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Abstract. This study investigates the effect of zirconium on the superplastic properties of titanium alloys at various tem-
peratures and strain rates. It has been established that zirconium significantly influences the strain rate sensitivity coefficient
(m), mechanical stability, and plasticity. At elevated temperatures, zirconium-containing alloys exhibit a stable m-value within
a specific strain rate range, followed by a sharp decline. In contrast, zirconium-free alloys show a gradual decrease in m as the
strain rate increases. The optimal temperature-strain rate conditions for superplastic deformation depend on zirconium content.
Alloys with lower zirconium concentrations demonstrate high plasticity at moderate temperatures and intermediate strain rates,
whereas alloys with higher zirconium content require lower strain rates to achieve uniform deformation. Beyond a certain
threshold, an increase in zirconium content results in reduced plasticity and strain localization. Additionally, zirconium in-
creases flow stress, while higher temperatures contribute to its reduction; however, this is accompanied by grain coarsening,
which negatively affects mechanical properties. Microstructural analysis using scanning electron microscopy revealed that
after superplastic deformation, all investigated alloys develop a fine-grained structure consisting of equiaxed a- and B-grains.
The average grain size increases compared to the initial state, indicating dynamic recovery and recrystallization processes. The
results confirm the feasibility of using these titanium alloys in superplastic forming technologies. The identified correlations
provide a basis for optimizing thermomechanical processing parameters to achieve a balance between high plasticity and me-
chanical stability, which is crucial for industrial applications.
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1. Introduction

Severe plastic deformation (SPD) is one of the most ef-
fective methods for forming an ultrafine-grained (UFG)
structure in metals and alloys. This approach significantly
improves the mechanical properties of materials by reducing
the average grain size and increasing the density of crystal
lattice defects. As a result, SPD-processed materials exhibit
enhanced strength, fatigue limit, and superplasticity, making
them promising for applications in various industries [1-4].

In recent years, various SPD techniques have been de-
veloped to refine the structure of titanium alloys efficiently.
The most common methods include equal-channel angular
pressing (ECAP), high-pressure torsion, high-cycle impact
treatment, and multistep forging. Studies have shown that
SPD by torsion can produce an ultrafine-grained structure
with an average grain size of approximately 80 nm [5-7]. In
turn, multistep forging performed within the temperature
range of 800—400 °C facilitates the formation of equiaxed
grains with an average size of about 200 nm [8-13]. The
ECAP method, applied to bulk billets, enables the achieve-

ment of a grain size of approximately 260 nm after eight
processing cycles [14-17].

However, despite the significant increase in strength, the
formation of a UFG structure is often accompanied by a
reduction in impact toughness and fracture resistance, which
may limit the application of such materials in structural com-
ponents. To address this issue, specialized UFG structures
are being actively developed to achieve an optimal balance
between strength and fracture toughness [18-21]. One prom-
ising approach involves creating microstructural composites
consisting of «hard» and «soft» phases. In two-phase titani-
um alloys, the a-phase serves as a strengthening component,
while the B-phase enhances plasticity due to the presence of
multiple slip systems [22, 23].

Controlling the shape, volume ratio, and spatial distribu-
tion of these phases plays a key role in regulating the materi-
al's mechanical properties. The introduction of alloying ele-
ments enables targeted modifications of the phase composi-
tion and microstructure, enhancing the material’s perfor-
mance characteristics. One promising direction for improv-
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ing UFG titanium alloys involves microalloying with rare-
earth elements such as gadolinium. Studies show that gado-
linium promotes B-grain refinement and controls phase trans-
formation rates, leading to improved mechanical properties,
especially under severe plastic deformation [24].

UFG titanium alloys are of significant interest for appli-
cations under superplastic deformation conditions. Two-
phase titanium alloys are at the center of modern research
aimed at developing technological processes that utilize their
superplastic properties. It is important to note that optimizing
the temperature range for superplasticity (150-400°C) is
crucial for ensuring the high manufacturability of such mate-
rials [25]. The application of superplasticity at lower temper-
atures significantly reduces energy consumption while main-
taining high mechanical properties, making this process
particularly attractive for industrial manufacturing. For ex-
ample, low-temperature superplasticity improves the strength
characteristics and enhances the quality of thin-walled com-
ponents formed in complex geometries [26, 27].

