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Abstract: A simple technological method is proposed and tested experimentally, which allows
for the improvement of mechanical properties in sheet two-phase high-strength titanium alloys
VT23 and VT23M on the finished product (rolled metal), due to impact-oscillatory loading.
Under impact-oscillatory loading and dynamic non-equilibrium processes (DNP) are realized in
titanium alloys, leading to the self-organization of the structure. As a result, the mechanical properties
of titanium alloys vary significantly with subsequent loading after the realization of DNP. In this
study, the test modes are found, which can be used in the production conditions.

Keywords: high-strength titanium alloys; mechanical properties; crack resistance

1. Introduction

High-strength titanium alloys are used as structural materials in almost all modern load-bearing
structures [1,2]. In particular, titanium alloys are used in air transportation and aerospace systems
for various purposes and in special equipment products [3]. High strength, low density, high
specific strength, and wide temperature range of titanium alloys can significantly reduce the mass
of structures and increase the reliability of their work. At present, special titanium alloys with
varying strength and, more importantly, high ductility, have been developed. These alloys include
two-phase high-strength (x + () titanium alloys VI23 (oys > 1150 MPa, 6 = 15%) and VI23M
(ous > 1100 MPa, & =20%) [4-7]. In order to attain such enhanced mechanical properties of these
two-phase titanium alloys, the developers of semi-finished products realize complex multi-stage
modes of thermomechanical treatment (TMT) with different percentage ratios of & and 3 phases and
different amounts of alloying elements added [8,9]. Attention should be paid to the fact that most of the
stages of complex TMT modes occur under conditions far from thermodynamic equilibrium. Therefore,
as early as at the stages of manufacturing, semi-finished titanium alloys and dynamic non-equilibrium
processes (DNPs) are realized in melts, which aid in the formation of unique mechanical properties of
titanium alloys of the class under consideration [9,10].

On the other hand, the search for new methods to improve the mechanical properties of
high-strength titanium alloys already on the finished product (rolled metal) is ongoing. Here,
we should highlight the promising methods associated with the influence of different energy
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fields, such as electromagnetic, ultrasonic, and force fields, which realize the chaotic dynamics in
materials [11-13].

Chausov et al. were the first to propose and test a simple and effective method for realizing DNP
by applying additional impulse loading on materials of different classes [14-16]. Metallophysical
experiments helped to reveal [17-19] that under impact-oscillatory loading, due to the pulsed
introduction of energy into aluminum alloys, armco-iron, and stainless steel, there occur self-organizing
processes in materials with the formation of new spatial dissipative structures, which are connected
at different scale levels and look like adiabatic bands of shear. Here, it should be noted that the
conditions under which these bands are formed are fundamentally different from the conditions under
which adiabatic bands of shear are formed. In particular, the deformation rates of materials are by
far less than those at which the classical adiabatic bands of shear are formed. Moreover, as shown by
calculations, an increase in temperature of the material, even if all the deformation work is spent on
this process, cannot exceed 200 K [16]. This confirms once again that these processes are not associated
with a significant increase in temperature.

In the process of experimenting, it was also found that with an increase in the number of pulses
that affect the investigated material, there is an increase in the jump of deformation under DNP [16,17].
Accordingly, as experiments have shown, at any given degree of the preliminary static deformation,
there is necessarily a critical value of the pulse (Fimp.cryt.), under which the specimen is practically
divided into two parts in the process of DNP [17]. The revealed structural transformations occur
exclusively in the mode of loading (the so-called energetic formation of the structure) and upon
cessation of loading, the structure can be subjected to relaxation changes. Despite such relaxation
changes in the structure, each new condition of the material acquires new mechanical properties
with the subsequent static stretching after the application of the particular pulse that affects the
material. In this case, the essential role can be played by the exposure time after the application of such
pulse, the number of pulses, as well as the sequence of given specific values of the pulses that affect
the material.

In particular, there was a significant increase in the plastic properties of metals after this kind of
influence. Previous experiments have also shown that impulse introduction of energy into a material
can improve the characteristics of crack resistance. It is also interesting to note that when the DNP is
realized due to the impact-oscillatory loading, a significant increase in plasticity does not lead to a
significant decrease in strength [16-20].

