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Introduction

Written science in the field of SPD first appeared in the late 20th 
century [1,2], but archaeological research has shown that the process 
was known and used at least 2,700 years ago [3] in the production 
of knives and swords. Humanity has been working with metals since 
the Bronze Age and has created a common and understandable 
terminology for all communities. For example, the metalworking 
process with severe plastic deformation (SPD) in turn contains 
about a hundred technological processes and a large number of 
terms to describe these processes and their results. The field of SPD 
is constantly being improved with new methods already developed 
and partially patented for more than a hundred names. Currently, 
more than 1000 papers are published annually in the field of SPD. 
The emergence and application of new processes in materials science 
also require the development and addition of new terminologies.It is 
well known, that the SPD methods are popular due to their ability 
to modify the microstructure [4-6] and mechanical properties [7-10] 
of various plastic metal materials. At that time, it was well known 
that the mechanical properties of SPD-processed materials were 
significantly better compared to their coarse-grained counterparts 
[11-15]. Experimental results show that it is possible to change the 
initial microstructure from a coarse-grained (CG) to an ultrafine-
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grained (UFG) structure with grain sizes in the range from 1000 to 
100 nanometers at ECAP and to a nanocrystalline (NC) structure with 
a crystal size below 100 nanometers [16-21] at HPT. Unfortunately, the 
scientific works on SPD listed in [1-21] have so far mainly studied only 
changes in the microstructure and mechanical properties of materials, 
such as hardness and strength. At the same time, a number of recent 
scientific articles have shown that changes in microstructure and 
mechanical properties during SPD also lead to changes in electrical 
conductivity [22-27], phase transformations [28-31], wear resistance 
[32-35], cyclic plasticity [36-41], and so on. Unfortunately, in these 
works relatively little attention was paid to changes in functional 
properties, which limits the widespread use of these materials in 
modern industry.

Components and entire systems are characterized by time-varying 
cyclic loads and often random load sequences that can cause material 
fatigue and damage. Therefore, understanding the relationship 
between fatigue damage and random cyclic loading is a necessary 
prerequisite for reliable sizing of components and structures. However, 
this design of fatigue components is motivated not only by the 
desire to avoid damage to products and their repair. Today, issues of 
materials and energy efficiency are becoming increasingly important, 
and therefore increasing their sustainability during operation, which 
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requires accurate knowledge of the operating loads of the systems and 
the corresponding fatigue behavior of the materials. Sustainability 
in today’s sense means making the most efficient use of available 
resources, and this goal can only be achieved for many components 
and structures if the load sequences present in the operation are 
known and taken into account when optimizing materials, design and 
production in industry. Information on the latest developments in the 
field of variable load fatigue, new scientific approaches and industrial 
applications of materials, components and designs is up to date. The 
achievements and results of research in recent years, new approaches 
and the latest processes in various industries are highly appreciated.

Tension-compression amplitudes, as characteristic features of 
typical workload sequences in various mechanisms, are becoming very 
important parameters in the design and optimization of components 
and structures. Material testing methods such as low cycle fatigue 
(LCF) [42] and high cycle fatigue (HCF) [43], ratchet [44], Bauschinger 
effect [45-47], Young’s modulus [54], are very important to determine 
the durability of materials in actual use.

For example, the number of cycles to failure for the LCF test 
method is typically less than 10,000, and the failure mode is typically 
ductile failure. During HCF testing, the material or component fails 
after a large number of cycles, typically greater than 10,000. Thus, HCF 
is typically associated with very low strain amplitude at tensile, elastic 
deformation, crack initiation and growth. The difference between 
these test methods, LCF and HCF, depends on the level of strain under 
tensile stresses, the ductility of the material and the degree of elastic 
deformation. Fatigue behavior is characterized by loading frequency, 
loading history, loading type, ambient temperature, microstructure, 
defects and residual stresses in the material.

The ratcheting method uses only tensile deformation with 
controlled tensile strain and a very small number of cycles. The 
ratcheting method is based on the well-known Bauschinger effect. 
The method for testing of metallic materials in viscoplastic states is so 
called as Hard Cylic Viscoplastic Deformation (HCVD) is described in 
[55-59]. The viscoplastic behavior and hardening/softening of metallic 
materials allows you to very quickly, simply and cheaply change and 
study the structure and properties of metallic materials. For example, 
this method has been used at firstly to study the microstructure, 
mechanical and functional properties of metallic materials such as 

coarse grained (CG) copper [60], ultrafine-grained copper alloys [61], 
pure niobium [62-65], pure tantalum [66-69] with oligocrystalline 
structure and also Ni-based single-crystal superalloy [70-73], etc.

