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Study of the Effect of Thermomechanical Treatments
on the Property of Beryllium Bronze in Order to Expand Its Application

The article is devoted to the study of the influence of thermomechanical treatments on mechanical and
physicochemical properties of beryllium bronze in order to expand its application in modern technologies.
This paper studies the influence of different modes of thermomechanical processing on the structure and
properties of beryllium bronze. The mechanism of influence of these methods on modification of alloy micro-
structure, which directly affects its performance characteristics, is described. The obtained results allow ex-
panding the areas of application of beryllium bronze in industry, aircraft construction and other sectors. And
also the main conclusions are that the introduction of advanced methods of thermomechanical processing
helps not only to improve the physical characteristics of bronze, but also makes it possible to use this material
in new areas, such as aerospace and automotive industries. The article is of importance for specialists in the
field of materials science and engineering, as it provides new data and recommendations that can improve the
processes of production and operation of beryllium bronze products.

Keywords: beryllium bronze, heat treatment, mechanical treatment, thermomechanical treatment, aging, hard-
ening, material microstructure, equal-channel angular pressing (ECAP)

*Corresponding author: Kengesbekov Aidar, aidar.94.01@mail.ru

Introduction

Beryllium bronze is a unique copper alloy containing 0.5 % to 3 % beryllium and, in some cases, other
alloying elements such as cobalt or nickel [1]. This material combines high strength, non-magnetization,
wear resistance and corrosion resistance, which makes it in demand in various industries. Due to its heat
treatability, beryllium bronze exhibits exceptional mechanical properties, including strengths up to
1400 MPa, which is far superior to other copper alloys [2]. Its thermal conductivity of 107 W/m-K is also
3-5 times higher than that of tool steel, which opens up additional opportunities for its application.

Due to its unique characteristics, beryllium bronze is used in a wide range of applications, from the pro-
duction of tools for hazardous environments to high-tech components in the aerospace industry [3]. Its non-
magnetic nature and its ability to prevent sparks make the material indispensable for the manufacture of tools
used in hazardous environments such as coal mines, drilling rigs and grain elevators. In addition, beryllium
bronze is used in electronics, production of musical instruments and devices for precise measurements, as
well as in the production of springs, contacts and bearings [4]. The main producers of beryllium are the USA,
China and Kazakhstan. In total, about 300 tons of beryllium are produced in the world per year.

BrB2 is a tin-free, pressure-treated beryllium bronze. The chemical composition of BrB2 alloy is de-
scribed in GOST 18175-78 and includes the following components: copper 96.9-98.0 %, beryllium
1.8-2.1 %, nickel 0.2-0.5 % and up to 0.5 % of impurities.

Thermomechanical treatment is an important tool to improve the properties of beryllime bronze [5]. It is
an effective tool for optimizing the properties of beryllium bronze. The development of new TMT modes
will allow to significantly expand the application area of this unique material, providing an increase in its
performance characteristics and durability. The processes of hardening, aging and plastic deformation at high
temperatures lead to changes in its microstructure, which in turn affects its mechanical and physical proper-
ties [6]. For example, the use of aging allows the formation of ordered phases in the alloy structure, which
increases its hardness and tensile strength. This makes beryllium bronze even more adaptable to different
operating conditions. Aging is a key stage of heat treatment that contributes to the hardening of beryllium
bronze due to the release of fine phases in its structure [6, 7]. This process improves the hardness, strength
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properties and wear resistance of the alloy, which is especially important for elements subjected to signifi-
cant loads. However, further strengthening of properties can be achieved by additional plastic deformation
after aging [7]. This combined treatment allows not only to increase the mechanical characteristics but also
to improve the isotropy of the material, which expands its capabilities in difficult operating conditions. Hard-
ening is an effective method for changing the microstructure of beryllium bronze, which achieves a more
uniform phase distribution and reduces residual stresses [8]. Sharp cooling after heating at high temperatures
increases strength and decreases ductility, making the alloy more resistant to stress. Additional plastic de-
formation after hardening optimizes material properties by combining high hardness with improved wear
resistance. This combined treatment is particularly important for high friction and wear applications [9].