The main mechanisms of superplasticity include grain
boundary sliding, intragranular dislocation slip, diffusion
creep, and dynamic recrystallization. A key characteristic of
superplastic flow is grain size: the finer the grain, the higher
the material’s strain rate sensitivity, the lower its yield
strength, and the greater its deformation capacity. This is
why an ultrafine-grained structure significantly enhances
superplasticity efficiency [28-46].

Additionally, studies indicate that metallic glasses can
exhibit superplastic behavior at relatively high strain rates.
This effect opens new prospects for developing materials
with high technological plasticity, capable of withstanding
significant loads without failure [47].

In prototype studies, the mechanical behavior of materials
under superplastic conditions is examined with a focus on
uniaxial tension, compression, and torsion under applied
pressure, as well as punching and compression in specially
designed dies. Based on deformation diagrams and character-
istic curves, such as the relationship between true yield
stress, strain rate sensitivity, maximum plasticity, and other
factors as functions of strain rate, it is assumed that super-
plastic behavior under certain temperature-strain rate regimes
is reasonable [28-47].

Various types of tests are conducted to study the mechan-
ical behavior of materials under superplasticity, including
uniaxial tension, compression, torsion under pressure, and
material extrusion in dies. Essential aspects of the research
include constructing deformation diagrams and characteristic
curves, which help characterize the adaptive properties of the
material and its superplastic behavior under different temper-
ature and strain rate conditions. In particular, the dependen-
cies of true flow stress ay(a), strain rate sensitivity coefficient

m(a), and maximum elongation at fracture &(a) :Il——l on
0

the strain rate can be described by the following equations:

a=é=l11=VI/I, 1)

where, &=1Inl/l,; V —the crosshead speed of the testing

machine. These curves are typically plotted in (semi-) loga-
rithmic coordinates:

lgo—Ilga,m-Iga,o-Ilga, 2)

Based on their qualitative appearance, these curves can
determine whether a material is in a superplastic state or
exhibits conventional deformation behavior. Superplastic
materials are characterized by specific deformation curves,
where an initial sharp increase in stress is followed by a
plateau with constant stress (without strain hardening), and in
some cases, even a decrease in stress.

Alloying elements such as zirconium (Zr), chromium
(Cr), and manganese (Mn) play a crucial role in achieving
superplasticity. They influence plastic deformation mecha-
nisms, enhancing structural stability and increasing plastici-
ty. Studies have shown that aluminum-magnesium alloys
with zirconium additions exhibit significant improvements in
superplasticity due to the stabilization of the microstructure
by dispersed Al:Zr particles. These particles prevent grain
growth at high temperatures, ensuring stable superplasticity
up to 525°C [48]. For example, a modified Al-Mg-Zr alloy at
500°C demonstrates a maximum elongation of 1013% at a
strain rate of 5-1072 s, making it a promising material for
applications requiring high plasticity [48].

The introduction of zirconium into titanium and alumi-
num alloys significantly lowers the temperature for super-
plastic deformation and increases the strain rate at which
high plasticity is maintained. This improves the material’s
processability, reduces energy consumption during pro-
cessing, and enhances the efficiency of forming processes.

Studying the dependence of the strain rate sensitivity co-
efficient on strain rate and temperature is an important aspect
of research, as it helps determine optimal temperature-strain
rate conditions that maximize superplasticity. This, in turn,
plays a key role in improving manufacturing efficiency and
expanding the use of materials with enhanced properties in
industrial applications.

2. Materials and methods

The study examined alloys with varying zirconium con-
tent: 0Zr, 0.5Zr, 1Zr, and 1.5Zr. Samples with the geometry
shown in Figure 1 were cut from 1 mm-thick titanium sheets
along the rolling direction.
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Figure 1. Sample geometry for superplasticity testing

The samples were tested using a ZWICK 250 universal
testing machine.

