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The results on investigations of mechanical properties of high-purity titanium with grains ranging from tens of nanometers up to a
few micrometers subjected to uniaxial tension, compression and microindenting are presented. Different structural states in high-
purity titanium were formed by severe plastic deformation according to the scheme «upsetting — extrusion — drawing» in combination
with annealing at temperatures of 250-550° C and quasi-hydrostatic extrusion at room and liquid nitrogen temperatures. The values
of yield strengths and microhardness for samples of high-purity titanium with grains of different sizes are determined. It was shown
that the combination of severe plastic deformation with cryogenic quasi-hydrostatic extrusion allowed to create high-purity
nanocrystalline titanium with high mechanical properties. The obtained experimental data were analyzed for the implementation of
the Hall-Petch relation and discrepancy between the values of yield strengths in tension and compression (strength differential or S-D
effect). Satisfactory fulfillment of the Hall-Petch relation for high-purity titanium in the whole range of the studied grain size values
was shown and a noticeable difference in the yield values for compression and tension was found. The values of the coefficients in
the Hall-Petch equation for deformation by tension, compression and microindenting were determined. These coefficients are
noticeably lower than the corresponding values for the industrial grades of titanium, i.e. in high-purity titanium, the grain boundaries
are weaker barriers for moving dislocations than in the industrial titanium, whose boundaries are enriched with impurities. The
features of the acoustic waves emission during compression of samples in various structural states were studied. It was concluded
that the deformation of titanium in all the investigated structural states was carried out by dislocation slip.

KEY WORDS: high-purity titanium, nanostructure, tension and compression, Hall-Petch relation, acoustic emission

Titanium and its alloys are important materials for both commercial and medical purposes [1,2]. In particular,
high-purity titanium and commercial grade titanium meet virtually all the requirements for the materials of medical
implants according to the criteria of biocompatibility, corrosion resistance, hypoallergenicity, and absence (especially in
high-purity titanium) of toxic elements [3]. However, the strength level of high alloys seems hardly achievable in pure
metals (including titanium). Currently, the only way to increase the strength properties of pure titanium is to create
fundamentally new structural states in it, which can be realized using the technology of extreme effects on solids [4].
Such effects include severe plastic deformation (SPD) and deformation at low (cryogenic) temperatures, or
cryodeformation (CD) [4]. To obtain ultra-fine grains and extremely high strength characteristics, it seems natural to
combine both considered methods of extreme impact on the material (SPD and CD) in the same technological chain [4].
Many schemes for the implementation of SPD [5-10] and CD [11-15] have been proposed. In the case of titanium, such
a combination was realized in [12—14]. The SPD application by the method of «upsetting—extrusion—drawing» with
subsequent additional drawing at liquid nitrogen temperature [13] allowed to obtain a wire from iodide titanium with
the ultimate tensile strength of 1250 MPa, which is, apparently, one of the highest values for the material of a given
purity. This strength is conditioned by small grain size, high uniformity of the grain structure and presence of high-
angle boundaries. In [16] the role of the initial grain size of high-purity titanium samples, obtained by the SPD method
and subsequent annealing, was studied in the evolution of their structure and variation of their properties under the
impact of CD by the quasi-hydrostatic extrusion (QHE) method at liquid nitrogen temperature. Such a low-temperature
deformation resulted in grains refinement in the high-purity sub-microcrystalline titanium up to nanolevel, i.e. to the
size of grains less than 100 nm.

At the same time, the information about the regularities of the variations in the properties of titanium subject to the
grain size, and about the mechanisms of metal deformation in the region of ultra-small grains is contradictory. It is
known that the yield strength of many metals and alloys increases with the decrease in the grain size according to the
known Hall-Petch relation o=co+kd"""> [17]. In some works the classical linear dependence o(d""?) was found, in the
others some facts about the absence of ¢ dependence on the grain size were noted, as well as the presence of the grain
size interval, where a decrease in the yield strength with the decrease in the grain size was observed (the so-called
“inverse” or “anomalous” Hall-Petch relation) [18]. Violation of the Hall-Petch law may be caused by a change in the
basic mechanism of the material deformation. In this regard, it is of interest to study the mechanical properties of high-
purity titanium when varying the grain size from tens of nanometers to several micrometers.