This overview study on Nb and Ta by uising HCVD technique is 
based primarily on my own research work in which I have studied 
materials using various SPD techniques. HCVD principles were 
first presented in 2004 at the TMS Ultrafine Grained Materials III 
Annual Meeting, Charlotte, North Carolina, USA [74] and at the 
4th DAAAM International Conference on Industrial Engineering - 
Innovation as a Competitive Advantage for SMEs, Tallinn, Estonia. 
[75]. Unfortunately, HCVD as a new process in materials science has 
not yet been widely used in studying the evolution of the structure 
and properties of metallic materials. At present time the stability and 
viability of metallic materials, and predicting their suitability over 
time in harsh environments such as space and military applications 
is actual. Studying the behavior of metallic materials in viscoplastic 
states using HCVD method allows us to expand concepts and new 
connections in materials science.

Experimental Section

Materials

The materials for present experimental work were technically 
pure niobium (Nb) and tantalum (Ta) ingots, which were produced 
by electron beam melting (EBM) technique on Neo Performance 
Materials (NPM) Silmet AS, Estonia. The chemical analysis of NPM 
Silmet AS showed that the pure Nb ingots, with diameter of 220 mm, 
contained the following non-metallic elements: N (30 ppm), O (72 
ppm), H (<10 ppm), c (<20 ppm), and metallic elements: Ta (160 
ppm), Si (<20 ppm), P (<15 ppm), Mo (<10 ppm), and W+Mo (<20 
ppm), respectively.

The Ta inots diameter was 120 mm and an oligocrystalline 
macrostructure. The chemical composition of Ta was: Al, Mg, Pb, 
Cu, Fe, Mo, Mn, Na, Sn (for all <5 ppm), Nb (<20 ppm), W (<10 
ppm), and Si (<10 ppm) and non-metallic elements: N (< 20 ppm), 
O (< 30 ppm), H (<10 ppm), S (<10 ppm), C (<10 ppm), respectively. 
These ingots had a oligocrystalline macrostructure up to 15-20 cm in 
length and approximately 5-6 cm in thickness (Figure 1). The Nb and 
Ta samples were before for recrystallization heat treated in vacuum 
furnace at 1100°C for 30 min. 

Figure 1: Oligocrystalline macrostructure of Ta after EBM by industrial processing.
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The IEAP Technique and Test Samples Manufacturing

Using hard-to-deform Nb and Ta samples, the ECAP matrix was 
modified and a new so-called “indirect extrusion angle pressing” 
(IEAP) method was developed [34,63,66,67,76]. IEAP format 
channels do not have the same cross-section. The cross-section of 
the output channel, taking into account the elastic deformation of the 
base metal, was reduced to 5-7%, which makes it possible to use the 
conveyor method when pressing without intermediate processing of 
the cross-section of the workpiece. This is due to elastic deformation 
of the matrix and an increase in the cross-section of the sample 
during pressing. To process workpieces under HCVD, the developed 
IEAP technology was used. In the work under consideration, the 
microstructure of the samples under study was modified up to 12 
passes of the IEAP along the BC route. The maximum degree of von 
Mises deformation during one pressing was 1.155, and after 12 passes 
- up to ~13.86, respectively. As experiments have shown, this IEAP 
die is convenient for processing high-strength materials, since at 
higher extrusion passes, when the strength of the materials increases 
sharply, the friction between the punch and the matrix during pressing 
also increases, and thus the risk of damage to the matrix or plunger 
increases. [67]. For comparison, the same metals (Ta and Nb of the 
oligocrystalline as well as recrystallization structure received at heat 
treatment) were used so that the results could be compared. Using 
the IEAP method, samples with dimensions of 12x12x130 mm are 
produced. The processing steps of IEAP samples are shown in Figure 2.

The specimens for hard cyclic viscoplastic deformation (HCVD) 
were manufacturing from EBM and IEAP-treated samples (Figure 3a 
and 3b). The mechanical cutting and electroerosion tchniques were 
used. The samples for electrical conduction, hardness, gases content, 
density, XRD, and microstructure study were cut off from HCVD 
sample (Figure 3c) and tensile tests minisamples Figure 3f) were 
cut off by electrical discharge method from HCVD sample (Figure 
3d and 3e). The strain amplitude at HCVD testing was measured 
by extensometer with base length of 10 mm and it was mounted on 
sample with minimal cross section (Figure 3c). The strain amplitude 

for other cross sections were calculated. IEAP of the samples was 
carried out on a hydraulic press with a capacity of 100 tons [68].