The analysis of the results obtained by the authors with regard to the tests of various class
materials under impact-oscillatory loading has shown that in transient modes of loading, which are
realized with short pulses of additional force loads, when there occurs a mass transfer while the
dissipation of energy, in the classical sense (the transformation of mechanical energy into heat), has not
begun yet, the slow diffusion mechanisms of the transfer of motion and energy cannot develop fast
enough. Therefore, the energy of the force pulse is transferred from the macroscopic level to a certain
intermediate mesoscopic level, at which the energy left in the medium is spent on the formation of
new dissipative structures. According to the authors, this process can be realized when the duration of
the process of loading and the duration of the process of dissipative structure formation (internal time)
are identical or nearly identical.

Lack of experimental data in this area of research makes it impossible to unambiguously answer
the question of which parameters of the initial structure of the two-phase titanium alloys are most
sensitive to dynamic nonequilibrium processes. Previous studies on titanium alloys of various classes
have shown that, for instance, for a two-phase titanium alloy VT22 subjected to impact-oscillatory
loading, the plastic deformation increases significantly—by 2.5 times as compared to the initial state,
and the strength remains virtually unchanged, i.e., it does not decrease [21,22]. Metallophysical
research has established a new mechanism for the formation of dissipative structures in the titanium
alloy VT22 after the realization of DNP, a significant fragmentation of the structure [21,22]. Similar
tests on submicrocrystalline titanium alloy VT1-0, on the contrary, have established a significant
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decrease both in plastic deformation and strength after the realization of DNP due to impact-oscillatory
loading [23]. Thus, we can draw a preliminary conclusion that the positive or negative effect of DNP
on changes in the mechanical properties of two-phase titanium alloys due to impact-oscillatory loading
depends primarily on the initial parameters of the structure.

The purpose of this research was to evaluate the effect of impact-oscillatory loading on changes
in the mechanical properties of sheet two-phase titanium alloys VI23 and VT23M, the chemical
composition of which is virtually the same, but the percentage ratio of « and 3 phases is different.

2. Materials and Methods

The mechanical testing technique is implemented on the basis of a modified hydraulic setup
for static testing ZD-100Pu and is described in detail in [14-16]. The main idea of the proposed
technique is a high-speed stretching of a material, with a high frequency (1-2 kHz) oscillatory process
superimposed on it, which corresponds to the natural frequency of the testing machine. Structurally,
this is achieved in the following way: in addition to the external circuit (loadable frame of the testing
machine), an internal circuit is introduced into the testing machine. The internal circuit is the simplest
statically undefined structure in the form of three parallel elements that are loaded simultaneously:
the central specimen and two satellite specimens (brittle samples) of different cross section made of
hardened steel 65 G or U8-U12. When this structure is tensioned, the satellites are destroyed and
pulsed energy is introduced into the material of the specimen under study. Satellites can be included
in the work at any stage of preliminary static stretching, thus it is possible to investigate the effect of
the pulsed energy introduction on the degradation of mechanical properties by observing the material
damage in the process of static stretching. The average value of the force of failure of the satellite
samples is 113.6 kN, dispersion of the force of failure of the satellite samples is 21.15 kN?, the dispersion
of the &y is 0.06%. By changing the initial diameter of the satellite specimens, it is possible to adjust
the intensity of the impulse introduction of force energy into the material. For each condition, three to
five specimens were tested. Static tests of specimens were carried out according to ASTM ES8M-04 [24].

The mechanical properties of the alloys in the initial state are given in Table 1.

Table 1. Mechanical properties of titanium alloys VT23 and VT23M.

Mechanical Properties

Titanium Alloys
oys, MPa Ous, MPa S, %
VT23 980-1180 1080-1280 15
VT23M 1000-1150 1080-1180 20

Mechanical tests were performed on specimens (Figure la) from industrial titanium sheet
alloys VI23 and VT23M with a thickness of 3 mm. The strain measurement base was 16 mm.
Figure 1b shows a test specimen with initial central circular holes with a diameter of 0.8 mm for
crack resistance investigations.