To determine the deformation conditions (strain rate and
temperature) for superplasticity testing, step strain rate tests
were conducted at temperatures of 700, 725, and 750°C. The
strain rate varied within the range of 5-107° s! to 2:102 s/,
with a step increment of 2.5-107° 57! every 2% strain.

Based on the results of the step strain rate tests, the strain
rate sensitivity coefficient (m) was determined.

m=dLno /dLne, (3)

The microstructure of the obtained samples was analyzed
using a TESCAN VEGA 3 scanning electron microscope.
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3. Results and discussion

The study of the superplasticity of the alloys was con-
ducted at constant strain rates, where both strain rate and
temperature were set based on preliminary step strain rate
tests. These tests allowed for determining the limit values of
the strain rate sensitivity coefficient (m), which plays a key
role in evaluating a material's superplasticity. The m coeffi-
cient characterizes the degree of dependence of flow stress
on strain rate and, accordingly, indicates the dominant plastic
deformation mechanism.

Figure 2 presents the dependence of the strain rate sensi-
tivity coefficient of the studied alloys on strain rate at 700,
725, and 750°C.
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Figure 2. Dependence of the strain rate sensitivity coefficient
of the alloys on strain rate at different temperatures (°C):
(a) — 700; (b) — 725; (c) — 750

At 700°C, alloys containing zirconium (0.5Zr, 1Zr, 1.5Zr)
show a similar dependence of the m coefficient on strain rate.
In the strain rate range up to 2-107 s7!, the m coefficient

remains nearly constant, indicating stability of the superplas-
tic state under these conditions. This suggests that within this
strain rate range, the dominant plastic deformation mecha-
nism is grain boundary sliding (GBS), which is active at high
grain boundary diffusion mobility.

However, when the strain rate exceeds 2-107 s, a sharp
decrease in the m coefficient is observed. This indicates a
transition from a superplastic regime to a conventional plas-
tic deformation regime, associated with the activation of
dislocation slip and subsequent material hardening. It is like-
ly that at high strain rates, grain boundary sliding can no
longer accommodate plastic deformation, leading to a de-
crease in m.

At the same time, the zirconium-free alloy exhibits a
monotonic decrease in the m coefficient with increasing
strain rate. This may be due to the lower superplasticity ca-
pability of this alloy, possibly related to limited grain bound-
ary mobility and a more pronounced dislocation-based de-
formation mechanism.

At 700°C, alloys containing zirconium (0.5Zr, 1Zr, 1.5Zr)
exhibit similar values of the strain rate sensitivity coefficient
m as a function of strain rate. In the strain rate range below
2-1072 57!, the coefficient m remains nearly constant, indicat-
ing the stability of the superplastic state under these condi-
tions. This behavior is associated with the dominant grain
boundary sliding (GBS) mechanism, which, at moderate
strain rates, ensures uniform redistribution of plastic defor-
mation without significant material hardening. However, as
the strain rate increases beyond 2-107 s7!, the m value begins
to decrease significantly, signaling a gradual transition of the
material from a superplastic state to conventional defor-
mation behavior, characteristic of dislocation slips mecha-
nisms. This phenomenon occurs because, at high strain rates,
grain boundary sliding does not have sufficient time to ac-
commodate localized plastic deformation, leading to the
activation of hardening processes.

At 725°C, all studied alloys exhibit high m values ex-
ceeding the required superplasticity threshold (0.3). The
dependencies of m on strain rate are similar to those ob-
served at 700°C, but with a wider strain rate range ensuring
stable superplastic behavior. For alloys containing 0.5-1.5%
Zr, the maximum m values are reached at strain rates around
2-107 s7', which corresponds to an optimal balance between
grain boundary sliding and dislocation processes.

The highest efficiency of zirconium in promoting super-
plastic deformation is observed at 750°C. In this temperature
range, all studied alloys exhibit similar m dependencies on
strain rate. The greatest increase in m is noted at a strain rate
of 2:107 s, where the maximum value reaches approxi-
mately 0.35.

The addition of zirconium significantly influences the
mechanical properties of titanium alloys by stabilizing the
fine-grained structure.