The HCVD Technique

The HCVD technique was elaborated for materials structure 
modifing and properties testing [53,58,74,75]. The HCVD as 
a new process is not yet widespread in the study of metallic 
materials structure and properties evolution. It is well known that 
“viscoplasticity” is a response of solids involving time-dependent 
and irreversible deformations. In this research, we investigate the 
viscoplasticity of metallic materials and the accompanying changes 
in microstructure and properties at room temperature. To do this, we 
use cyclic deformation with a constant strain amplitude at each stage 
of the experiment. In the HCVD process, the strain amplitude ranges 
from ε=±0.2% to ±3.0% per cycle. The HCVD was conducted on an 
Instron-8516 metrials tester, Germany.This method is characterized 
by the generation of cyclic stress, the magnitude of which depends 
on the strength properties of the material at a given compression-
tension deformation or strain amplitude. Therefore, this research 
method of metallic materials is called hard cyclic viscoplastic 
deformation (HCVD). The name of this new process begins 
with the word “hard”, which means that tensile and compressive 
deformations are used in the high-amplitude viscoplastic field in 
both tension and compression. The evolution of the microstructure 
of mixed metal materials is mainly studied from the deformation 
rate, the number of cycles, and the deformation stress amplitude 
of the HCVD method. The effect of HCVD on the improvement of 
the mechanical and physical properties of test materials has been 
described in various works [61,69,70,73]. In present overview work 
these large strain amplitudes of ε1=±0.2%, ε2 ±0.5%, ε3 ±1.0%, ε4 
±1.5%, ε5 ±2.0%, ε6 ±2.5%, and ε7±3.0% are used, respectively. At 
each degree of deformation, up to 20÷30 cycles are performed. 
The cycles number depend on material mechanical properties and 
viability. The frequency of cycling was chosed in the interval of ƒ=0.5 
to 2.5 Hz, and were ƒ1=0.5 Hz, ƒ2=1.0 Hz, ƒ3=1.5 Hz, ƒ4=2.0 Hz, and 
ƒ5=2.5 Hz, respectively. The number of tests of the HCVD method 

Figure 2: Diagram of the IEAP stamp and the corresponding stages (a, b, c, d) of sample processing using the so-called conveyor method, with this method in the stamp at the final stage two 
samples are simultaneously processed, the second sample pushes out the first (d).
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starts from 20 cycles and up to 30 cycles per test for a series with 
the corresponding constant strain amplitude. The maximal number 
of cycles was not more then 100 for one sample. The frequency 
and strain amplitude at HCVD influenced on the strain rate and 
corresponding changes in the microstructure and properties.

To achieve the required results, the rated voltage, frequency, and 
a number of cycles are selected based on the test results. Usually, 
the technical strength is the strength of various constructions in 
calculations in elastic strain up to ε1=0.2% at tensile deformation, 
that is, until the beginning of plastic deformation of the material. In 
the LCF and HCF tests, the amount of elastic deformation is small, 
less than 0.2% of the deformation. At such a value of deformation, 
the metal material has an elastic behavior. The HCVD method 
determines the magnitude of the controlled amplitude of deformation 
and is controlled by an extensometer using a computer program that 
controls the process and displays the corresponding results on the 
computer screen. Typically, the fatigue test of metallic materials 
checks the tensile strength but does not check the deformation, 
which develops automatically according to the mechanical properties 
of the material. Micromechanical multiscale viscoplastic theory has 
been developed to relate the microscale mechanical responses of 
amorphous and crystalline subphases to the macroscale mechanical 

behavior of fibers, including cyclic hardening and stress recovery 
responses. The HCVD method can be used as a new test method in 
materials science when it is necessary to determine the behavior of a 
material under stresses that can exceed the elastic limit and deform 
under extreme operating conditions. For example, such extremes 
may occur in aviation, space, or military technology because these 
devices have a minimum calculated strength or margin of safety 
compared to other devices. For example, the compressor blades of a 
turbojet engine for military fighters have a safety margin of no more 
than 3-5%.

Methods for Other Properties Testing

The microhardness in cross section of samples A1, A2, A3, A4, 
A5, and A6 was measured using a Mikromet-2001 tester after holding 
for 12 s at a load of 50 and 100 g. At follows, the mini-samples (MS1, 
MS2, MS3, MS4, MS5 and MS6-as cast) at tension up to fracture were 
tested on the MDD MK2 Stand test system manufactured in the UK. 
The tribological behavior of materials under dry sliding conditions 
was investigated before and after IEAP, HCVD and heat treatment 
to provide a comparison over a range of material properties as well 
as collected strain to understand their influence on the coefficient of 
friction and on the specific wear rate. Dry sliding wear was studied 