Modes of mechanical testing of specimens from alloys VT22 and VT22M are given in Table 2.

The chemical composition of the VT23M alloy is virtually the same as that of the VI23 alloy
(see Table 3). However, the mode of thermal treatment is different; this fact has a significant effect on
the improvement of plastic properties of the VI23M alloy, compared with the VT23 alloy (see Table 1).
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Figure 1. Specimens: for mechanical tests at static loading and DNP (a) and for crack resistance
investigation (b); A—hole with a diameter of 0.8 mm.

Table 2. Testing modes for specimens from high-strength titanium alloys VT22 and VT22M.

. . Preliminary Static Impact Loading,
Titanium Alloys Scheme of Loading Deformation, e, % Fipps kKN
Static tension (No. 19) - -
Static tension—-DNP-Static
— stretching (No. 28) 0.367 122
Static tens%on—DNP-Stahc 0322 125
stretching (No. 31)
Static tension—DNP-Static
stretching (No. 27) 0-363 125
Static tension (No. 33y) - -
Static tension—DNP-Static
stretching (No. 42y) 0.031 %
Static tension—-DNP-Static
stretching (No. 37y) 0.025 76
Static tension—DNP-Static
stretching (No. 40y) 0.046 103
Static tension—DNP-Static
stretching (No. 41y) 0.034 106
Static tens%on—DNP—Stahc 0.093 105
stretching (No. 2y)
VT23M . . .
Static tension—DNP-Static 0.288 108
stretching (No. 7y) ’
Static tension—DNP-Static
stretching (No. 5y) 0.585 85
Static tension—-DNP-Static
stretching (No. 4y) 0.754 98
Static tension—DNP-Static
stretching (No. 3y) 0.852 92
Static tension—DNP-Static
stretching (No. 39y) 1488 77
Static tension—-DNP-Static 375 91

stretching (No. 32y)

Table 3. Chemical composition of titanium alloys VT23 and VT23M.

Titanium Alloys Fe Cr Mo V Ti Al
VT23 06 12 20 43 869 5.0
VT23M 07 11 22 45 867 4.8

To estimate the percentage of ocand 3 phases in titanium alloys VI23 and VT23M in the initial state,
we used X-ray examination. X-ray examination was performed in monochromatic Cu-K« radiation on
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a DRON-UMI1 diffractometer (JSC Bourevestnik, St. Petersburg, Russia). As a monochromator, a single
crystal of graphite was installed on a diffracted beam. The diffractograms were taken by step scanning
in the range of angles 20 10-90°. The scan step was 0.05° and the exposure time at a point was 3 s.
The data of the diffractometric experiment were processed using a program for full spectrum analysis
of X-ray spectra from a mixture of polycrystalline phase components Powder Cell 2.4. In full-profile
analysis of diffraction patterns, the texture patterns were taken into account using the March-Dollase
model [25,26]. The correction for the intensity of any hkl maximum in this model was performed by
introducing an effective repetition factor Myy:

m —3/2

Mg =Y (T2 -cos® g; + 71 - sin? qoi) 1)
i-1

where T is the correction factor of the texture, m is the crystallographic repetition factor for this family of
equivalent planes {hkl}, ¢ is the smallest value of the angle between the normal to this plane (hkl), and
the specified texture vector. According to Equation (1), in the absence of the texture T =1,at0 <7< 1,
we have My > 1 and the intensity of the maximum of hkl becomes greater in comparison with the
non-textured specimen, and for T > 1, My < 1.

For conducting metallophysical studies, electronic scanning microscopes JEOL JSM-6610nx (JEOL
Ltd., Tokyo, Japan) and REM-106I (JSC SELMI, Sumy, Ukraine) were used. The comparison of the
fracture surfaces was carried out at commensurate (but not always the same) magnifications, taking
into account the well-known methodological aspects [27-29]. This made it possible to establish the
main laws of fracture at the macro-, meso-, and micro- levels [30,31].