Superplasticity studies enabled the determination of elon-
gation values for different alloys under various temperature-
strain rate conditions, where the strain rate sensitivity coeffi-
cient m approaches its maximum values.

Figure 3 presents the tensile curves for the alloys at dif-
ferent temperatures and strain rates. All investigated alloys
demonstrate superplastic behavior, with elongation exceed-
ing 200% under the selected deformation conditions, con-
firming a significant potential for superplastic deformation.
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Figure 3. Tensile curves of alloys: a) 0Zr, b) 0.5Zr, c) 1Zr, and

d) 1.5Zr at a temperature of 725 °C

However, as the specific zirconium content in the alloy
exceeds 0.5%, elongation increases, but deformation be-
comes less uniform, and the flow stress rises. Alloys with a
lower zirconium content exhibit a weaker dependence on
strain rate and temperature, indicating better superplasticity
in these compositions.

In contrast, when the zirconium content increases to 1%
or more, a sharp decrease in elongation is observed with
increasing strain rate, indicating a deterioration in superplas-
tic behavior at high deformation rates.

A decrease in deformation temperature leads to reduced
elongation and non-uniform deformation, highlighting the
inadvisability of lowering the deformation temperature below
725°C.
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Figure 4. Tensile curves of alloys at a temperature of 750 °C
and a strain rate of 2-107 s

Increasing the deformation temperature to 750°C leads to
a significant decrease in the flow stress of the investigated
alloys, which is explained by increased dislocation mobility
and enhanced diffusion processes. However, along with this,
a decrease in deformation uniformity is observed, which may
be associated with uneven grain growth and the localization
of plastic deformation in certain zones.

Nevertheless, the increase in temperature is also accom-
panied by a reduction in elongation, which is likely due to
the intensive grain growth during deformation. At 750°C,
grain boundaries become less stable, leading to grain coars-
ening, reduced grain boundary sliding, and deteriorated con-
ditions for superplasticity. This effect is associated with a
diminished ability of the material to maintain superplastic
behavior at high temperatures, where dynamic recrystalliza-
tion and grain coalescence begin to dominate. As a result,
plasticity decreases, and the material becomes more prone to
unstable flow, as confirmed by experimental data (Figure 4).

Table 1 presents the elongation test results of the alloys
under various temperature-strain rate conditions.

The analysis of the data in Table 1 shows that the elonga-
tion of the alloys significantly depends on the temperature
and strain rate. Thus, the optimal temperature-strain rate
conditions for the 0Zr and 0.5Zr alloys are a temperature of
725°C and strain rates in the range of 251072 s™!. For the
1Zr and 1.5Zr alloys, the optimal conditions are a tempera-
ture of 725°C and a strain rate of 5-107* s™'.

Table 2 presents data on the grain sizes of the a- and f3-
phases, as well as the volume fraction of the B-phase in the
alloys after superplastic deformation under various tempera-
ture-strain rate conditions.
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Table 1. Elongation values of alloys at different temperature-
strain rate conditions

Alloy = Temperature, °C = Strain rate, c* = Elongation, %

700 2:10° 280

5-10* 450

0zr 725 2:10° 490
510° 580

750 2:10° 380

700 2:10° 380

5-10* 340

0.52r 725 2:10° 515
5-10° 510

700 2:10° 450

510 430

12 725 2-10° 240
5-10° 360

700 2:10° 400

510 550

157r 725 2:10° 360
5-10° 350

750 2:10°% 440

Table 2. Grain sizes of phases and volume fraction of p-phase
in alloys after superplastic deformation under different conditions

Temperature.  Strain Grain size = Grain size of Volume
Alloy poc ' rate. c-L of the a- | the B-phase, fraction of the
' phase, pm um B-phase, %
0Zr 725 2:10° | 1.7+0.3 22+0,3 56
5-10° | 1.6+0.25 1.8+0,15 46
0.5Zr 700 2-10% | 12+0.1 1.5+0,15 48
725 2:10° | 1.3+0.1 1.75+0.15 47
5-10° | 1.1£0.1 1.6+0.15 52
1Zr 725 5-10° | 1.2+0.1 1.5+0.1 45
5-10*  1.3+0.1 1.9+0.25 47
1.5Zr 725 5-10%  1.0+0.1 1.55+0.15 44
5-10*  1.8+0.1 23+0.2 44
750 2:10% | 14£01 25+0.25 63