Besides, it is known [19, 20] that in some materials in the process of deformation the so-called S-D effect is
observed, which lies in the different yield strengths when they are tested in uniaxial tension and uniaxial compression.
We have no reference data about the influence of the grain size on the amount of this effect in the high-purity titanium.
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Particular data on the mechanisms of metals and alloys deformation is given by acoustic emission (AE). The
acoustic emission waves emitted in the course of the material deformation represent the processes of its dynamic
adjustment and are determined by both characteristics of the material itself (structure, chemical and phase composition,
etc.) and the conditions of its loading. However, the acoustic emission in the process of titanium deformation was
studied, mainly, using the commercial grade VT1-0 titanium [21-23] in the standard coarse-grained state [24-26].

The objective of this work was to study the influence of the structural state of high-purity titanium, obtained by
various methods (SPD, CD, annealing), on its mechanical properties in tension, compression and microindentation tests,
as well as to study the characteristics of the acoustic emission in the process of the samples compression at room
temperature.

MATERIALS AND RESEARCH METHODS
For the research iodide titanium was used, whose impurities content, according to the certificate, was as follows
(wt.%): O — 0.01, N — 0.01, C — 0.01, Si — 0.009, Fe — 0.005, Ni — 0.005, Mg — 0.004, Mn — 0.004, Al — 0.005, Cr —
0.005. After double electron beam remelting in high (1.3-107* Pa) vacuum, the hardness of the obtained ingot was
Hgp~1.13 GPa. The ratio of the electrical resistances at temperatures 293K and 77K was R293/R77=9.62. The severe
plastic deformation was realized in two stages. At the first stage the upsetting-extrusion of the initial ingot and its

subsequent drawing into the wire rod were carried out [27]. In this case the ingot was upset from @43 mm

t0J48.5 mm at room temperature (true, or logarithmic, deformation e¢,=0.24). Then, the obtained sample was placed
into the preheated muffle furnace, heated to temperature T=600°C (the heating process took 20-25 minutes),

transported to the extrusion container, preheated to 250°C, and extruded to ©28 mm (e;=1.10). One more extrusion to
@10 mm (e5=2.20) was performed in the same way as the first one, with the only difference, that the sample was heated

up to 550°C. The obtained wire rod with J10 mm was drawn to &5 mm at room temperature (e,=1.39). The total true
deformation was espp=e;terteste;~4.93.

The obtained rod with @5 mm was taken as the basis for the manufacture of the experimental samples: it was cut
into samples 25 mm long, some of which were annealed in vacuum 1.3-10"! Pa at temperatures T,,,,= 250, 300, 350, 450,
550°C for one hour to achieve different structural states. Then the samples in the initial and annealed states were used
both to study the microstructure and mechanical properties and to implement an additional stage of QHE deformation at
liquid nitrogen and room temperatures (the QHE technique was described in [28, 29]). The degree of QHE deformation
for all the samples was the same and made about 45% (the true deformation e5~0.6). The total degree of deformation of
the material, which was not subjected to the intermediate annealing, with QHE taken into account, made e;/=5.53.

The samples obtained according to the “upsetting — extrusion — drawing up to &5 mm” scheme will be referred
to as “SPD”-titanium, with the state specification (un-annealed, i.e., in the initial state, or annealed at the specific
temperature 7T,.,), the processes of quasi-hydrostatic extrusion and their results will be indicated as "QHE300" and
"QHE77", according to the extrusion temperatures in Kelvins.

The samples microstructure was investigated by transmission electron microscopy method (electron microscope
JEM-100 CX).

The microhardness H, of the samples was measured on the transverse sections using a PMT-3 microhardness
tester with the load of 0.5 N. The mechanical tests in compression and tension were carried out at room temperature on
the universal 1958-U10-1 testing machine with the deformation rate of 2-10* s™!. The samples for tension tests had a
standard shape of dumbbells with the gage section diameter of 2 mm and length of 15 mm; here the cylindrical samples
with the diameter of 3 mm and height of about 4 mm were compressed.

In the process of the samples compression, the resulting acoustic emission (AE) was investigated. To record AE
signals the eight-channel acoustic complex M400, developed at the Institute of Mechanical Engineering Problems of the
National Academy of Sciences of Ukraine, was used, which allowed recording pulses of different amplitudes [30]. ZTP-
19 ceramic piezoelectric transducer (180 kHz resonance frequency) was pressed with a special holder with a constant
force through a lubricant layer, which improved the acoustic contact, to the lower side of the sample-bearing platform.
When testing samples, after a certain time interval (from 1 to 5 s), the deformation parameters (applied load, grip
displacement) and the number of AE pulses, which were received by each of the eight amplitude counters-
discriminators of the acoustic complex, were synchronously recorded. Collection, processing and analysis of
experimental results were performed using a computer.