3. Results and Discussion

The results of the diffractometric study have shown (Figure 2) that in the titanium alloy VT23,
B-phase occupied 43% by weight, x-phase was 57% by weight, and in the titanium alloy VT23M,
-phase occupied 22% by weight, x-phase was 78% by weight. Characteristically, both of the phase
components in the specimens have a texture along the crystallographic direction (002). The latter may
be due to the rolling of specimens or other mechanical effects applied to them.

Attention should be paid to the values of periods of the phase lattice in the investigated specimens
of alloys. Thus, in the transition from the specimens of the VI23M alloy to the specimens of the VT23
alloy, the volume of the elementary cell of the alpha-Ti hexagonal lattice decreases from 34.84 A3 to
34.58 A3, and for the elementary cell of the beta-Ti cubic lattice, the volume decreases from 33.49 A3
to 33.08 A3. Such changes may be due to the substitution of titanium atoms with atoms of a smaller
atomic radius or the formation of a certain number of vacancies in crystalline lattices.

Previous experiments on specimens from the VI23 and VT23M alloys have shown that loading
conditions, in which the total stress in the specimens subjected to the preliminary tension and additional
pulse loading does not exceed the yield strength of the alloys, virtually do not lead to an increase in
plastic deformation of the alloys during repeated static stretching. In some cases, there was even a
decrease in plastic deformation by up to 10% compared with the initial state.

Therefore, the technique of further testing was as follows. The series of specimens from the VI23
and VT23M alloys, were successively loaded with static tension to an initial load of 8.0 kN and further
with a step of 2.0 kN. With these fixed static loads, the specimens were subjected to a predetermined
additional force pulse load Fj;;, = 45-50 kN. In the process of impulse introduction of energy into
the alloys, the jumps of plastic deformation ¢y, were recorded; after the realization of the DNP,
the specimens were completely unloaded. Next, all the test specimens were statically stretched again
until failure, and the ¢;mn, parameter was used to determine the effect of the pulsed energy input on an
increase in plastic deformation of the alloys in comparison with the initial state.
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Figure 2. Results of diffractometric study on the evaluation of percentage of « and 3 phases in the
studied titanium alloys: (a) VI23M alloy (p-phase occupied 22% by weight, x-phase was 78% by
weight); (b) VT23 alloy (3-phase occupied 43% by weight, x-phase was 57% by weight).

3.1. VT23 Alloy

3.1.1. Effect of DNP

6 of 18

Stress-strain curves of the specimens under various test conditions were recorded (Figure 3).
Based on these data, their mechanical properties were determined. It was shown that for specimens
after DNP, plasticity increases and the relative parameter A increases to 34.33%, see Table 4. It should
be noted that for all deformation schemes, the conventional tensile strength remains almost unchanged

and varies in the range from 1129 MPa to 1170 MPa under static loading.

1200

1000

0 5 10 15 20 €, %

Figure 3. Stress-strain diagrams of the tested specimens from alloy VI23 (loading modes are given in

Table 2).
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Table 4. Parameters of deformation and fracture of specimens from alloy VT23.

Alloy Scheme of Loading oy, MPa  Failure Strain, g¢, % A = (epNp — E£st)/ €™ X 100%

19 1129% 15.7 0
28 1116 164 439
V123 31 1170 19.8 26.17
27 1107 211 3433

*¢r—failure strain of the specimen during static failure.

Figure 4 shows the generalized dependence of ¢p,5¢ from ¢imy, for a series of tested specimens
from alloy VT23. The results obtained allow us to draw two important conclusions:

25
31 27
= .
" . 2
20 —— 4 & lele
15 ¢~ s
2 % 28
%10
o
)
d
0
0 2 4 6 imp, %

Figure 4. Dependence of plastic deformation of specimens from titanium alloy VT23 under
static stretching (€plast) ON impulse deformation (gjmp) obtained under dynamic non-equilibrium
processes (DNP).

Firstly, in the case when the VT23 alloy deforms plastically during the impulse introduction of
energy, there is always an increase in plastic deformation under repeated static stretching compared
with the initial state. Secondly, the very degree of plastic deformation in the process of impulse
introduction of energy is an indicator that shows an increase in the plasticity of the alloy.