As seen from Table 2, an increase in deformation temper-
ature leads to a growth in the volume fraction of the -phase.
Additionally, the grain size of the a-phase remains almost
unchanged under different testing conditions, whereas the
grain size of the B-phase increases with decreasing strain rate
and increasing deformation temperature.

To determine the mechanical properties of the alloys after
superplastic deformation, tensile tests were conducted at a
temperature of 725°C and a strain rate of 2-107 s™' (Table 3).
The samples were stretched to 100%, quenched in water, and
then subjected to tensile testing at room temperature with a
strain rate of 4 mm/min.

Table 3. Mechanical properties of alloys after 100% elonga-
tion at 725 °C and a strain rate of 2:1073 s™

Alloy @ Yield strength, MPa

Tensile strength, MPa

Elongation, %

0zr 600 620 3
0.5Zr 655 695 6
1zr 535 541 1
1.5Zr 630 650 3

From the table, it is evident that the addition of zirconium
enhances the strength characteristics of the alloys in both the
initial and superplastic states. The highest yield strength and
ultimate tensile strength values are observed in the 0.5Zr
alloy, which also exhibits the greatest elongation, indicating
an optimal combination of strength and ductility. However, a
further increase in zirconium content leads to a decline in
mechanical properties, likely due to grain growth and an
increase in the volume fraction of the B-phase.

5

In particular, the 1Zr alloy demonstrates the lowest values
of yield strength, tensile strength, and elongation, indicating a
significant reduction in ductility. To assess the impact of su-
perplastic deformation on the alloy structure, microstructural
studies were conducted using scanning electron microscopy
(SEM). Figures 5 and 6 present the microstructures of alloys
with different zirconium contents after deformation at 725°C
with strain rates ranging from 5-10#s™ to 2-1072 s,
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Figure 5. Microstructural images of the alloys after superplastic
deformation at 725°C with a strain rate of 2-10~ s (a, b) — corre-
spond to the 0Zr alloy, (c, d) — correspond to the 0.5Zr alloy,
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Figure 6 shows the microstructure of alloys with differ-
ent zirconium contents after superplastic deformation at
725°C and a strain rate of 2x1073 s7!. The alloy exhibits a
fine-grained structure, characteristic of superplastic defor-
mation, confirming the active development of dynamic
recrystallization. The equiaxed grain shape indicates uni-
form strain distribution.
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Figure 6. Microstructure images of the alloy after superplastic
deformation at 725°C with a strain rate of 5x10~ s™: (a, b)—
correspond to the 1Zr; (c, d) — correspond to the 1.5Zr
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In zirconium-free alloys (0Zr), a homogeneous two-phase
structure is observed, whereas the addition of 0.5% Zr leads
to further grain refinement due to the slowing down of grain
boundary diffusion.

In general, the structure of the alloys after superplastic
deformation consists of a dispersed mixture of equiaxed
grains of the a- and B-phases, indicating the development of
dynamic recrystallization. Compared to the deformed state
and annealing at similar temperatures, an increase in grain
growth is observed due to the influence of high temperatures
and prolonged plastic deformation. At the same time, the
fine-grained structure is preserved due to the inhibition of
grain growth by alloying elements such as zirconium. The
presence of this structure positively affects the mechanical
properties of the alloy, ensuring high plasticity and resistance
to fracture. Thus, superplastic deformation has a significant
impact on the microstructural characteristics of the alloy,
determining its operational properties.

4, Conclusions

The conducted studies have established the effect of zir-
conium content on the superplastic behavior of titanium
alloys under various temperature-strain rate conditions.
Analysis of the obtained data showed that zirconium signifi-
cantly influences the strain rate sensitivity coefficient (m),
mechanical stability, and plasticity of the alloys, as well as
the microstructural changes occurring during deformation.