Due to its unigque combination of mechanical, corrosion and electrical conductive properties, this mate-
rial is widely used in the aerospace, electronics, power generation and tooling industries. However, the prop-
erties of the alloy are significantly influenced by thermomechanical treatments, which can significantly im-
prove its performance characteristics.

ECAP (equal channel angular pressing) is one of the most effective methods of severe plastic
deformation (SPD), allowing to create ultrafine grain structure in materials, including beryllium bronze
BrB2. This method, as noted in IPD works, provides multiple shear deformation without changing the
macroscopic geometry of the specimen, which makes it unique for industrial applications [1]. It has been
reported in the literature that grain refinement to submicron or nanometer scale leads to significant
improvement in mechanical properties including hardness, strength and yield strength [2].

The purpose of this work is to study the effect of thermomechanical treatments on the properties of
beryllium bronze after ECAP and to analyze the changes in the microstructure of the alloy and its mechanical
properties, which will allow to optimize the treatment modes to improve the performance characteristics and
expand the areas of application of this material.

Materials and methods of experiments

Beryllium bronze alloy containing 97-98 % copper and about 2 % beryllium was used as a material for
the study. In addition to the main components, the composition may contain alloying elements such as nickel
(up to 0.5 %), iron, silicon and aluminum (up to 0.15 % each), as well as minor impurities. This alloy is
characterized by high strength and wear resistance, excellent spring properties, good antifriction characteris-
tics, as well as medium electrical conductivity and thermal conductivity. In addition, beryllium bronze is ex-
tremely ductile in the hardened state, which facilitates machining and forming.

To study the influence of thermomechanical treatment, two types of treatment were chosen to study the
change in the properties of beryllium bronze. In the first treatment variant, the samples were subjected to
hardening at 800 °C and aging process at 320 °C for 2 hours, which allows evaluating the effect of tempera-
ture influence on the structure and properties of the material. In the second variant, after the aging process,
mechanical treatment was additionally carried out to study the effect of plastic deformation on the material
already modified by heat treatment. To study the effect of heat treatment on the properties of the alloy, 9
samples with different treatments were prepared. Table shows the treatment parameters of the samples.

Table
Sample processing parameters
Name of samples Type of treatment Processing parameter
No. 1 Without treatment Initial
No. 2 Heat treatment 800 °C (hardening)
No. 3 Heat treatment 320 °C (aging)
No. 4 Mechanical treatment ECAP (4 passes)
No. 5 Mechanical treatment ECAP (3 passes)
No. 6 Mechanical treatment ECAP (2 passes)
No. 7 Mechanical treatment ECAP (1 passes)
No. 8 Thermo-mechanical treatment ECAP (4 passes) + Heat treatment (aging)
No. 9 Thermo-mechanical treatment ECAP (3 passes) + Heat treatment (aging)

All the selected processing modes are aimed at identifying the optimal conditions to improve the me-
chanical properties and structural characteristics of beryllium bronze.
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The samples were preliminarily ground using 100 to 2000 grit sandpaper and polished using diamond
paste. Then, to determine the microstructure, the samples were etched using Kroll’s Reagent (100 ml water,
1-3 ml hydrofluoric acid, 2-6 ml nitric acid).

Metallographic analysis methods using Olympus Corporation optical microscopy, OLYMPUS BX53M,
(Tokyo, Japan) were used to study the microstructure of beryllium bronze.