Data shown in Figure 4 allow us to justify the optimal mode of impulse introduction of energy for
maximizing the plastic deformation of the VI23 alloy compared with the initial state. Conventionally,
the graph can be divided into 3 sections:

Stage 1 (before €imp = 3.0%) is the section showing an increase in the deformation of specimens
with an increase in the deformation of the impulse loading.

Stage 2 (before ¢imp = 3.5-5.0%) is the section of the “optimal” plastic deformation; plastic
deformation of the titanium alloy VT23 can be increased by 30-35%.

Stage 3 (before &jmp = 5.0-7.0%) is the section showing a decrease in the influence of DNP with an
increase in the deformation of impulse loading.

3.1.2. Fractographic Analysis of Failure of the VI23 Alloy

The regularities in the growth of plastic deformation under the impulse introduction of energy
into the VT23 alloy are confirmed by the data of the fractographic analysis of the fracture surfaces of
specimens from titanium alloy VT23.

Fractures of specimens tested under deformation schemes 19 and 27, the stress-strain diagrams
of which are significantly different (see Figures 5 and 6), were analyzed. The analysis of fracture
surfaces of these specimens shows significant differences in their morphology. Thus, the analysis of
the specimen failure under static stretching (curve 19 in Figure 3) indicates that in the central zone of
the specimen, fracture occurred by the mechanism of separation, and on the near-surface sections it
occurred by the mechanism of shear, with the formation of “micro-steps” and local micro-tears of the
material (Figure 5a).



Metals 2019, 9, 80 8 of 18

d)

Figure 5. Fracture surface of the specimen from the VT23 alloy under static stretching (curve 19 in

Figure 3) obtained at macro-(a,b) and micro-(c,d) levels.

With a small magnification, the fracture looks “flattened”. With a certain assumption it can
even be stated that this type of fracture is inherent in the low-energy fracture. It was found in the
microanalysis that the surface was formed by a plurality of quasi facets measuring 2-5 um (Figure 5b),
the boundaries of which appear to be rather brittle, as evidenced by the absence of a viscous border
consisting of microdimples (Figure 5c,d).

Figure 6 shows the fractograms of the fracture surfaces of the specimen from the VT23 alloy
tested under loading scheme 27 (see Table 2), which was previously subjected to the impulse loading.
It is noticeable that the fracture has significant distortions in the cross-section, indicating a significant
localization of plastic strains during deformation and fracture (Figure 6a,b). It should be noted that the
relief indicates the presence of shear, separation, and even rotational microstrains [32-34]. In addition
to the traditional microfacet relief, the longitudinal gaps (Figure 6c,d) were found in the fracture,
which, in our opinion, provided for an additional resistance of the material to fracture.

These gaps were formed during the crack propagation in the direction transverse to the rolling
direction of the sheet, from which the specimens were made. The shape of the microfacet is close
to the circular one, which allows us to consider them as micro-dimples with a flat bottom. Thus,
the fractographic features of specimen fractures indicate an improvement in the plastic properties of
the VT23 alloy after the DNP realization at the microlevel.
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Figure 6. Fracture surface of the specimen from the VI23 alloy previously subjected to impulse loading
(curve 27 in Figure 3) obtained at macro-(a,b) and micro-(c,d) levels.

3.1.3. Alloy VT23M

For the VT23M alloy, it was impossible to significantly increase plastic deformation after the DNP,
as shown in Table 5.

Table 5. Influence of impulse loading modes for testing specimens from the VI23M alloy on changes
in the mechanical properties of the alloy.

Alloy Scheme of Loading oy, MPa  Failure Strain, €5, % A = (gpnp — Egst)/E5st™ X 100%

33y 1086 211 0
12y 1092 15.9 2502
37y 1102 16.8 2067
40y 1114 17.2 —18.64
41y 1095 183 ~13.29
2y 1094 21.7 2.60
VI2sM 7y 1093 23 5.39
5y 1101 215 1.70
e 1104 19.3 8.65
3y 1115 18.9 1079
39y 1131 12.8 -39.36
32y 1125 3.0 ~86.05

* gqp—failure strain of the specimen during static failure.