Figure 3: Mechanically cut sample from EBM ingot and heat treated at 1100°C for 30 minutes (a), IEAP treated sample (b), test sample for Young’s modulus measure by HCVD with stepped 
cross section (specimens A1, A2, A3, A4, A5 and A6 (as cast) with 5 mm in length) for measuring microhardness, density, XRD, gases content and electrical conductivity (c), mini-specimens (d) 
for tensile strength tests (MS1, MS2, MS3, MS4, MS5 and MS6-as cast), cut from the sample after HCVD in diametrical section in three layers 1, 2 and 3 (e), cut out using the electrical discharge 
method, and a mini-specimen for tensile testing with dimensions in mm is shown in (e).
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in a ball-plate system with a tribometer (CETR, Bruker, and UMT2) 
using an aluminum oxide (Al2O3) ball with a diameter of 3 mm as 
a counter surface. The coefficient of friction (COF) was obtained 
automatically. For wear volume calculations, the cross-sectional area 
of the worn tracks was measured by the Mahr Pertohometer PGK 
120 Concept 7.21. The content of metals inclusions (in ppm) were 
studied according to MBN 58.261-14 (ICP-OES Agilent 730) and 
gases concentration according to method of MBN 58.266-16 (LECO 
ONH-836) and S according to method of MBN 58.267-16 (LECO CS-
844), respectively. The electrical conductivity (MS/m and/or %IACS) 
of metal materials was determined with a measurement uncertainty of 
1% for different orientations on flat samples by means of the Sigmatest 
2.069 (Foerster), accordingly to NLP standards at 60 and 480 kHz on 
a calibration area of 8 mm in diameter. The electrical conduction was 
measured at room temperature of 23.0±0.5°C and humidity of 45±5% 
according to the international annealed copper standard (IACS) in 
the Estonian national standard laboratory for electrical quantities. 
To obtain one electrical conductivity data, 30 measurement tests 
were automatically performed and the result was displayed on the 
computer screen.

The samples density after IEAP with different pressing number 
was measured by OHAUS Scout-Portable balances, Italy at room 
temperature. The dislocation density was calculated by the Rechinger 
method according to the results of the X-ray investigation by the 
D5005 AXS (Germany) and Rigaku (Japan) diffractometer. To 
study the microstructure, the samples were mechanically polished 
with silicon papers up to 4000, and then with diamond paste on 
Struers grinder. After the grinding, the samples were etched by an 
ion polishing/etching facility using precision etching system at 30 
kV for 30 min in an argon atmosphere. The microstructure of the 
samples was studied using an optical microscope Nikon CX, Japan, 
and electron microscopes Zeiss EVO MA-15 and Gemini Supra-35, 
Germany, equipped with an EDS apparatus.

Results

Microstructure Evolution of Nb and Ta during HCVD

For example, full-scale diagrams of the HCVD of the Nb 
manufactured with various processing methods, microstructure, and 
properties at different strain amplitudes are shown in Figure 4a-4e [63].

As can be seen in Figure 5, high-purity niobium as well as tantalum 
EBM ingots contain very large millimeter-sized grains connected by 
a fully wetted triple grain boundary (GB) (Figure 5a). This width of 
GBs is in nanometers because the metal is of high purity with thin 
grain boundaries as shown in the figures. Unfortunately, such large 
grains contain gas pores with dimensions in micrometers (Figure 
5b). Under hydrostatic pressure in the shear region of the IEAP die, 
these pores are compressed and velded to zero. Such pores and GB 
defects can be completely repaired by hydrostatic compression and 
simple shear in the IEAP die. These changes take place in sample for 4 
passes of IEAP by BC route (c) and for 12 passes of IEAP by BC route 
(d), respectively. Microstructural evolution in bulk Ta samples during 
HCVD are presented in Figure 6. As you can see the microstructure of 
high purity Ta has GB-s on atomic level [63,68].

The microstructure forming in Nb and Ta samples from initial to 
8 passes by BC route for Nb and for 12 passes by BC route for Ta is 
shown in Figure 7a-7d. The relative frequency of grain size in mm was 
calculated by by ImageJ software and is presented in Figure 7e-7h. As 
you can see the grain size of Nb was decreased about 3 times and Ta 
grain size was decreased about 2.5 times, respectively [67].

The microstructure evolution of IEAP Nb sample during HCVD, 
with a number of 100 cycles for 5 test series is shown in Figure 8a. For 
comparison, the IEAP Nb after LCF testing for 100 cycles in Figure 
8b. The fatigue cracks are formed during LCF. The TEM images of 
SB-s with a lowered dislocation density at HCVD in Figure 8c and 
with high dislocation density after LCF of IEAP sample in Figure 8d, 
respectively [64].