X-ray phase analysis. One of the popular methods of studying the structure of metals and alloys is
X-ray diffraction analysis (XRD) [10]. The X-ray diffractometer X'PertPRO from “PANalytical” (the Neth-
erlands) using CuKa radiation was used to study the structure-phase composition of the coatings. The sam-
ples were prepared according to standard methods, and the diffractograms of all samples were recorded un-
der the same conditions, which allowed a more accurate comparison of the obtained data. Imaging was car-
ried out at the following parameters: tube voltage U = 40 kV; tube current | = 30 mA, exposure time 1 s; im-
aging step 0.02°, and the investigated area of angles 20 was from 20° to 90°. The diffractograms were inter-
preted using the High Score program and PDF-4 database, and quantitative analysis was performed using the
Powder Cell computer program.

Mechanical properties were studied using hardness and elasticity tests. Different methods were used to
measure hardness, such as the Vickers method using a diamond pyramid on a Metolab 502. Measurement
parameters: load 0.025 g, dwell time 10 s. Vickers number (HV) is calculated by the formula:

Ly = 1.854P ' (1)
d,

Martens method with hardness and modulus of elasticity investigation using a load-discharge curve.
The hardness and modulus of elasticity of the coatings were measured using a FISHER SCOPE HM 2000
system (Helmut Fischer GmbH, Sindelfingen, Germany) controlled with WIN-HCUS software version 7.1.
This instrument is designed to evaluate microhardness and . other mechanical properties of materials in
accordance with the requirements of 1SO14577. The waiting time is 10 s and the loading time is 1 N. In
order to evaluate the cracking resistance of the coating under constant loads, the cracking initiation rate
(CIT) parameter was calculated. This parameter characterizes the change in indentation depth over time
under constant load and is calculated as the percentage change in indentation depth versus dwell time. The

formula for calculating CIT is as follows:

h(t)-h
C|T=L-100%. (2)

Tribological tests on the “ball-disk™ scheme. Tribological tests for sliding friction were carried out on a
TRB? tribometer (Switzerland Anton Paar Srl,). The tribological properties of the materials were studied us-
ing the standard “ball-disk” technique (ASTM G 99). A 3.0 mm diameter ball made of Si3;N, coated steel was
used as a counterbody. The tests were carried out at a load of 10 N and a linear velocity of 3 cm/s, with a
wear curvature radius of 4 mm and a friction length of 100 m. Tribological characteristics were evaluated on
the basis of wear intensity and friction coefficient.

Results of the research

Figure 1 shows microstructural analysis of beryllium bronze BrB2, from the three states, revealed sig-
nificant changes in the structure of the material in the process of heat treatment. In the initial state (Fig. 1a)
the material has a coarse-grained structure with clear boundaries, which indicates its stable state without sig-
nificant defects. After quenching (Fig. 1b), the microstructure shows pronounced signs of internal stresses
and deformation due to the accumulation of defects resulting from rapid cooling. After aging (Fig. 1c), the
structure is significantly stabilized: grains are restored, stresses are reduced, and beryllium-rich secondary
phases are formed. These changes confirm that the aging process promotes the relaxation of defects, increas-
es the orderliness of the structure and improves the mechanical properties of beryllium bronze BrB2.
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a— initial state; b — after quenching; ¢ — after aging

Figure 1. Microstructure of beryllium bronze BrB2

The results of the analysis (Fig. 2) showed that after quenching (state 2) the structure of beryllium
bronze is characterized by a significant level of defects, stresses and reduced crystallite sizes, which is re-
flected in broad and less intense peaks on the diffractogram. In the aging process (state 3), the separation of
beryllium-rich secondary phases is observed, which leads to crystallite growth, a decrease in internal stresses
and an increase in the intensity of diffraction peaks. These changes are due to the redistribution of beryllium
in the structure, which provides defect relaxation and matrix strengthening. Thus, beryllium bronze BrB2
demonstrates high hardening efficiency due to the formation of an ordered structure and secondary phases
during aging, which makes it indispensable in critical applications requiring a combination of strength and

resistance to wear.
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Figure 2. Results of X-ray phase analysis of the studied samples

The conducted studies in Figure 3 showed that after the 1st pass of ECAP, beryllium bronze retains
predominantly coarse-grained structure characteristic of the initial stage of plastic deformation, which is
consistent with similar data for other materials such as aluminum and copper alloys. At this stage, high-angle
grain boundaries begin to form and zones of local accumulation of dislocations begin to nucleate, which is
confirmed by studies of deformation processes in metals [4].