A slight increase in plastic deformation was observed only in a narrow range of jumps of plastic
deformation &;mp.
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It should be noted that curve 33y, which corresponds to static stretching of the specimen in the
initial state, and curves 2y, 5y, and 7y, which correspond to specimens subjected to the additional
impulse loading in the range of jumps of deformation &jmp = 0.2-1.0%, are close in shape. However,
the resistance of the alloy to deformation at the stage of damage accumulation after the DNP improves
significantly (stress-strain diagrams 2y, 5y, and 7y are located above the descending curve 33y).
In addition, one should pay attention to the stability of the mechanical properties of the alloy after the
impulse introduction of energy into the alloy (stress-strain curves 2y, 5y, and 7y are virtually identical).

Figure 7 presents individual stress-strain diagrams of the investigated specimens from the VT23M
alloy and Figure 8 presents some generalized results of experiments on the impact of the impulse
introduction of energy into the VT23M alloy within the strain range ¢ = 0.025-3.75% on the general
deformation of the alloy with subsequent static stretching (see Table 5).

1200
1000
< 800
[
; 600
o
400
200
0 !
0 5 10 15 20 25
e, %
Figure 7. Stress-strain diagrams of the tested specimens from the VI23 alloy (loading schemes are
described in Table 5).
25
static stretching
20 -
°\°. 15
3
" 10 < 325
0
0 1 2 3 4
Eimp, %

Figure 8. Dependence of plastic deformation of specimens from titanium alloy VT23 under static
stretching (Eplast) on impulse deformation (&imp), obtained under DNP.

3.1.4. Fractographic Analysis of Failure of the VI23M Alloy

Fractures of specimens tested under loading schemes 5y and 33y (see Table 2) were compared to
reveal certain differences in failure of the VI23M alloy. Fracture surface of specimen 33y was formed
by the brittle-ductile mechanism, it was covered with macro-scale band-like striations oriented along
the longer edge of the specimen (Figure 9a). The microrelief was formed by shallow dimples with
distinct “sharp” boundaries. At a higher resolution, it was established that the material was fractured
by the typical viscous mechanism due to the origin and growth of cavities with the dimple relief,
which were formed due to the extraction of interstices between them up to rupture (Figure 9b,d).
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However, deformation processes on the boundaries between the dimples show that microplasticity
was exhausted fast enough and the boundaries between the dimples were formed by the brittle
mechanism. Sharp edges of the dimples indicate the brittle mechanism of failure after the material
plasticity was exhausted (Figure 9c). The lateral surfaces of the dimples are smooth and brittle (as if
formed by spalling).

Figure 9. Fractograms of the fracture surface of the specimen from the VT23M alloy subjected to static
stretching, 33y (a—c) and to DNP, 5y (d—f).

At the macro level, the fracture surface of specimen 5y is smoothed (Figure 9a), and covered
with individual microcracks caused by lamination (Figure 9e). At high magnifications, it can be
seen that the surface is covered with small dimples. The specimen surface after the DNP is more
uniform and organized, the dimples are smoothed (Figure 9). In addition, it can be seen that dimples
have approximately the same size in contrast to deformation scheme 33y, which is characterized
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by dimples on the surface ranging from 2.0 to 12 um in size. The obtained results on the impulse
introduction of energy into the VI23M alloy also show that technological improvements of the initial
structure of two-phase high-strength titanium alloys reduce the effects that lead to an increase in
plastic deformation due to the impulse introduction of energy.

However, this does not mean that other plastic properties of the VI23M alloy do not improve
with the impulse introduction of energy. The obtained results on the impulse introduction of energy
into the VI23M alloy also show that technological improvements of the initial structure of two-phase
high-strength titanium alloys reduce the effects that lead to an increase in plastic deformation due to
the impulse introduction of energy.