It was found that at a temperature of 700°C, alloys con-
taining zirconium exhibit a stable m coefficient value within a
certain strain rate range (up to 2:1073 s™!), after which a sharp
decline is observed. In alloys without zirconium, the m coef-
ficient decreases monotonously as the strain rate increases. At
725°C, the m coefficient exceeds 0.3 in all investigated alloys
over a wide range of strain rates, indicating favorable condi-
tions for superplastic flow. With a further increase in tem-
perature to 750°C, the maximum m value (~0.35) is reached
at a strain rate of 2-107 s™!; however, this is accompanied by
grain coarsening, which negatively affects plasticity.

The optimal temperature-strain rate regimes for super-
plastic deformation were determined as follows:

— for alloys with 0% and 0.5% zirconium, the preferred
temperature is 725°C, and the strain rate is in the range of 2—
51072 s

— for alloys with 1% and 1.5% zirconium, the optimal
conditions include the same temperature (725°C) but a lower
strain rate (~5-107* s™).

All studied alloys demonstrated elongation of more than
200%; however, as the zirconium content increases above
0.5% and the temperature drops below 725°C, a decrease in
plasticity and non-uniform deformation flow is observed,
which may limit their application in superplastic processing.
Additionally, an increase in zirconium content contributes to
higher flow stress, which improves strength characteristics
but reduces the material's ability to undergo uniform elonga-
tion. Meanwhile, increasing the temperature to 750°C reduc-
es flow stress but is accompanied by grain coarsening, which
deteriorates mechanical properties.

Microstructural analysis using scanning electron micros-
copy showed that after superplastic deformation, all alloys
form a dispersed mixture of equiaxed grains of the a- and B-
phases. An increase in the average grain size compared to the
initial state is observed, indicating processes of dynamic
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recovery and recrystallization. Alloys with higher zirconium
content tend to form larger grains, which may reduce their
technological plasticity during subsequent processing.

