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September 15-19, the XII International School-Conference of Physical Materials Science (hereinafter referred to
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havior under the action of various fields, cyclically changing loads, hydrogen embrittlement, corrosion damage, and other
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At the first stage, the works of participants executed as full-length papers and having passed the mandatory peer reviewing
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Abstract: The durability of industrial components is largely determined by the materials they are made of. Often, the materi-
als used must be resistant to wear, corrosion, and high temperatures. Advanced materials, such as high-strength alloy steels, are
expensive and have limited weldability, which complicates the restoration of worn components. Fe—Al alloys having high corro-
sion resistance, wear resistance, and heat resistance at a lower cost are considered as an alternative. The objective of this study is
to increase the wear resistance and heat resistance of low-carbon steel components by studying the processes of arc surfacing of
iron aluminides and their properties. The study methodology included single-arc and double-arc surfacing using aluminium and
steel electrode wires, analysis of the chemical composition of the deposited coatings, their hardness, wear resistance, and heat
resistance. The results showed that single-arc surfacing forms alloys based on FeAl; and a-Al phases with Fe,Als and FeAl; in-
clusions, while double-arc surfacing produces alloys more saturated with iron with an o-Fe matrix phase and a Fe;AlC, carbide
phase. The resulting alloys demonstrate a hardness of up to 58 HRC, a relative wear resistance of up to 2.5 units, and a weight
loss of no more than 5 % with an aluminium content of up to 20 %, which indicates their potential for use under high loading
conditions. The results confirm the feasibility of using iron aluminides as an inexpensive alternative to expensive coatings, which
expands the possibilities for increasing the wear resistance and heat resistance of components in industry.

Keywords: arc surfacing; intermetallic alloys; iron aluminides; low-carbon steel; hardness; wear resistance; heat
resistance.

For citation: Bochkarev A.G., Kovtunov A.L., Plakhotny D.I., Khokhlov Yu.Yu., Belonogov S.O., Vedeneev 1.V. Fea-
tures of arc surfacing of intermetallic alloys of the Fe—Al system on the surface of low-carbon steels. Frontier Materials
& Technologies, 2025, no. 3, pp. 11-25. DOI: 10.18323/2782-4039-2025-3-73-1.

INTRODUCTION and the cost of products, is particularly relevant. Under

The productivity and competitiveness of mining enter- conditions of intensive operational loads, the materials of
prises largely depend on the reliability and wear resistance thej parts wear out quickly, ‘f"hwh necessitates frequent re-
of the equipment in operation. The main problems faced by ~Pairs and replacement of equipment elementg.
enterprises are related to the reduction of the service life of ~ In recent decades, research has been actively conducted
components, increased downtime due to wear and tear and i the field of increasing the wear resistance of mining
breakdowns, as well as increased costs for repairs and spare  equipment. Thus, in works [1; 2] it is noted that about 50 %
parts. The problem of increasing the wear resistance of of equipment downtime is associated with the restoration of
parts subject to abrasive and corrosive wear, which directly ~the surfaces of components damaged by abrasive wear.
affects the technical and economic indicators of enterprises /AN important aspect is the use of materials with increased
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corrosion and wear resistance. For example, high-strength
medium-alloy steels (35SHGSL, 38H2NMA, 20HGSN2MFA)
are used for parts operating under high loads, but their cost
is quite high. In this regard, in most cases, more affordable
carbon and low-alloy steels are used (3, 20, 10HSND,
12H1IM steels), which have good wear resistance and are
easy to repair [3].

Particular attention is paid to the application of protec-
tive coatings, which can significantly increase the wear
resistance and corrosion resistance of parts. The literature
describes spraying and surfacing methods, such as plasma,
arc and gas-flame spraying, as well as arc metallisation [4; 5].
However, despite the effectiveness of these methods, due to
the limited thickness of the protective layers (from 10 to
200 um) and their tendency to failure under loads, their use
requires further research.