After the 2nd pass, active grain refinement and increase in dislocation density are observed, which is
associated with intensive shear and stress redistribution in the material. Similar effects have been described
in studies based on IPD of aluminum alloys, where after two or three passes the appearance of substructure
with low-angle boundaries and initial stabilization of grains were observed [5]. In the case of beryllium
bronze, this process leads to an increase in hardness and initial phase stabilization due to the redistribution of
beryllium and defects in the structure.
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At the third stage (after the 3rd pass), the grains become finer, reaching submicron size, and the
structure shows signs of recrystallization. Similar changes are described in the works devoted to copper and
its alloys, where the third pass of ECAP promotes the creation of a highly ordered ultrafine — grained
structure. For beryllium bronze BrB2, this means that the material acquires optimum properties for
mechanical hardening and improved wear resistance.

After the 4th pass, the material structure is fully stabilized, the grains reach nanometer dimensions and
defects and internal stresses are virtually absent. This confirms the fundamental theories of IPD, according to
which an increase in the number of passes leads to the formation of a stable ultrafine-grained structure with
high mechanical characteristics [6]. In addition, for beryllium bronze, improvements in properties such as
fatigue limit and corrosion resistance can be expected at this stage, as has been observed for other copper-
based alloys.

a — after 1 pass; b — after 2 passes; ¢ — after 3 passes; d — after 4 passes
Figure 3. Microstructure of beryllium bronze BrB2 after ECAP

Thus, in comparison with literature data, the results of ECAP for beryllium bronze BrB2 confirm the
general regularities characteristic of materials subjected to severe plastic deformation. The method allows to
achieve a unique combination of mechanical and operational properties, making this alloy promising for use
in critical structures.

The X-ray diffraction studies of beryllium bronze BrB2 in Figure 4 confirm the influence of ECAP on
the evolution of its phase composition and defect structure. After the 1st pass, relatively broad and less in-
tense diffraction peaks are observed, indicating the initial stage of grain refinement and an increase in defect
density. This is consistent with literature data, where it is noted that the early stages of severe plastic defor-
mation are accompanied by the formation of a large number of dislocations that begin to localize in the grain
structure [11].

At the 2nd pass the peaks become sharper, indicating active redistribution of stresses in the material and
further pulverization of the structure. The appearance of substructures with low-angle boundaries and the
first signs of recrystallization allows the material to retain high hardness while maintaining plasticity [12].
Besides, it is confirmed by the change of lattice parameters of beryllium bronze, which can be related to the
redistribution of beryllium atoms and local stabilization of the phase composition.

After the 3rd pass of ECAP, further ordering of the structure, peak intensity and reduction of line widths
are observed. This indicates significant grain refinement and formation of high-angle grain boundaries char-
acteristic of ultrafine-grained materials. Such changes in the structure are the basis for a significant im-
provement in the mechanical properties of the material, as noted for copper and aluminum based alloys in
similar studies [13].

After the 4th pass, the structure stabilizes: the width of peaks on the X-ray image decreases and their in-
tensity reaches the maximum value. This confirms the completion of recrystallization processes, redistribu-
tion of internal stresses and formation of a stable ultrafine-grained structure [14]. Similar results for other
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alloys indicate that after 4-5 passes an optimum balance between mechanical properties such as hardness,
strength and ductility is achieved [15].