Figure 4: HCVD curves of pure Nb for the viscoelastic tension-compression straining at an amplitude of ε = ±0.1% and corresponding deformation amplitude of v ꞊ ± 0.01 mm in the base 
length of 10 mm (a), viscoelastic tension-compression straining at strain amplitude of ε = ±0.5% and v ꞊ ± 0.05 mm (b) and at strain amplitude of ε = ±2.0% with the corresponding deformation 
amplitude of v ꞊ ± 0.2 mm (c). The sample E12 HCVD time-deformation (d) and time-stress (e) curves received at ε = ±2% of strain amplitude. The effect of the elastic-plasticity of Nb on the 
deflection of the curves during the compression (C) and tension (T) cycles is shown by arrows
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Young´s Modulus Evolution of Nb at IEAP and at HCVD

The evolution of physical properties during HCVD depends on 
the microstructure and properties of the metallic material achieved 
by IEAP treatment, as well as on the strain rate, which depends on 

the strain amplitude (measured in mm) during HCVD (Figure 4a-4c). 
As shown in the diagram (Figure 9a), the increase in tensile strength 
during HCVD at a strain amplitude ε4=±1.5% for all IEAP samples 
(E2, E4, E6, E8 and E12) with different accumulated von Mises strains 
is maximum. With an increase in deformation to ε5=±2.0%, the tensile 

Figure 5: The triple grain boundary (a) and pores (b) in EBM as-cast Nb, and SEM pictures of microstructure evolution via grains fracture by slip lines (SL is shown by arrows) in the shear region 
of IEAP at von Mises strain of ƐvM=4.62 by BC route (c) and UFG microstructure formed at ƐvM=13.86 (d), respectively.

Figure 6: Microstructure evolution of pure Ta processed by HCVD at 5 test series (5 x 20 cycles with strain step-by-step increase up to ε5 ± 2.0%) for 100 tension-compression cycles in sum (a) 
and atomic level GB-s with different orientations of two grains is presented in (b, c).
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Figure 7: Distribution of grains sizes of Nb (a, b) for initial (Nb0) and after eight passes (Nb8) and Ta (c, d) for initial (Ta0) and after twelve (Ta12) passes by BC route of IEAP. The 
corresponding grain size measurements were made by ImageJ software (e, f, g, h), respectively.
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Figure 8: Optical pictures of double-banded microstructure forming in Nb sample at HCVD for 100 cycles (5 x 20 cycles) (a) [64,69] at increased strain amplitude to ε5 ± 2.0% and cracks 
initiation during LCF testing (b) for 100 cycles of the ECAP sample [69]. TEM images of SB-s with a lowered dislocation density at HCVD (c) and with high dislocation density after LCF of 
IEAP sample (d).

Figure 9: The IEAP samples E2, E4, E6, E8 and E12 tensile strength increases up to strain amplitude ε4=± 1.5%, as well as the strain rate (v=0.3 s-1) increases during HCVD and decrease for E8 
and E12 by strain amplitude increase to ε4=±1.5%, (a) and the Yung modulus (b) increases when the von Mises strain increases to ƐvM=11.55 by BC route during IEAP, and the Young’s module 
decreases in samples E12 by increased von Mises strain up to ƐvM=13.86 by BC route as well by cycles number increase up to 100 cycles during HCVD, respectively.

strength of samples E8 and E12 decreased, since these workpieces had 
a UFG microstructure obtained in IEAP, with higher tensile strength 
and hardness. During the HCVD process, at a deformation amplitude 
ε5=±2.0%, softening occurs, since the GS begins to increase during 
the coalescence process. In these workpieces, Young’s modulus also 
decreases as they soften (Figure 9b) during HCVD treatment. The 

Young’s modulus of IEAP-treated samples decreases during the HCVD 
process as the dislocation density decreases (Figure 8c and 9) [63,64].

Ta Physical Properties Evolution at HCVD

The Vickers hardness of Ta was measured, and it was found that 
with increasing of von Mises strain at IEAP in sample with stepped 
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cross-section, the hardness of Ta increased mainly during the first 
pressing. By this, the hardness depends on the measurement of 
orientation to the sample; it is higher in the transverse direction 
(TD) and lower in cross directions (CS). As shown in Figure 10, a, 
the Vickers hardness of Ta was increased by increasing the von Mises 
strain at HCVD. The Vickers microhardness of Ta was increased from 
100 HV0.2 to 285 HV0.2, respectively. It should be noted that the 
methods for measuring hardness according to Martens and Vickers 
are different. The Marten’s hardness is calculated from the difference 
between the maximum depth of indentation and after removing the 
load, when the Vickers hardness is calculated from the length of 
the diagonal, indentation load and only hardness are measured. The 

electrical conductivity of Ta (Figure 10b) has similar dependence on 
strain level and orientation of measure in the heat-treated sample [68].