Thus, the research results confirm the feasibility of using
the studied titanium alloys in superplastic forming processes
under specific temperature-strain rate conditions. The identi-
fied patterns allow for the optimization of thermomechanical
processing parameters aimed at achieving high plasticity and
mechanical stability, which is essential for industrial applica-
tions, particularly in aerospace, space, and medical engineer-
ing. Further research may focus on studying the effects of
additional alloying elements and pre-treatment conditions on
the mechanical properties and microstructure of titanium
alloys, which will expand their application in high-tech in-
dustries.
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Anparna. by xkymbIcTa 9pTypIIi TemrepaTypanap MeH JeopMarius KbUIaMIbIKTapbIHAa UPKOHUIIH TUTAH KOPBITHA-
JApBIHBIH aca TUIACTUKAIBIK KacHeTTepiHe acepi 3eprreni. [lupkonuiigin nedopManus KblIaaMIbIFbIHA CE3IMTAIABIK KOd(-
¢unuentine (M), MEXaHUKAIBIK TYPAKTBUIBIKKA JKOHE IUIACTUKAIBLUIBIKKA €0Yip BIKMAT €TETiHi aHBIKTaAbl. JKoFapsl Temie-
parypa >karmaiiplHia IMpKOHMH Oap KopeITmaiap Oenrimi 6ip medopmamms KbUITaMIBIKTApbIHAA M K03 duImeHTiHIH
TYPAaKThI ICHIeHiH KopceTe i, KeHiH 01 KYpT TOMEHIeH Ti. AJl IMPKOHUICI3 KOphITHanap/aa 1eopMarys >KblIIaM/IbIFbl apTKaH
caiiblH Oy1 KoadduieHT OipTiHAen a3asbl. Aca IUIACTHKAIBIK Ae(OPMaIMSIHBIH OHTAMIIBI TEMIIEpaTypPaIBIK JKOHE JKbLIJaM-
JBIKTHIK MTapaMeTpIiepi IMPKOHNUH Menmiepine O0aiiaHpIcThl 60nanpl. LInpKOHMIIH TOMEH KOHIIEHTpALUSICHl O0ap KOpBITIaiap
opTaiia TeMmmeparypa MeH JAedopMarys >KbULAaMIBIFBIHIA JKOFaphbl IUIACTUKAIBUIBIKIIEH CHIATTaNajbl, ajl ILUPKOHUHIIH
JKOFapbl Meumiepi 0ap KopbiTHaigap Oipkenki aedopMalsHbl KaMTaMachl3 €Ty YIIIH TOMEH JKbUIIaMIBIKThI Tasan ereai. ben-
rim Oip neHrelaeH ackaH LMPKOHMH MeIIepi IUIaCTHKAIBUIBIKTBIH TOMEH/ICYiHe JKoHe Ae(OpMalUsIHbIH JIOKAIU3aLUsIChIHA
okeneni. CoHBIMEH KaTap MUPKOHWM aKKBIITHIK KEPHEYAI apTThIPAJIbl, al TeMIIepaTypaHblH KOTepidyi OyJ1 KepHeyai a3airTa-
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IIbl, Oipak JoHHIH IpUIeHYiHEe ajblll Kejedi, Oyl MEeXaHHKAJIBIK KacueTrepre Tepic oacep eremi. CKaHEepIEeWTiH dJISKTPOHIIBIK
MHUKPOCKOIIHS dICIMEH JXYPTi3UIreH MHUKPOCTPYKTYPAJBIK Taliay aca IUIACTHKAIBIK AedopMarisiiad KeiiH OapibIK 3epTTel-
I'eH KOpBITIaJap/ia 3KBUAKCHI O- )KoHE -IoHAEpIeH TYpaThiH YCaK J9HAI KYPBUIBIM KaJIbIITACAThIHBIH KopceTTi. Opraia A9H
eJeMi OacTankbl KYHMEH CajbICTBIpFaH/ia apTaThIHbl aHBIKTAbL, OYJI TMHAMHKAJIBIK KaJIIbIHA KeJTy MEH PEeKPUCTAIIH3aLHs
NPOLIECTEPIHIH JKYPreHiH OuImipeai. ANBIHFaH HOTYDKENEp 3€pTTENreH TUTaH KOPBITIANAPhIH aca IJIACTHKAJIbIK KaJlbIITay
TEXHOJIOTHSUIApBIH/A KOJIaHyFa OOJaTHIHBIH JoNeNAeiai. ANKbIHIAIFaH 3aHIbUIBIKTAap Oy MaTepuaiapblH OHEPKICINTIK
KOJIIAaHBUTYBI YIIiH YKOFaphl IIACTUKAJIBUIBIK IIEH MEXaHUKAJIBIK TYPAaKTBUIBIKTEI KAMTaMachl3 €TE€TiH OHTaMIIbl TEpPMOMEXaHH-
KaJIbIK OHJICY MTapaMeTpJIepiH aHbIKTayFa MYMKIHIIK Oepei.