EXPERIMENTAL RESULTS AND THEIR DISCUSSION
Microstructure

Electron-microscopic studies of cross sections of deformed rods &5 mm showed (Fig. 1a) that the SPD scheme
application resulted in formation of the submicrocrystalline state, characterized by an average grain size (subgrain) of
about 150 nm (while in the process of warm deformation the grains were refined to 225 nm, the follow-up refinement
was caused by drawing them at room temperature). In cross-section the grains have a non-equiaxial shape, and between
them a low-angle misorientation prevails. In the longitudinal section of the rod the grains are strongly elongated in the
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direction of drawing, and their average size is 2-3 times larger than that in the cross section. In the body of grains a
rather high dislocation density is observed.

The samples, cut from the rod, were annealed isochronically for one hour in the temperature range of 250-550°C.
Annealing at temperatures up to 300°C does not cause a noticeable change in the grain size, but leads to formation of
clearer grain boundaries, the dislocation density in them decreases (Fig. 1b). In this case, predominantly small-angle
grain misorientation is preserved.

- ‘_,'kinmf L~
Fig.1. Microstructure of high-purity titanium after SPD, annealing at different temperatures and QHE at room and at liquid-nitrogen
temperatures: (a) — SPD; (b) — SPD+annealing at 300°C; (c) — SPD+annealing at 350°C; (d) — SPD+annealing at 550°C, (e) —
SPD+QHE300; (f) - SPD+QHE77.

An increase in the annealing temperature to 350°C leads to the onset of the recrystallization process and formation
of a bimodal structure with the average grains size of 150 nm and 0.6 pm (Fig.1c). Further annealings at 450° and
550°C (Fig.1d) lead to an intensification of the recrystallization process: the developed grains, having large
misorientation and clear thin boundaries, are of the average size of 4 and 9 pm in these samples, respectively.

The microstructure transformation by QHE was studied on the SPD-titanium samples with the initial average grain
size of 150 nm (Fig.1a) and on the SPD+annealing samples. The electron-microscopic studies have shown that QHE
causes refinement of the grain, but the degree of this refinement substantially depends on the treatment temperature. So,
after QHE300 the structure of high-purity SPD-titanium changed a little as compared to that in the initial state: the
average grain size made 130 nm (Fig.1e). An increased dislocation density was observed inside the grains. At the same
time, QHE77 resulted in a significant refinement of the structure, the average grain size decreased by half and made
75 nm (Fig.1f). In this case the grains in the cross section of the sample became more equiaxial. The high density of
point reflections in the micro-diffraction pattern also indicates to a significant refinement of the grains.

Mechanical properties

Figure 2 presents the obtained data on yield strength value oy, of the samples in the tension and compression
studies. The behavior of the dependences turned out to be identical: the oy, value in samples of the “SPD-+annealing”
series dropped under compression as sharply as under tension (Fig. 2, curves 1). Quasi-hydrostatic extrusion
significantly reduces the role of the preliminary annealing temperature, and this reduction is much more clearly marked
at QHE77 (curves 3) than at QHE300 (curves 2). In this case, as can be seen, titanium, which has been treated according
to the “SPD+QHE77” scheme, gives the highest value of the yield strength under compression 0y ,~810 MPa.

The hatched areas in Fig. 2 visually demonstrate the above mentioned S-D effect: it can be seen, that in all states
of the high-purity titanium under study the yield strength values under compression are higher than those under tension.
The observed difference in the values of yield strengths under uniaxial compression (oy.2.) and tension (oy.>;) determines
the value of relative S-D effect 4. It was calculated by the formula [20]:

_ 2(0'0_20 _0-0.2:) .100% - (1)
0-0.20 + 0-0.21
The 4 values calculated by formula (1) are presented in Fig.3. As can be seen, the nature and value of the S-D
effect depend on the structural state of the material. In the initial SPD samples and SPD+(350, 450)°C samples, the
value of 4 is approximately constant and makes about 10%, and then it grows sharply to =21% for the SPD+550°C
samples. The QHE300 treatment results in a more uniform, but inverse change in the value of the effect: from

A
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maximum 4~22% for the samples SPD+QHE300 to 4=5% for the samples SPD+550°C+QHE300. And finally, the
QHE77 treatment results in the loss of any significant dependence of 4 on the previous history of the samples: the effect
is almost constant, within the level of <10%.
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Fig.2. Dependences of the titanium samples yield strengths in  Fig.3. Dependences of the relative value of S-D effect on the
compression and tension on the annealing temperature and annealing temperature and processing scheme: 1 -
processing  scheme: 1 - SPD+annealing; 2 - SPD+annealing; 2 - SPD+annealingtQHE300; 3 —
SPD+annealing+QHE300; 3 — SPD+annealing+QHE77. SPD+annealing+QHE77.