A well-known fact from the scientific literature is that the Young’s 
modulus is constant in materials at room temperature. This modulus 
decreases with increasing temperature and increases with increasing 
the density of materials. Young’s modulus of Ta is about 186 GPa 
at room temperature and the maximum value is 193 GPA at 10−6 
K. As can be seen in Figure 11, this modulus may also be affected 
by the amount of strain applied to the material (or the number of 
passes in IEAP) and the change in equivalent strain-stress amplitude 
during HCVD. The changes of Young’s module in the Ta samples 
(S1-initial, S2 - 5 pressings of IEAP, ƐvM=5.77, and S3 - 12 pressings 

Figure 10: The evolution of Vickers microhardness (a), and electrical conductivity (b) depends on measuring orientation and heat treatment temperature from 20°C to 165°C with a heating rate 
of 1°C·min−1. TD: Transverse Direction and CS: Cross-Section.

Figure 11: Change of Young’s modulus in Ta at uniaxial tension (measured after IEAP and HCVD) at strain of 0–0.06% (blue) and of 0–0.1% (red) of samples S1 (a), S2 (b) and S3 (c), respectively.
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of IEAP, ƐvM=13.86) are shown in Figure 11. Before Young module 
measure the samples were processed by HCVD at strains of ε2=±0.5%, 
ε3=±1.0%, and ε4=±1.5% for 20 cycles at one strain level. It should be 
mentioned that Young’s modulus of each sample was measured for 
three times in the intervals of tensile strains from 0÷0.06% and from 
0÷0.1% to ensure about the reliability of results. Was established, that 
this modulus depends on von Mises strain, strain rate as well on the 
interval of strain, at which this parameter was measured. When the 
material is harder, Young’s modulus is higher at the tension in the 
interval of the strain of 0-0.1% (S2) and when the material is softer, 
Young’s modulus is higher for 0÷0.06% strain interval (S1) and lowers 
at 0÷0.1%, respectively [68].

Changes in electrical conductivity and Vickers microhardness 
in IEAP samples (S1, S2, and S3) were measured with different 
orientations (Figure 12). These values vary depending on the strain 
applied during processing or hardness, as well as on the orientation of 
the measurement, in cross-section (CS) or transverse (TD) direction. 
As you can see (Figure 12), when the Vickers microhardness is higher, 
the conductivity is lower when the heating rate is low. In work is 
shown, that the electrical conductivity depends on the hardness and 
strength properties of CuCr-alloys. In the works [39] is shown, that 
the electrical conductivity and Vickers microhardness of CuCr-alloys 
increase with temperature increase and revealed maximal values 
at ~550°C. Accordingly, these parameters depend not only on the 
microhardness because the density of dislocations was lowered during 
heat treatment. In the present work, the Ta samples were heat treated 

at a very low heating rate of 1°C·min−1, and the Vickers microhardness 
and electrical conductivity increased in sample S2 and decrease in 
sample S3, respectively. The conductivity is expressed as a percentage 
of the International Standard Annealed Copper (%IACS), which is 5.80 
× 107 Siemens/m at 20°C. Results show, that the electrical conductivity 
varied in dependence on energy associated with dislocations, grain 
boundaries state, and vacancy concentration in Ta samples during 
ECAP and HCVD, respectively (Figures 12 and 13) [68,69].

XRD Investigation of Changes in the Tantalum during EBM, 
IEAP, and HCVD

Anisotropic deformation during IEAP, and HCVD processes, as 
well as anisotropic properties in samples, can lead to the formation 
of anisotropic crystallites and, therefore, anisotropic peak intensities. 
The X-ray diffraction patterns of the samples: Ta, 2x EBM, Ta, 5x IEAP, 
Ta, 12x IEAP, and Ta, 5x HCVD are presented in Figure 14. As you can 
see the X-ray diffraction patterns of the HCVD Ta with compare to 
EBM and IEAP are differ significantly from other samples. It should be 
noted that this sample (5x HCVD) had a recrystallized microstructure 
before HCVD. During HCVD, the microstructure changed, and only 
one peak appeared in the X-ray diagram at ~ 55.6°. Such an X-ray 
pattern with a single peak is characteristic of a single-crystal metal and 
a single-crystal Ni-based superalloy [71]. XRD investigation revealed 
that at the phase transformation took place at the SPD processing 
[70,72]. The crystallite size and the dislocation density is possible to 
determine by X-ray line profile analysis [67,68].