Comparison with literature data shows that BrB2 beryllium bronze exhibits similar trends as other met-
als subjected to IPD, with the presence of beryllium contributing to the formation of a unique stable structure
that enhances the mechanical properties of the alloy. The data obtained during ECAP confirm the promising
potential of this method for industrial hardening of beryllium bronze, which makes it suitable for use in criti-
cal structures where high strength, hardness and wear resistance are required.
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Figure 4. Radiographs of beryllium bronze BrB2 after ECAP

Figure 5 shows that thermal aging of beryllium bronze BrB2 at 320 °C for 2 hours was carried out on
samples that underwent ECAP 1st (a) and 2nd (b) passes. Microstructural analysis has shown that after aging
the sample (a), subjected to the 1st pass of ECAP, retains a relatively coarse-grained structure with minimal
separations of secondary phases, which is associated with the initial stage of beryllium redistribution and a
moderate degree of plastic deformation. Sample (b), treated with 2 passes of ECAP, shows more pronounced
grain refinement and the presence of secondary phases formed as a result of thermal aging, which is associ-
ated with a higher degree of plastic deformation and accumulation of defects after the second pass. These
structural changes confirm that thermal aging effectively eliminates defects, redistributes beryllium and im-
proves mechanical properties, especially for samples with more intense pre-plastic deformation. This makes
ECAP treatment followed by aging a promising method for increasing the hardness and strength of BrB2
beryllium bronze.

a— sample after 1 ECAP pass; b — sample after 2 ECAP passes

Figure 5. Microstructure of beryllium bronze BrB2 after ECAP and thermal aging at 320 °C for 2 hours
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The diffractograms of the samples in Figure 6 show significant changes in the width and intensity of the
peaks. In the sample after the 1st pass of ECAP (Fig. 6a), the peaks are characterized by moderate width and
relatively low intensity, which indicates the presence of a high level of defects in the crystal lattice and the
initial stages of beryllium redistribution. Thermal aging promotes the separation of secondary phases, but
their fraction remains relatively low, which is confirmed by moderate changes in peak intensities.

The sample that underwent 2 passes of ECAP (Fig. 6b) shows a marked decrease in peak width and a
significant increase in peak intensity after aging. This indicates active release of beryllium-rich secondary
phases, as well as a significant decrease in the defectivity of the structure. The observed changes reflect the
process of stabilization of the ultrafine-grained structure formed as a result of intense plastic deformation.

Thus, the results of XRD confirm that the increase in the number of passes of ECAP promotes more in-
tensive grain refinement and accumulation of defects, which creates preconditions for the formation of hard-
ening phases in the process of thermal aging. This leads to improvement of mechanical properties of berylli-
um bronze BrB2, including increase of hardness and strength. The most pronounced changes in phase com-
position and structure ordering are observed after 2 passes of RCMP with subsequent aging, which makes
this treatment mode preferable for improving the performance characteristics of the material.
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Figure 6. X-ray phase analysis of beryllium bronze BrB2 after ECAP and thermal aging at 320 °C for 2 hours

In Figure 7, the samples numbered 1, 2 and 3 shows the results of hardness measurements before and
after heat treatment. The initial hardness of the BrB2 sample is about 150 HV, which corresponds to the
standard state of the material before heat treatment. In this state, the bronze has its initial structure, which has
not gone through the over-quenching or aging process. After quenching (Fig. 7 No. 2) at 800 °C, a stable
alpha phase with a beryllium-supersaturated structure is formed which exhibits higher hardness compared to
the initial state. Hardening helps to strengthen the metal by increasing the density of its crystal lattice, which
explains the increase in hardness. The diagram shows that the hardness of this sample is significantly in-
creased (about 200 HV), which confirms the effect of hardening. Aging (Fig. 7 No. 3) at 320 °C improves
mechanical properties, especially hardness, due to the separation of different phases from the material ma-
trix. In the case of beryllium bronze, aging promotes the formation of small crystals that strengthen the struc-
ture, increasing hardness. Although aging takes place at a lower temperature, it also leads to an increase in
hardness of about 200 HV, as can be seen in the diagram.