3.1.5. Impact Toughness of the VI23M Alloy

A significant influence of DNP on the impact toughness and crack resistance of the alloy was
found. For a comparative evaluation of the effect of DNP on the impact toughness, we made cuts
of identical shapes on specimens after the DNP (gjmp = 0.2-1.0%) with identical levels of plastic
deformation under static stretching (Figure 10). Next, the specimens were tested on the impact testing
machine PSW-30.

Figure 10. Shape of the cut on a specimen.

The corresponding test results are shown in Figure 11. When comparing the results of the tests,
it can be noted that impact toughness of the VI23M alloy after the DNP has increased by at least
20% (see Figure 11). The fractographic analysis of specimen fractures subjected to impact toughness
tests under schemes 33y (Figure 12a—c) and 48y (Figure 12b—d) has been performed. It indicates an
improvement in the energy-intensive properties of the alloy after the realization of DNP.

100 -
&
L
= 50 -
-
2
0
1 2 3 5 6 7
Initial state After DNP

Figure 11. Impact toughness of the VT23M alloy for impact testing in the initial state and after DNP.

The specimen studied by test scheme 33y is characterized by a fibrous fracture surface, i.e.,
the surface has less roughness and is “smoothed” (Figure 12a). Small, shallow, and equilibrium
dimples were formed in the zones with weakened bonds between structural components (Figure 12b,c).
The partitions between these dimples were formed by a typical ductile mechanism. The morphological
analysis of the fracture surface of specimen No. 48y indicates a significant effect of shear processes on
the formation of a breakage. The central part of the fractures is oriented normally to the propagation
direction of the main defect, however, it is bordered on the right and left by sections formed as a result
of macro-shear (Figure 12d). A decrease in the size of dimples is noticeable compared to static fracture,
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along with their greater disorder (Figure 12e). The shape of dimples varies from round to elongated,
which results from the propagation of the main defect and the stochastic process of coalescence of
dimples (Figure 12f).

Figure 12. Fractograms of fractures of specimens from the VT23M alloy subjected to impact toughness
tests under schemes 33y (a—c) and 48y, &imp = 0.6% (d—f).

The partitions between these sites with dimples of different shapes are formed by a typical
ductile mechanism, with the formation of breakouts and deformed sections of the fracture surface.
After the realization of DNP, the number of microdefects increases in the alloy, which contributes to
the formation of a greater number of micropores, however, their sizes are smaller than those formed
under static deformation [35-38]. Significant density of pores contributes to an increase in the energy
expenditures for fracture.
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3.2. Method of Complete Diagrams

Unfortunately, the use of standard stress-strain diagrams after a complex combined loading mode
does not allow us to assess the cracking strength of the material, which is important for practical tasks.

To study the complete set of mechanical properties of titanium alloys subjected to a combined
loading mode, including the characteristics of crack resistance, a new method for investigating the
material fracture kinetics, the so-called method of complete stress-strain diagrams, was used in this
research. In this paper, the authors do not use “true” stress-strain diagrams, since when testing flat
specimens from plastic materials, it is hard to define the actual cross-sectional area of the specimen at
the time of the macrocrack start. This is due to the different values of the local plastic strains of the
specimen in three directions of deformation. These features are analyzed in detail in [39,40].

This method was theoretically and experimentally substantiated by Lebedev and Chausov [39,40].
They were the first to develop a new criterion of crack resistance K, based on the analysis of complete

stress-strain diagrams.
Ky =/Sk-Al,-E (2)

Here, Sy is the actual resistance of the material to tearing; Al,, is the specimen elongation at the
growth stage of the separating macrocrack normalized to the cross-sectional area of the standard
specimen; E is the Young’s modulus of materials.

When implementing a complete stress-strain diagram, the stability of the processes of deformation
and fracture of materials is provided at all stages, including the stage of the formation and growth of
the macrocrack in the material [41-43].

It is very essential that when using the method of complete stress-strain diagrams, all the complex
combined loading operations are performed on the same standard small-size specimens, and the same
specimens are finally evaluated for changes in the mechanical properties of titanium alloys under
subsequent static stretching, including the characteristics of crack resistance.