Figure 12: Influence of processing routes as well as microstructure on microhardness, and dislocation density (a), electrical conductivity and density (b), oxygen and hydrogen contents (c) of 
pure Niobium. Designations: E12-12 passes of IEAP by BC route, H5-five test series by strain rate increase during HCVD, E12-350°C- heat treatment temperature of sample E 12.
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Figure 14: X-ray diffractogram (a) of the Ta samples. Designations: Ta, 2x EBM, initial, Ta, 5x IEAP, Ta, 12x IEAP, and Ta, 5x 5HCVD), respectively.

Figure 15: Influence of the load applied on the COF and wear track cross/sectional area of IEAP-12 Niobium (a) and specific wear rate of pure Niobium for different passes number and 
temperatures for a load of 50 gr (b).

Figure 13: Creep and Relaxation of different materials vs. manufacturing technologies (a). Designations: N1 - By electrical forging (EF) processed Ni-based Fe containing superalloy, N2 - SC 
Ni-based superalloy, N3 - Cold-drawn pure Cu, N4 - Recrystallized pure Cu, and N5 - ECAP processed nanocrystalline pure Cu [78]. Density evolution of pure Ta processed by IEAP and HCVD 
(b). Designations: (A4) IEAP processed only, and (A1, A2, and A3) after followed HCVD with different strain amplitude (see Figure 3c) (b).

Influence of HCVD on Wear and Tribological Properties of 
Nanocrystalline Materials

The specific wear rate (the volume loss per distance per normal load) 
and coefficient of friction (COF) measurements show their dependence 
from sample material chemical composition, sample (surface) hardness 

as well material wear track surface softening/hardening [68,76] during 
wear testing (Figure 15). Results show that HCV deformed sample in 
surface was hardened from 77HV0.05 to 90HV0.05 and on the wear 
track surface from 115 HV0.05 to 126HV0.05, respectively. In this case 
the surface hardening was induced by cyclic straining and wears track 
hardening as result of sliding [69].
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The SEM investigation of the worn track surface shows (Figure 
16a) that the UFG microstructure of Nb was abrased by the alumina 
ball during the dry sliding testing. In our experiments, the wear 
debris was not removed from the contact zone during testing, which 
has an influence on the results [35]. The damaged surface of the worn 
track has wear debris with size of approximately 100 nm. The test 
results show that the as-cast sample has the lowest amplitude of COF 
then UFG Nb. The as-cast material has the lowest COF (0.78) and 
the lowest specific wear rate (2.1, ×10-2⋅µm2⋅g-1) when compared to 
sample E12 (Figure 15b). The maximal COF was obtained for samples 
after HCV deformation and samples that were tested in directions 
that crossed the slip band direction. The specific wear rate was 
significantly increased after heat treatment at a temperature of 350°C 
(Figure 16) [69].

When comparing our results with the results presented in previous 
work, the mass loss decreased remarkably as the number of ECAP 
passes increased, being affected more by the sliding distance than by 
the applied load under the experimental conditions. From these data, it 
has been shown that the wear mechanism was observed to be adhesive 
and delaminating initially, and an abrasive mechanism appeared as 
the sliding distance increased. In our experiments, the abrasive wear 
mechanism did not show any dependence on sliding distance.

Discussion
In the papers, a series of experiments were carried out to study 

the effect of IEAP and HCVD on the microstructure and properties 
of metallic materials at room temperature. During the subsequent 
HCVD, we studied the effect of the strain value during tension-
compression with a gradual stepwise increase in strain, strain 
amplitude, and the corresponding strain rate on the microstructure, 
functional, physical, chemical, and mechanical properties of the 
studied Nb and Ta. Then, a series of experiments were carried out 
to study the influence of the number of deformation cycles, the 
magnitude of axial deformation, the frequency of cycling, and 
the strain rate during HCVD and followed heat treatment on the 
microstructure and evolution of the properties of materials in 
comparison with their initial state. A comparative analysis was carried 
out, according to the results of which the following conclusions can be 
drawn: This owerview study evaluated the impact of a new processing 
method so called as “Hard Cyclic Viscoplastic Deformation” (HCVD) 
on microstructure, mechanical, physical, chemical, functional, 
performance, etc. properties of metallic materials such as niobium, 
and tantalum. To expand the capabilities of the new processing 
method, the metal materials Nb and Ta with various structures were 
tested, such as oligocrystalline, coarse-grained, ultrafine-grained, and 

Figure 16: SEM picture of wear track surfaces for 15, 50, 100 and 150 g (a) and UFG Nb wear surfaces with debris formed under a load of 100 g (b), and worn surfaces at high magnification of 
100000x of samples after 6 passes of IEAP (c).
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nanocrystalline. For pre-treatment, multiple methods of severe plastic 
deformation were used, such as “Indirect Extrusion Angular Pressing” 
(IEAP). With this new HCVD test method, it is possible to initiate 
and study the processes occurring in the microstructure of materials 
before their destruction. HCVD is based on the application of a cyclic 
tensile/compressive load by controlled strain amplitude on materials 
at a constant frequency at a given strain level. In this test method, the 
main parameters are the strain amplitude of compression/tension in 
the range from 0.2% to 3.0% with the number of cycles from 20 to 40 
for one level of deformation and with a frequency of 0.5 to 2.5 Hz. The 
rest of the process parameters are set automatically depending on the 
strength properties of the tested metal material in general.