The authors [31] reported on the observation of the S-D effect in commercially pure titanium, where its maximum
value corresponded to a coarse-grained state (the average grain size was about 15 um) and made 4=32%. Here, the
value of 4 decreased with grain size decreasing. Apparently, such a high value of 4 may be due to the increased oxygen
content in their material (up to 0.34 wt.%, in contrast to 0.01 wt.% in our titanium). As is known, oxygen strongly
affects the titanium mechanical properties: it increases strength, reduces ductility, and increases the value of S-D effect
[32]. In our samples a high 4=21% value was observed for the samples annealed at 550°C and having a fully
recrystallized structure and the grain size of 9 pm. At the same time, however, approximately the same 4~22% value
was determined for the SPD+QHE300 samples having the small grain size of =130 nm. This may mean that the grain
size is not the only parameter that determines the value of 4. In [16] it was shown that despite the fact, that the quasi-
hydrostatic extrusion of SPD samples at 300 K (SPD+QHE300) results in some grain refinement (130 nm as compared
to 150 nm for the SPD samples), the yield strength oy decreases. It was suggested that one of the reasons for this
anomalous effect could be a change in the stressed state and density of dislocations. Perhaps these factors also affect the
value of the S-D effect.

The obtained data on the mechanical characteristics and grain size in the studied samples of high-purity titanium
allowed representing the relationships between them in the Hall-Petch coordinates for the yield strengths in tension
(Fig.4a), in compression (Fig.4b) and for microhardness (Fig.5).
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Fig.4. Dependencies of yield strengths in tension (a) and compression (b) on the grain size of the high-purity SPD-titanium after
various heat treatments and quasi-hydrostatic extrusion at room temperature and liquid nitrogen temperature.

The presented graphs show that, despite the available scatter of data, in general the Hall-Petch ratio in the case of
high-purity titanium is satisfactorily performed over the entire range of grain sizes from 75 nm (SPD+QHE77) to 9 um
(SPD+annealing at 550°C). This means that the most likely mechanism of deformation in the entire specified region is
dislocation slip [33].
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Fig.5. Dependence of microhardness on the grain size of high-purity SPD-titanium after various heat treatments and quasi-hydrostatic
extrusion at room temperature and liquid nitrogen temperature.

Note, that the coefficients in the Hall-Petch equation for the yield strength in tension oco2=co+k d'"?
(k=0.155 MPa-m"?), in compression 6o2=0octk.-d"? (k~=0.178 MPa-m'?) and for microhardness H,=Hotk; d'">
(k=0.375 MPa-m'?) turned out to be much lower than the reference data obtained for the commercial grades of
titanium (k, makes 0.53 MPa-m'?[18] and 0.21 MPa-m'?[33] for titanium VT1-00, k;, for this grade of titanium makes
0.65 MPa-m'*? [33], and for titanium VT1-0 &, makes 0.4 MPa-m'? [34], 0.7 MPa-m'? [35] and 0.4 MPa-m'? [36]). As
long as these coefficients characterize the "ease" of plastic deformation propagation through the grain boundaries, i.e.
“transparency” of the grain boundaries for the dislocations transition from grain to grain, this result indicates to the fact,
that in high-purity titanium the “transparency” of boundaries is higher than in the commercial titanium, in which the
boundaries are enriched with impurities.

The values of oo, ooc and Hy in the Hall-Petch equations characterize the resistance (friction) stress of the crystal
lattice to the dislocation slip. For the studied titanium these values are o=200 MPa, 6o=250 MPa and Hy=1200 MPa.
These parameters turned out also lower than those for the commercial grades of titanium. Thus, according to the data by
different authors, for VT1-00 oo makes 290 MPa [33], for VT1-0, the values of Hy are 1840 MPa [33], 1500 MPa [34],
1550 MPa) [35] and 1500 MPa [36]. The lower values of these parameters in our titanium are due to the lower
concentration of the impurity atoms in the crystal lattice, which make additional obstacles to the dislocations motion.