Thus, the increase in hardness after quenching and aging is explained by changes in the microstructure
of the material, such as the formation of harder phases and the strengthening of bonds between atoms.
Quenching at 800 °C increases hardness, while aging at 320 °C improves mechanical properties due to the
formation of stable phases that strengthen the bronze structure.
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Figure 7. Results of hardness measurement of beryllium bronze BrB2

In Figure 7 from No. 4 to No. 7, the results of hardness measurement after ECAP are shown. The test
results show that the hardness of specimen No. 4 is about 320 HV. This is the hardest specimen among the
submitted specimens, indicating that the mechanical properties of the material were improved due to the
higher number of passes during pressing. Each repeated exposure during the ECAP process improves the
structure of the material, increasing its strength and hardness. The hardness of sample No. 5 is about
315 HV. There is a slight decrease in hardness here compared to sample No. 4, which may be due to fewer
passes in the pressing process, which does not have the same effect of improving the structure as sample
No. 4. The hardness of sample No. 6 is approximately 300 HV. The fewer passes during ECAP, the less pro-
nounced is the improvement in the mechanical properties of the material. This sample has even lower hard-
ness, which may indicate insufficient densification of the material structure. Sample No. 7 has a hardness of
about 290 HV, which is the lowest value among the samples presented. The low number of passes during
ECAP may not provide a significant improvement in mechanical properties, which is reflected in the lower
hardness.

Graphs 8 and 9 in Figure 7 shows comparative data on hardness of two samples of beryllium bronze
BrB2 after ECAP and thermal aging at 320 °C for 2 hours. No. 8 sample after 4 passes of ECAP and No. 9
sample after 3 passes of ECAP.

No. 8 specimen was subjected to ECAP with 4 passes and aging at 320 °C. Its hardness is about
330 HV, indicating improved mechanical properties after five passes of pressing as well as aging. This ma-
chining process creates a finer-grained structure of the material, which increases its strength and hardness.
Sample No. 9 underwent ECAP with 3 passes and was also subjected to aging at 320 °C. Its hardness is low-
er than that of sample No. 8 and is about 315 HV. This confirms that the number of ECAP passes affects the
mechanical properties, and a lower number of passes results in a lower hardness improvement.

Figure 8 shows the results of tribological tests of BrB2 beryllium bronze before and after heat treat-
ment. Graph No. 1 of the sample shows that this sample has a coefficient of friction that varies up to 0.849,
with a mean value of 0.734. This means that the source material has moderate friction, but with noticeable
fluctuations. These fluctuations may be due to the microstructure of the material, which has not yet been sub-
jected to heat treatments such as quenching or aging.

Graphing for sample No. 2, quenched at 800 °C, the coefficient of friction varies up to 0.936, with an
average of 0.771. Quenching at high temperature increased the stability of the material, which is reflected in
the slightly higher average friction coefficient value compared to the original sample. Hardening tends to
make the material stiffer and stronger, which can lead to an increase in friction.

Graph No. 3 of a sample that underwent aging at 320 °C shows that the coefficient of friction varies up
to 0.914, with an average value of 0.764. Aging at a lower temperature increases the hardness and wear re-
sistance of the material, but the average friction coefficient is slightly lower than that of sample No. 2, which
may indicate a different type of interaction between the materials during the friction process.

The coefficient of friction of No. 4 sample varies up to 0.855, with a mean value of 0.777 and a stand-
ard deviation of 0.031. This sample shows a stable coefficient of friction with noticeable fluctuations, which
may be due to the improvement of its structure after five press passes.
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For sample No. 5, the coefficient of friction varies up to 0.896, with a mean of 0.778 and a standard de-
viation of 0.032. Sample No. 5 has similar values to sample No. 4, but slightly larger variations in the graph.
This may indicate the improved mechanical properties associated with ECAP.

The coefficient of friction of sample No. 6 varies up to 0.828, with a mean value of 0.738 and a stand-
ard deviation of 0.032. This specimen also shows a stable coefficient of friction, but its value is slightly low-
er compared to specimens that have undergone more passes, which may indicate less improvement in me-
chanical properties.