In the process of recording complete stress-strain diagrams of sheet materials, various
micromechanisms of fracture associated with the formation of an internal separating macrocrack
in the sheet material occurred, which protrudes to the lateral surface of the sheet material leading
to the formation of a through macrocrack that propagates across the width of the specimen [40].
Therefore, there appeared to be some difficulties in identifying the self-similar growth of the separating
macrocrack [41].

Thus, the authors have improved the technique of studying the crack growth in sheet materials
using the method of complete stress-strain diagrams [41-43]. In the proposed method, the technical
possibility of providing the continuity of the fracture micromechanism of the titanium alloy by type
I + III is ensured by making identical central circular holes in specimens (Figure 1b). In this case,
the self-similar growth of the macrocrack is provided by the mixed type (I + III) [44—47]. At the same
time, the initial, almost straight descending sections are recorded on complete stress-strain diagrams.
In this case, the impact of the impulse introduction of energy into the material on the static crack
resistance is evaluated with an absolutely identical mixed type (I + III). Since in real sheet structures
with sufficiently long macrocracks this is one of the main types of fracture, the proposed method
allows to reliably estimate a change in energy expenditure for the crack propagation by type (I + III)
depending on any complex combined loading compared to static stretching. Thus, taking into account
a change in the inclination of the straight descending branch of the stress-strain diagram, one can
unequivocally state a change in the crack resistance of a particular sheet material depending on the
temperature-force loading conditions, compared with the standard static stretching (Figure 13). Since in
the process of testing under this technique the “necks” are practically not formed in specimens from
sheet two-phase high-strength titanium alloys, and the macrocrack starts in the alloy in conditions of
low plastic deformation, it is easier to use value oy = F;./ A instead of value Sy in Equation (2), where
Fy is the load applied to the specimen at the time of the macrocrack start in the alloy, Ag is the initial
cross-sectional area of the specimen from the alloy.
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Figure 13. Complete stress-strain diagrams of specimens from the VT23M alloy in different states: 14y,
in the initial state; 46, after DNP (simp =2.2%).

Table 6 presents the data on determining the crack resistance K, for the VI23M alloy in the initial
state (sc. of loading No. 14y) and after DNP (sc. of loading No. 46y). The analysis of the data shows
that after the realization of DNP, an increase in the crack resistance of the VI23M alloy to 13-19%
is noted.

Table 6. Value of crack resistance parameter K, for the VT23M alloy in different states.

Scheme of Loading Al,, mm ok, MPa E, GPa K, MPa \/m

46y 1.24 1102.7 120 405.7
14y 0.90 1089.5 112 331.8

The completed set of experimental studies confirmed the positive effect of the impulse
introduction of energy on the improvement of the plastic properties of sheet high-strength two-phase
titanium alloys VT23 and VT23M. It should be emphasized that the use of impact-oscillatory loading
practically does not lead to a marked decrease in the strength properties of the alloy.

4. Conclusions

A simple technological method is proposed and tested experimentally, which allows improving
the mechanical properties of sheet two-phase high-strength titanium alloys VI23 and VT23M on the
finished product (rolled metal) due to impact-oscillatory loading.

It is shown that plastic properties of two-phase high-strength titanium alloys V123 and VI23M
are very sensitive to the effects of impact-oscillatory loading with a loading frequency of 1-2 kHz,
in which dynamic non-equilibrium processes with self-organization of the structure are realized in the
alloys. The assumption that the positive or negative effect of DNP on changes in the plastic properties
of two-phase titanium alloys are due to impact-oscillatory loading, which depends first and foremost
on the initial parameters of the structure of the titanium alloy. In particular, the best effects to increase
the plastic properties due to impact-oscillatory loading are realized on the VI23 alloy with a higher
initial content of the plastic f-phase.

It is established that under optimal modes of impact-oscillatory loading it is possible to increase
the ductility of the VT23 alloy by 30-35%, that of the VI23M alloy by 5%, and also to improve the
impact toughness of the VI23M alloy by 20% and increase the crack resistance of the VI23M alloy by
13-19%.

Of particular importance is the fact that all the detected effects to improve the plastic properties of
the investigated titanium alloys due to impact-oscillatory loading were recorded at a room temperature.
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