the structure is 

rearranged. We have shown [14–16] that the plastic 

flow of a nanostructures material obtained by SPD is 

due to the combined action of several mechanisms: 

intragranular slip of dislocations, cross slip, climbing 

and annihilation of dislocations at grain boundaries, 

as well as diffusion creep and grain boundary slip. 

The contribution of each of these mechanisms to the 

deformation of the material depends on the test 

temperature, the level of internal stresses, and the 

state of the grain boundaries. 

Based on the stress dependence of the creep rate (see 

Fig. 1), it can be concluded that the contribution to the 

deformation of the slip mechanisms inside the grains 

and near the boundaries in VT1-0 specimens after USI 

is greater than in the deformed state. Fig. 1 shows that 

the length of the stage of a smooth increase in the creep 

rate with increasing stress, which corresponds to the 

development of slip and climbing of the dislocations 

inside the grains and at boundaries, is longer for 

specimens after USI than for specimens not subjected to 

ultrasonic treatment. 

Structural studies also show that a decrease in the 

level of internal stresses due to USI leads to a slowdown 

in the processes of recrystallization and the 

development of polygonization. It is known that at the 

lower level of internal stresses, a recovery process 

occurs, leading to the formation of a polygonal 

structure. In this case, the energy of the system 

decreases, and the polygonization process can compete 

with the recrystallization process, delaying it and 

increasing the stress or temperature level to start it [19]. 

Thus, at stresses near the ultimate strength (σ ~ 0.9σB), 

the recrystallization is unfinished, i.e. the completely 

ordered structure has not yet formed and this may to 

lead to an increase in the tensile strength. 

It is interesting that, according to the data on the 

change in the residual electrical resistance and 
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structural studies, there is a decrease in the overall 

level of internal stresses in the VT1-0 nanostructures 

alloy after USI, but the yield strength under creep 

conditions, i.e. indicator of the magnitude of internal 

stresses at the macrolevel, does not change at both 

test temperatures. 

Possibly this means that when we analyzing the 

results, it is necessary to take into account not only the 

characteristics of obstacles, changes and rearrangements 

of the structure, but also the parameters of the 

dislocation itself, such as its splitting, which is 

controlled by the stacking fault energy. 

It is known [20] that the stacking fault is one of 

the most common defects in the HCP crystal lattice, 

and its presence can significantly effect on the 

processes of plastic deformation, hardening, fracture, 

recrystallization, the nature of phase transformations, 

etc. in metallic materials. The stacking fault energy, 

associated with the features of the electronic structure 

of the material, determines the magnitude of the 

splitting of a dislocation, and the magnitude of the 

splitting effects all processes of dislocation 

rearrangements. 

The splitting of dislocations largely controls the 

mobility of dislocations, their capability to overcome 

various type of obstacles, the character of direct 

interaction with other defects, which ultimately 

determines the level of structurally sensitive properties, 

primarily mechanical ones [21]. 

It is known [21] that unsplit and split dislocations 

interact with point defects in different ways, as a result 

of which, a decrease in the stacking fault energy can 

lead to difficulty in moving point defects to the 

boundaries of nanograins and slow down the processes 

of dislocation climbing associated with vacancy flows, 

which will complicate the process of restoring the 

structure of boundaries. 

Taking this into account, it should be expected that 

the influence of the excess density of point defects on 

mechanical properties will be different in metals with 

different stacking fault energies from softening to 

hardening in crystals with a large number of split 

dislocations, i.e. characterized by low stacking fault 

energy. 

It is known [21], that the stacking fault energy of 

titanium is ~ 20 mJ/m2, which is an order of magnitude 

less than that of zirconium ~ 220 mJ/m2, and therefore 

the return processes and recovery of the boundary 

structure in titanium and zirconium can proceed 

differently. 
 

CONCLUSIONS 

The effect of ultrasonic influence on the evolution of 

the structure and creep of commercially pure 

nanostructured titanium alloy of the grade VT1-0 

obtained by SPD by rolling has been studied. 

It is shown that ultrasonic influence with a 

frequency of f = 20 kHz and an amplitude of 65 MPa 

leads to the relaxation of internal stresses of the 

nanostructured VT1-0 alloy due to the formation of 

an equilibrium boundary structure without noticeable 

grain growth. 

Studies of creep at T = 20 and 350 C of 

nanostructured VT1-0 alloy showed that USI leads to 

an increase in tensile strength, while maintaining the 

yield strength and plasticity. This may be due to the 

rearrangement of the structure and the formation of 

new deformation boundaries (cell walls, polygonal 

boundaries, microtwins), which are more resistant to 

tensile loads. 

In addition, the low stacking fault energy of the 

VT1-0 alloy can make it difficult for point defects to 

move to the boundaries of nanograins and slow down 

the recovery processes associated with vacancy 

flows, which complicates the reconstruction of the 

structure of boundaries and leads to a slowdown in 

recrystallization processes and the development of 

polygonization. 
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МОДИФІКАЦІЯ СТРУКТУРИ І ВЛАСТИВОСТЕЙ НАНОСТРУКТУРНОГО 

СПЛАВУ ВТ1-0 ЗА ДОПОМОГОЮ УЛЬТРАЗВУКУ 

Є.С. Савчук, В.І. Соколенко, Є.В. Карасьова, О.В. Мац, В.О. Фролов 

Досліджено вплив ультразвукової дії на еволюцію структури та повзучість технічно чистого 

наноструктурного титанового сплаву ВТ1-0, який отриманий методом інтенсивної пластичної деформації. 

Показано, що ультразвукова дія частотою f = 20 кГц та амплітудою 65 МПа призводить до релаксації 

внутрішніх напруг наноструктурного сплаву ВТ1-0 внаслідок формування рівноважної структури границь 

без помітного зростання зерен. При цьому механічні властивості сплаву змінюються таким чином: 

збільшується межа міцності при збереженні межі плинності та пластичності. Причинами ефекту, що 

спостерігається, можуть бути низька енергія дефекту упаковки сплаву ВТ1-0, що ускладнює хід 

релаксаційних процесів, а також перебудова структури в процесі повзучості з утворенням нових 

деформаційних границь, які виявляються більш стійкими до навантажень, що розтягують. 

 

 
 