The coefficient of friction for sample No. 7 ranges up to 0.852, with a mean value of 0.738 and a stand-
ard deviation of 0.032. This graph is similar to that of sample No. 6, with the same characteristics, indicating
stable but not the highest mechanical properties.

The average value of the coefficient of friction for sample No. 8 is 0.797 + 0.04. This sample showed
moderately high variation in the coefficient of friction, with a relatively stable average value. This confirms
the improvement in mechanical properties after ECAP and aging, with the material remaining stable under
friction.

For sample No. 9, the average value of coefficient of friction is 0.818 + 0.053. This sample exhibits a
higher average value of coefficient of friction (0.818) than sample No. 8. The friction coefficient fluctuations
also remain stable, with a slightly larger standard deviation [16].
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Figure 8. Results of tribological tests of beryllium bronze BrB2

Thus, ECAP with a higher number of passes (4 and 3) improves the wear resistance and co-friction re-
sistance of the material.

Applications for this work include the manufacture of springs and spring-loaded parts for critical appli-
cations, wear-resistant components of various types, and non-sparking tools that are in demand in explosive
and aggressive environments. Due to its unique properties, this material is used in electronics, mechanical
engineering, aviation and other industries that require a combination of reliability, durability and specific
functional characteristics.

Conclusion

The conducted study of the influence of thermomechanical treatment on the properties of beryllium
bronze of domestic production allowed obtaining significant results demonstrating the possibilities of im-
proving the mechanical and elastic characteristics of this material. Four main treatment modes were studied:
aging, aging followed by plastic deformation, quenching, and quenching followed by plastic deformation.
These treatments had a significant effect on the microstructure and mechanical properties of the bronze, in-
cluding hardness.
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Microstructure analysis showed that after thermomechanical treatment, significant changes are observed
in the structure of the material: ordered phases are formed, which improve strength properties, and the grain
size is reduced, which contributes to increased hardness and wear resistance. The Martens hardness study
showed that the maximum hardness was achieved by hardening followed by plastic deformation (sample 4),
where the increase was 42.7 % relative to the initial state. Similar trends were observed in Vickers hardness
and indentation hardness measurements, where samples subjected to the combined treatment regimes showed
the highest values.

Thus, the results of the study show that thermomechanical treatments, especially combined (thermal and
subsequent plastic deformation), provide a significant improvement in the mechanical properties of berylli-
um bronze. These data can be used to optimize machining regimes in industries that require materials with
high strength, wear resistance and durability. The obtained results also open perspectives for expansion of
application areas of beryllium bronze in critical structures and units operating under conditions of increased
mechanical and thermal loads.
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Bb.K. Paxanunos, A.B. Kenecoexos, H.M. Marasos,
A.A. Kycaitnos, JI.C. Kaup6aesa, E.C. Mon6ocsiHOB

TepMoMexaHUKAJBIK OH/AeYyJepAiH OepuLInii KOJIACBIHbIH KacueTTepine
dcepiH OHBIH KOJAAHBLIYBIH KEHEHTY MaKcaTbhIH/IA 3epTTey