Hezizzi co30ep: ynompa ycak 0dHOINIK, KAPKLIHObI NIACMUKATLIK Oepopmayus, KYPolabiM, HaHoeauwemoep, aca niacmuka-
JIBLNIK, YUPKOHULL.
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AnHoTanmsi. B pabore ucciienoBaHO BIHMSHHME IUPKOHWS Ha CBEPXIUIACTHYCCKHE CBOICTBA THUTAHOBBIX CIUIABOB IIPU
Pa3IMYHBIX TEMIIEpaTypax M CKOpPOCTAX AehopManuu. YCTaHOBICHO, YTO LUPKOHHWN OKa3bIBaeT 3HAYUTEIHLHOE BIHMSHHE Ha
KO3 QUIMEHT YyBCTBUTEIHFHOCTH K CKOPOCTH AedopManyu (m), MeXaHHYECKYI0 CTaOHIBHOCTB U IUTACTUYHOCTh. B ycinoBusx
HOBBIIICHHBIX TEMIIEPATyp CIUIABBL, COJACpXKAIHe LMPKOHWH, AEMOHCTPHUPYIOT YCTOWYHMBBIA ypoBeHb KOd((dHIMEHTa m B
OIpeNIeNEHHOM AMana3oHe CKopocTel nedopmariyy, ocie 4ero MpOUCXOIUT ero pe3koe CHIKeHHe. B crutaBax 6e3 Up KOHUS
HaOIrogaeTcss IMOCTENICHHOE yMEHbIIeHUWEe Kod(p@uUIMeHTa m C yBelMYeHHWeM cKopocTd aedopmanmu. OnTHManbHbIE
TEeMIIEpaTypHO-CKOPOCTHBIE TTapaMeTphl CBEPXIUIACTUYECKON JieopMaluy 3aBUCAT OT colepikaHusl HUpKoHuUs. CIiaBbl € ero
HU3KOW KOHLEHTPALMEH XapaKTepU3yITCS BBICOKOW IUIACTUYHOCTBIO IIPU YMEPEHHBIX TEMIIEpaTypax U CPeIHHUX CKOPOCTSX
nedopmanmm, TOraa Kak cCIUiaBel ¢ 0oJiee BBICOKHM COZEP)KaHHWEM IHUPKOHUS TPeOYIOT IOHMKEHHBIX CKOPOCTEH st
o0ecrieyeHNss paBHOMEPHOCTH JehopMalui. YBEJINYEHNE COEpKaHNUs [IMPKOHMUS BBIIIE ONPENeNEHHOTO YPOBHS IPHUBOJNUT K
CHMKCHHUIO TINIACTUYHOCTH M JIOKAJIU3alluHU }Ie(bOpMaHI/II/I. B 10 *xe BpeMs HI/IpKOHI/Iﬁ TOBBIIIACT HANPSKCHUC TCUCHUSA, TOrAa
KaK YBEJIHYCHHE TEeMIIEPaTYpPhl CIIOCOOCTBYET €ro CHIDKCHHIO, HO CONPOBOXIACTCS YKPYITHEHHEM 3€pHA, YTO OTPHLATEIBHO
BIIMSIET Ha MEXaHHYECKHE CBOMCTBA. MUKPOCTPYKTYPHBIN aHAIM3 METOIOM CKaHHPYIOLIEH 3JIEKTPOHHONW MHKPOCKOIUH MOKa-
3aJI, 4TO TI0CJIE CBEPXIUIACTUYECKOW Ae(opMaly BCe UCCIeNyeMble CIUIaBbl (POPMHUPYIOT MEIKO3EPHUCTYIO CTPYKTYpY, CO-
CTOAIIYIO M3 PaBHOOCHBIX (- M [3-3épeH. YCTaHOBIICHO, YTO CPEIHHI pa3Mep 3epHa yBEIMYUBACTCS 10 CPABHEHHUIO C UCXOJI-
HBIM COCTOSHHEM, YTO CBHIETENCTBYET O IPOLIECCaxX TUHAMUYECKOTO BOCCTAHOBICHMS M peKpUcTaiuu3aiuu. [lonydeHHbIe
pe3yabTaThl HOATBEPHKIAIOT BO3MOXKHOCTh NPHMEHEHHUS MCCICAYEMbIX THTAHOBBIX CIUIABOB B TEXHOJOTHSAX CBEpXIUIACTHYE-
ckoii (hopMOBKHU. BhbIsiBIEHHBIE 3aKOHOMEPHOCTH MO3BOJISIOT ONPEAEIUTh ONTHMAIIbHBIC MapaMeTpbl TEPMOMEXaHUUECKOIl
00paboTKH, 00ECTIEeUNBAIONINE COYETAHHE BHICOKOI MIIACTUYHOCTH U MEXaHWYECKOH CTaOMIBHOCTH, YTO BaXKHO IS TPOMBIIII-
JICHHOT'O UCIIOJIb30BaHUA JaHHBIX MAaTCPHUAJIOB.

Knrouegvie cnosa: yrompamenkosepHucmocms, UHMEHCUBHAS Naacmuieckas Ooeopmayus, cCmpyKmypd, HAHOpA3Mepbl,
C8EPXNAACUYHOCYb, YUPKOHUIL.
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