Acoustic emission

AE signal recording has shown, that the activity, the total amount of the recorded signals and the amplitude
distribution of the signals depend on the structural state of titanium.

Figure 6 shows the AE activity curves of the titanium samples after severe plastic deformation and subsequent
annealing at temperatures of 350 and 550°C. A significant difference between these curves is observed. Thus, the AE
activity of the SPD-titanium samples after a small growth in the initial part of the loading remains very low at further
deformation.

The dependences of the AE activity after annealing of SPD-samples at temperatures of 350 and 550°C have quite a
different character. In the stage of plastic deformation, the AE activity of these samples sharply grows, and maxima are
observed on the AE curves; the absolute values of AE activity increase by an order of magnitude relative to the values
at the elastic stress section. It can be seen, that the rise of AE activity in samples annealed at 350°C starts a little later
than in the samples with 7,,,~=550°C. It should also be noted, that AE both in the initial SPD-samples and in the
annealed samples starts immediately after the deformation onset in the stage of elastic deformations.

Fig. 7 shows graphs (in absolute values) and histograms (in relative values) of the number of pulses, which were
recorded by 8 counters. Each of the counters (channels) was adjusted to record the AE signal of certain amplitude. The
upper and lower amplitudes of each counter (adjusted to the preamplifier input) were 10-20, 20-30, 30-40, 40-50, 50-60,
60-70, 70-80, and >80 uV.

The analysis showed that histograms of the AE signals distribution in amplitudes had features related to the type of
amplitude distribution and the quantitative ratio of high-amplitude AE signals to low-amplitude ones. Usually, in the
case of plastic fracture of metals the amplitude distribution has an exponential form, and the number of low-amplitude
signals always exceeds the number of high-amplitude ones. Violation of this rule in the process of material deformation
is usually associated with a change in the deformation mechanism or the onset of the formation and propagation of
cracks. In the tested SPD-titanium the amplitude distribution spectrum contains signals of both low and high amplitudes,
but the number of low-amplitude signals is greater than that of the high-amplitude ones (see Fig. 7b). But for the
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samples SPD+annealing at 350°C, the number of high-amplitude signals in the spectrum was significantly greater as
compared to the number of low-amplitude AE signals. For the samples SPD+annealing at 550°C a sharp increase in the
low-amplitude AE signals is observed in the spectrum, and the amplitude distribution is of exponential character (see
Fig. 7a).
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Fig.6. Dependence of AE activity on the titanium samples state: 1 — SPD; 2 — SPD+annealing at 350°C; 3 — SPD-+annealing at 550°C.
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The specific features of the AE activity dependence on the deformation of titanium samples during their loading
(Fig. 6) are determined by the structural state of the tested samples. Let us analyze these characteristic properties.

As noted above, in the process of SPD a submicrocrystalline state of titanium is formed with an average grain
(subgrain) size of about 150 nm. Annealing at 350°C leads to the onset of the recrystallization process and to the
formation of a bimodal structure with an average grain size of 150 nm and 0.6 pm; annealing at the temperature of
550°C leads to recrystallization and formation of grains of 9 um in size. The microhardness of the SPD titanium
samples makes H,=2.3 GPa, and, after annealing at 350 and 550°C, it is 1.7 and 1.36 GPa, respectively. Thus, the heat
treatment of SPD titanium samples results in an increase in the grain size and a decrease in the hardening (hardness) of
the metal.

Numerous experiments have shown, that the acoustic emission depends on the grain size in the metal: with the
decrease of the grain size the AE signals generation also decreases [37]. This is due to the fact that, as the grain size
decreases, the number of obstacles to dislocation slip, in the form of the grain boundaries, grows. A short distance of the
dislocations sliding and an increase in the number of obstacles to their movement result in the decrease in the rate (and,
hence, the energy) of the emitted AE pulses. This leads to a lower probability to detect the AE source when the grain
size decreases. For the metals with very fine grains, the energy of the emitted pulses may be below the threshold of the
equipment sensitivity, and the acoustic emission will not be observed until the sample is destroyed.