Makana TepMOMEXaHHKAIBIK OHACYJIEpAiH OepHIUIHH KOJACHIHBIH MEXaHUKAJIBIK XKoHE (DH3MKA-XUMUSIIBIK
KaCHETTepiHiH aCepiH 3epTTeyre apHaIFaH, SSFHU Ka3ipri 3aMaHFbl TEXHOJIOTHsUIap/ia KOJIaHy asiChIH KeHEHTy
MakcaTblHAa. KaTalo CHSAKTBI TEpMOMEXaHHMKAIBIK OHACYMIH opTypii oficTepi  erkel-Terkeiini
KapacThIppUIFaH. bynm omicTep[iH KOPBITHAHBIH MHKPOKYPBUIBIMBIH ©3TE€pTyre acep eTy MeXaHU3Mi
CUMaTTaIFaH, OYJ OHBIH JKYMBICHIHA TiKeleHd ocep erendi. AJBIHFAH HOTIDKENEp OepHIUTHiA  KOJachlH
OHEPKACINTe, aBUAKYPBUIBICTA JKOHE 0acKa Ja cananapna KOoJIaHy cajajlapblH KeHEWTyre MyMKiHIIK Oepeni.
CoHBIMEH KaTap, HETi3Ti TYKBIPBIMAAD TEPMOMEXaHHUKAIBIK OHJICYAIH O3BIK OMICTEpPiH EHTi3y KOJIAHBIH
(hu3MKaIBIK OHIMAUIITIH apTTEIPYFa FaHa eMec, OYJI MaTepHaIgbl a3pOFaphINI KOHE aBTOMOOMIIb ©HEPKACiOi
CHAKTBHl JKaHa cajajapia KoJJaHyFa MYMKIHIIK OepeTiHziriHe OaimaHbICTHI. ABTOpiap Makajiaga
MaTepHalTaHy J>KOHE MalllMHa jKacay MaMaHIapbl VIIIH ©Te MaHbI3Ibl, OHTKEHI oy Oepwuinid Koia
OyibIMIapeIH OHIIpY JKSHE MaijgaiaaHy NPOIECTEepiH JKAaKCapTaThlH JKaHA JAEPeKTep MEH YCHIHBICTapabI
YCBHIHFaH.

Kinm ce30ep: bpb2 6epunnuii Koackl, TEPMHUSIBIK OHACY, MEXaHUKAJIBIK OHACY, TEPMOMEXAHUKAIBIK OHICY,
TO3Y, KaTaro, MaTepHaIIbIH MUKPOKYPBUIBIMBL, TeHapHaJb! OypriThIK mpectey (TABIT)

b.K. Paxammnos, A.B. Kenecoexos, H.M. Mara3os,
A.A. Kycaitnos, JI.C. Kaup6aesa, E.C. Mon6ocsiHOB

N3y4yeHue BIMSIHUS TEPMOMEXaHNYECKOH 00padOTKHM HA CBOICTBA
OepuJIHeBOM OPOH3BI € LeJIbI0 paclIMpPeHHus 00J1aCTH ee IPUMEHEeHUs

B crarthe HCClEOBAHO BIMSHUE PA3HYHBIX PEKMMOB TEPMOMEXaHHUYECKOH 0OpabOTKHM Ha CTPYKTYpy U
cBOMCTBa OepmiuTHeBoil OpoH3bl. OnHcaH MEXaHW3M BO3/ACHCTBUS 3TUX METOJOB Ha MOIH(UKAIIMIO MHUKpO-
CTPYKTYPHI CIUIaBa, YTO HANPSAMYIO BIMSET Ha €ro 3KCIUTyaTAllMOHHBIE XapaKTepHCTUKH. OCHOBHBIE BBIBOJIBI
CBOZATCS K TOMY, YTO TepMOMeXaHn4yecKkas 00paboTka MoBbIIAeT (GPU3NUECKUE XapaKTepUCTHKH OpoH3bl. B
CTaThe MPE/ICTABIICHBI HOBBIE JaHHBIE M PEKOMEH/IAINH, KOTOPBIE TIOMOTYT YIIYUIIHTh IPOLECC MPOM3BOJCT-
Ba ¥ SKCIUTyaTalluy M3Jeuil N3 OepuineBoi OpPOH3bI, PaCIIMPHUTh 00JIacTH ee MPUMEHEHUs B TIPOMBIIIICH-
HOCTH, aBHACTPOCHHH M JIPYTHX OTPACIISIX.

Kniouesvie cnosa: Gepuimmesas OpoH3a, TepMuieckas 00paboTka, MexaHn4Ieckasi 00paboTKa, TepMOMEXaHH-
yeckasi 00paboTKa, cTapeHune, 3aKajika, MUKpPOCTPYKTypa MaTepuaia, paBHOKaHaJIbHOE YIJI0BOE IPECCOBAHUE
(PKVII)
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