Conclusions

This review study evaluates the effect of a new processing method, 
the so-called HCVD, on the microstructure microstructure evolution, 
and mechanical, physical, chemical, functional, tribological properties 
change, as well as on phase transformations and interatomic 
interactions, and service life of various metallic materials. To expand 
the capabilities of the new processing, metallic materials selected for 
the study, such as Nb and Ta, with different structures: oligocrystalline, 
coarse-grained, ultrafine-grained and nanocrystalline were tested.

Using this new test method, it is possible to initiate and study 
the processes occurring in the microstructure and properties of 
materials during HCVD before their fatigue failure. HCVD is based 
on the application of cyclic tensile and compressive loads to materials 
through a controlled strain amplitude at a constant frequency and a 
specified level of strain. In this test method, the main parameters are 
the compression-tensile deformation amplitude in the range from 
ε=±0.2% to ε=±3.0% with a number of cycles from 20 to 40 for one 
level of deformation amplitude and with a frequency ƒ=from 0, 5 
Hz to 2.5 Hz. The rate of deformation depends on the basic strength 
parameters of the material. The remaining process parameters are 
set automatically depending on the strength properties of the metal 
material being tested as a whole. The main outcomes of this overview 
work can be summarized as follows:

 – The microstructure of Nb and Ta processed by HCVD is 
significantly different from the microstructure obtained by 
other SPD methods.

 – During IEAP processing of EBM as-cast Nb or Ta samples, the 
gases pores and any defect in GB-s at hydrostatic compression 
pressure concurrently with the simple shear stress are 
eliminated.

 – The electrical conductivity in SPD processes decreases with 
increasing hardness, tensile stress and dislocation density and 
increases when HCVD is combined with heat treatment and 
lowering of dislocation density.

 – The density of pure Nb increased from 8.27 g/cm3 in the as-
cast condition to 8.65 g/cm3 after IEAP and HCVD processing, 
whit’s is higher than the theoretical (8.55 g/cm3) density.

 – The density of pure Ta incrased from 16.26 g.cm-3 to 16.80 
g.cm-3 during HCVD.

 – During the followed HCVD, the nanostructure (20-90 nm) 
was formed in shear bands.

 – The electrical conductivity during IEAP decreased and during 
HCVD it increased as a result of the dislocation density 
decreasing from 5E + 10 cm−2 to 2E + 11 cm−2 since the 
dislocations are the main obstacles for electrons moving.

 – During IEAP, Young’s modulus of Nb was increased to 
105 GPa at the von Mises strain ƐvM = 13.86 and then 
decreased to 99 GPa during the HCVD. The Young modulus 
(89 GPa) was minimal for sample E12 after HCVD at strain 
amplitude (Ɛ5= ±2.0%).

 – The softening of the material is related to the decrease of 
Young’s modulus at the HCVD with the increase of the strain 
rate higher than έ (t)  = 0.3 s−1.

 – In turn, the decrease in Young’s modulus indicates a decrease 
in the attraction of interatomic forces in the metal.

 – The micromechanical properties differ for IEAP and HCVD 
samples, as well as for SB and in-body metal. For example, 
after IEAP for 12 passes by BC route, the SB maximal Vickers 
nano-hardness was NH = 4.78 GPa and the indentation 
modulus was Er = 177.7 GPa, respectively.

 – During the followed HCVD, these parameters were reduced 
to NH = 3.29 GPa and Er = 111.4 GPa, respectively.

 – The GB width of pure Nb is so small that it is not possible 
to measure its micromechanical properties by the nano-
indentation method used in the present study.

 – The gas content in Nb depends on the microstructure 
condition and it is minimal for UFG pure Nb.

 – Compared to the LCF and HCF tests, the HCVD tests require 
a shorter timeframe.

 – Using the HCVD method, it is also possible to study the 
viability of different metallic materials during operation in 
aviation, space, and defense under conditions of high load, 
and close conditions before failure, when the margin of safety 
is only a few percent.

 – Accordingly, this overeview article provides a brief overview 
of the structure and properties of metallic materials that 
change as a result of HCVD and thereby extending materials 
science with new relationships.
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