Hardening of titanium in the process of SPD and quasi-hydrostatic extrusion also results in a decrease in the AE
activity. The effect of hardening on the activity of titanium AE is described in detail in [38].
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Thus, the specific features of the AE activity curves for the SPD and SPD+annealing samples at temperatures of
350 and 550°C are determined by the grain size and the value of titanium hardening (hardness). Larger grain size and
lower microhardness lead to the fact, that in the samples SPD+annealing at 550°C the plastic deformation starts at lower
stress than in the SPD+annealing at 350°C samples (Fig. 6, curves 2 and 3).

The probable cause for the occurrence of specific amplitude distribution of AE in titanium samples
SPD-+annealing at 350°C, which have a bimodal structure, can be shear bands. Usually, the high-amplitude pulses are
attributed to propagation of twins, the number and "power" of which increase with the grain size rise. SPD-titanium is
characterized by submicron size grains, in which twinning is completely absent. Probably, the high level of the internal
stresses, which is inherent in SPD-titanium, is summed up with the applied external stresses, what results in the
formation of a large number of shear bands at the stage of the developed plastic deformation [39]. Elimination of these
stresses by annealing (in our case it is annealing of SPD-titanium at 550°C) prevents the occurrence of shear bands,
while the grain growth leads to the fact, that the character of the change in the AE low-amplitude component of the
titanium, annealed at 550°C (Fig. 6, curve 3), is similar to the change in the activity that was observed when studying
the acoustic emission of industrial sheet titanium in the process of its deformation [39]. It is determined by the
dislocation mechanism of deformation and the structural features: the distribution of impurities and the degree of
dislocations pinning.

To gain a more complete understanding of the detected specific features of AE signals amplitude distribution in
titanium samples after SPD and subsequent annealing, further studies are required.

CONCLUSIONS

1. Mechanical tests on uniaxial tension, compression and microindentation of high-purity titanium samples in
different structural states, formed by severe plastic deformation in combination with annealing and quasi-hydrostatic
extrusion at room and liquid nitrogen temperatures, were carried out. The microstructure of the samples is characterized
by an average grain size, which varies from 9 microns to 75 nm. The values of the yield strengths and the micro-
hardness values for the samples with different grain sizes were determined.

2. In the obtained samples a noticeable difference was found in the values of the yield strength in compression and
tension, the so-called S-D effect. The relative value of the S-D effect, 4, depends on the structural state of the material
and varies from about 10% to 21-22%. At the same time, there is no unambiguous relation between the grain size and
the value of 4.

3. Satisfactory performance of the Hall-Petch relation for the high-purity titanium in the whole range of the studied
grain size values was shown. This fact indicates that deformation at the initial stage is realized by one mechanism —
dislocations glide. The values of the coefficients in the Hall-Petch equation for tension deformation
(k=0.155 MPa-m!"?), compression (k=0.178 MPa-m"?) and for microindentation (k,=0.375 MPa-m'?) were determined.
These coefficients are noticeably lower, than the corresponding values for the commercial grades of titanium, i.e., in
high-purity titanium grain boundaries are weaker barriers for moving dislocations. Also, the values of parameters oy and
Hy, which characterize the lattice resistance to the dislocation glide, turned out to be lower.

4 Acoustic emission of the high-purity titanium samples in various structural states was studied in the process of
deformation by uniaxial compression. The analysis of the AE activity dependence on the degree of deformation and the
nature of the amplitude distribution confirms the dislocation mechanism of plastic deformation of nano- and
submicrocrystalline titanium samples. In this case, the presence of a significant number of high-amplitude AE signals in
the samples with a bimodal microstructure, obtained by severe plastic deformation and annealing at 350°C, may be due
to the formation of shear bands.
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BIIJIUB CTPYKTYPHOI'O CTAHY HA MEXAHIYHI BJIACTUBOCTI TA AKYCTUYHY EMICIIO
BHCOKOYHUCTOT'O TUTAHY 3A PI3HUX BHIIB JE®OPMAIIIT
K.B. KyTtHiii, LII. Kicask, O.C. Kaabuenko, I1.I. CtoeB, M.A. Tuxonoscbkuid, I1.0O. XaiimoBuu
Hayionanvruii naykosuti yenmp «Xaprigcokuil izuxo-mexHiunul iHCImumymy»
eyn. Axaoemiuna 1, 61108, m. Xapxie, Yrpaina
[pencraBneni pe3yjabTaTd IOCHIKEHHS MEXaHIYHHMX BJIACTUBOCTEH BHCOKOYHCTOrO TUTAaHYy 3 pO3MipaMu 3€peH BiX JAECATKIB
HAHOMETPIB 10 KiJIbKOX MIKpPOMETDIB 32 OJJHOOCHOT'O PO3TSATHEHHSI, OMTHOOCHOTO CTUCKAHHS 1 MIKpPOIHACHTYBaHHs. Pi3Hi cTpyKTypHI
CTaHH B BUCOKOYUCTOMY THTaHI Oyim cOpMOBaHI HUITXOM iHTEHCHBHOI IUIACTUYHOI Aedopmarii 3a CXEMOK «OCaIKyBaHHI-
BHIABIIIOBAHHSA-BOJIOUiHHA» B TOEJHAHHI 3 Bigmamamu npu Temmeparypax 250-550°C 1 KBa3iriIpoekcTpy3i€ro NpHu KiMHATHIN
TeMIeparypi Ta TeMIepaTypi piIkoro a3oTy. Bu3HaueHO 3HAUCHHS MEX IUIMHHOCTI 1 BEJIMYMHM MIKPOTBEPHOCTI UIS 3pa3KiB
BHCOKOYHCTOTO TUTaHy 3 Pi3HHM po3MipoM 3epHa. [lokazaHo, 10 MO€JHAHHS IHTEHCHBHOI ITacTHYHOI nedopmamii Ta KpioreHHOT
KBa3iripoeKcTpy3ii JO3BOIMIO CTBOPUTH BUCOKOUNCTHI HAHOKPUCTAJIIYHUI TUTAH 3 BUCOKMMH MEXaHIYHUMH BilacTHBOCTSIMU. JlaHi
EKCIIEPUMEHTIB MIPOaHajIi30BaHi 11010 BUKOHAHHS CIiBBiAHOIIEHHsT Xona-Iletya Ta po30DKHOCTEH BEIMYMH MEX IUIMHHOCTI HPH
ctuckanHi Ta po3rsaruenti (S-D edekr). [Toka3aHo 3a10BiIbHE BUKOHAHHS CIiBBigHOLIEHHs Xomna-IleTya 1/1si BACOKOYMCTOrO THTAHY
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B ycii 00yacTi JOCHi/UKEHHX 3HAYeHb PO3MIpPy 3€pHA i BCTAHOBICHO IIOMITHE PO3XOMKEHHS y BEIMYMHAX MEX IUIMHHOCTI Ha
CTHCHEHHS 1 po3TsirHeHHs. BusHaueno 3HaueHHs koedinieHTiB B piBHsHHI Xona-Iletua s gedopmanii po3TArHEHHSM, CTUCHEHHSIM
i s MmikpoinneHTyBaHHs. L[i koe(illieHTH TOMITHO HIKYE BIAMOBIJHHX 3HAYEHb Ul TEXHIYHHUX COPTIB THTaHy, TOOTO B
BHCOKOYHCTOMY THTaHI TpaHUII 3€peH € clabmmmu Oap'epaMu Ui PyXOMHX AWCIOKAlid, HDK B TEXHIYHOMY THTaHi, y SKOTO
rpaHuii 30aradeHi gomimkamu. 3’sCOBaHI O0COONMBOCTI eMicii aKyCTHYHHX XBWJIb 32 CTHUCKYBaHHS 3pa3KiB, IO MArOTh Pi3HHA
CTPYKTYpHHH cTaH. 3po0JICHO BHCHOBOK, IO JedopMallist THTaHy B YCIiX JOCITIPKEHUX CTPYKTYPHHX CTaHAX BiIOYBa€ThCs MIIIXOM
JIACIIOKAIIfHOTO KOB3aHHS.

KJIOUOBI CJIOBA: BHCOKOYMCTHII THTaH, HAHOCTPYKTYpa, CTHCKaHHS Ta pO3TATHEHHs, criBBinHOmeHHS Xomna-[lerya,
aKyCTHYHA eMicis

BJUSHUE CTPYKTYPHOI'O COCTOSTHASI HA MEXAHUYECKHUE CBOMCTBA U AKYCTUYECKYIO
SMUCCHIO BBICOKOYUCTOI'O TUTAHA ITPU PA3JIMYHBIX BUJTAX JTEPOPMAIIUN
K.B. KytHunii, 1.®. Kucask, A.C. Kaasuenko, I1.A. CtoeB, M.A. Tuxonosckuii, I.A. XaiimoBuu
Hayuonanenwiii nayuneiii yenmp «Xapvko6ckuil pu3uKo-mexHuuecKuil UHCMumymy
yn. Akademuuecxas 1, 61108, 2. Xapvkos, Ykpauna

IIpencraBneHsl pe3yiabTaThl UCCICNOBAHUS MEXaHMYECKUX CBONCTB BBICOKOYHCTOIO THTaHa C pa3MepaMU 3€peH OT JECSTKOB
HAaHOMETPOB JI0 HECKOJbKMX MHUKPOMETPOB IPH OJHOOCHOM DACTSDKCHHH, OJHOOCHOM CXKaTUM M MUKPOMHIEHTUPOBAHUM.
Pa3nuuHble CTPYKTYypHBIE COCTOSIHMS B BBICOKOYHMCTOM THTaHE ObUIM C(HOPMHUPOBAHBI IIyTEM HHTEHCHBHOH IIACTHYECKON
JegopManuu MO CXeMe «O0caJKa—BbIJABIMBAHHE BOJIOUYEHHE» B COYETAHHM C OTXHraMd mpu Temmeparypax 250-550°C u
KBa3UTHIPOIKCTPY3HEi IPH KOMHATHOH TeMIlepaType u TeMIepaType *KUAKOro azora. OmnpeeneHsl 3HaUeHHS IPEAEIOB TeKyIeCTH
1 BEMYMHBI MHKPOTBEPJOCTH I 0Opa3oB BHICOKOYHCTOTO THTaHA C Pa3MYHBIM pa3MepoM 3epHa. IlokazaHo, 94TO coueTaHne
WHTCHCHUBHOW IIACTHYECKOH JnedopMamuy ¢ KPHOTEHHOH KBa3UTHAPOIKCTPY3WEH IO3BOJIMIIO CO3/aTh  BBICOKOYHCTBIM
HaHOKPHCTAJUIMIECKUH THTaH ¢ BEICOKUMH MEXaHMYECKUMH CBOICTBaMU. [laHHBIE SKCIIEPHMEHTOB MPOAHAIN3UPOBAHEI HA TIPEIMET
BBINIOJIHEHUsT cooTHOLIeHHs Xoiuta-IleTya u HeCOBIaACHNs BEJIMYMH NPEJIENIOB TEKYYECTH MPU CXKATHU U pacTsvkeHud (S-D addexr).
[Toka3zaHO yZOBJIETBOPUTENBHOE BBINOJHEHHE COOTHOLIEHHs Xojuia-IleTya Uit BBICOKOYHMCTOTO THTaHa BO Bceil oOmactu
HCCIIE0BAHHBIX 3HAUEHMI pa3Mepa 3epHa M yCTaHOBJIEHO 3aMETHOE pa3iM4Me B BEJMUMHAX TPEETIOB TEKy4eCTH Ha C)KaTHE U
pactspkenue. OnpeneneHsl 3Ha4eHNsT K03GGUIMEHTOB B ypaBHeHHH Xouta—lleTua ans nedhopManuy pacTsbKEHHEM, CKATHEM H JUIS
MHUKPOUHJCHTUPOBAHHSA. DTH KO3 (HIUESHTH 3aMETHO HIMKE COOTBETCTBYIOIINX 3HAUCHUI I TEXHUIECKHX COPTOB THTaHA, T.€. B
BBICOKOYHCTOM THTaHE TPAHUIBI 3€PEH SBILSTIOTCA Ooiee crnadbiMu OGapbepaMul ISl ABIOKYIIUXCS JHUCIOKAIWMM, 9YeM B TEXHHIECKOM
THTaHE, y KOTOPOTO I'paHULBI oOoramieHHble npumecsiMu. OrnpeneneHbl 0COOEHHOCTH SMHUCCHU aKyCTHYECKHX BOJH IIPU CHKATHU
00pasIoB, IMEIOMNX PA3INIHOE CTPYKTypHOE cocTostHue. CIenaH BBIBOA O TOM, 4TO AehopManus TUTaHa BO BCEX MCCIEIOBAHHBIX
CTPYKTYPHBIX COCTOSHUSIX OCYILECTBIISETCS TUCIOKAIOHHBIM CKOJIbKCHUEM.

K/IIOYEBBIE CJIOBA: BbICOKOYMCTBII THUTaH, HAHOCTPYKTypa, CXaTHe M pacTshkeHHe, cooTHoueHue Xoia-Ilerya,
aKyCTHYEeCKasi SMUCCHS