An interesting direction is the use of intermetallic al-
loys of the Fe—Al system [6; 7], which have high corro-
sion [8] and heat resistance [9], as well as the ability to
form protective coatings up to several millimeters thick.
In [10; 11], it is shown that such materials can signifi-
cantly increase the wear resistance of parts. In [12],
the mechanical properties of iron aluminides are shown
when heated to 600 °C, in [13], the results of the study
of intermetallic alloys of the Fe—Al system under high-
temperature cyclic oxidation at temperatures of 800, 900
and 1000 °C are presented, which confirms the possibil-
ity of using these materials at elevated temperatures.
In [14], the successful use of iron aluminides during op-
eration at elevated temperatures (up to 950 °C) is shown.
However, at present, the possibilities of their use for
the restoration of mining equipment parts have not been
sufficiently studied, which makes further research relevant.

Known methods of applying iron aluminides to the sur-
face of steel parts are friction application of aluminium and
iron powder [15] or application of aluminium powder only
[16] followed by annealing of the part in a furnace. Other
known methods of applying iron aluminides are self-
propagating high-temperature synthesis [17], laser cladding
[18], various spraying methods (plasma spraying, vacuum
plasma spraying, gas-flame spraying) [14].

The presented methods of applying protective coat-
ings based on iron aluminides allow obtaining coatings
with a limited layer thickness of up to 0.5 mm, which is
clearly insufficient for mining equipment components
operating under abrasive wear conditions. Another sig-
nificant limitation is the impossibility of applying
the coating in installation conditions and the lack of pro-
spects for further restoration of the coating after wear.
Therefore, despite a significant amount of research, is-
sues related to the optimisation of the technologies of
protective coating application, their durability and re-
sistance to mechanical and chemical influences remain
unresolved. In particular, the processes of formation of
intermetallic coatings on parts made of low-carbon
steels, as well as their behaviour under operating condi-
tions of mining equipment, have not been sufficiently
studied. Moreover, there is a necessity of developing
inexpensive and effective methods for restoring worn
surfaces that can ensure a long service life of parts.

The aim of this study is to increase the wear resistance
and heat resistance of parts made of low-carbon steel by
studying the processes of arc surfacing of iron aluminides
and their properties.

METHODS

The study of the processes of surfacing of Fe—Al inter-
metallic alloys was carried out by single-arc surfacing using
an aluminium electrode wire (Fig. 1) and double-arc surfac-
ing using steel and aluminium electrode wires (Fig. 2).

The authors used SvA7 solid electrode wire accord-
ing to GOST 7871-2019 as surfacing material for single-
arc surfacing and Sv-08G2S wire according to GOST
2246-70 and SvA7 wire according to GOST 7871-2019
for double-arc surfacing. The diameter of the wires used was
1.2 mm. High-grade argon according to GOST 10157-
2016 was used as a gas shield. Surfacing was carried out
on plates made of steel 20 according to GOST 1577-
2022 with overall dimensions of 160x80 mm and
a thickness of 10 mm. As the welding equipment, Mega-
tronic BDH 550 (Denmark) was used.

The single-arc surfacing modes were varied in a wide
range: arc voltage (Uarc Al) — from 10 to 30 V; surfacing
speed (Vs) — from 0.1 to 0.2 m/min; speed of aluminium
electrode wire feed (Vf/w Al) — from 3 to 6 m/min; shield-
ing gas flow rate — from 10 to 14 I/min. The torch tilt angle
(a) during single-arc surfacing was varied from 90 to 30°
with a step of 15°. The double-arc surfacing modes were
varied in the following ranges: arc voltage when using alu-
minium electrode wire (Uarc Al) — from 14 to 18 V; arc
voltage when using Sv-08G2S electrode wire (Uarc St) —
from 23.5 to 27.5V; surfacing speed (Vs) — 0.1 to
0.2 m/min; speed of aluminium electrode wire feed (Vt/w Al) —
from 3 to 5 m/min; speed of Sv-08G2S electrode wire feed
(Vf/w St) — from 3 to 4 m/min; shielding gas flow rate —
from 10 to 14 I/min. The angle of inclination of the torches
(a) for double-arc surfacing was 55°.

The geometric parameters of the welding beads were
determined on pre-etched samples (in a 20 % HNO; so-
lution) cut in cross section (Fig. 3). The measurement
was carried out using the Universal Desktop Ruler pro-
gram by setting the scale factor and subsequent meas-
urement of the width of the welding bead (e), the height
of the welding bead reinforcement (g), and the depth of
fusion penetration (%) (Fig. 3).

The influence of the electrode wire feed angle on
the stability of the surfacing process and the geometric
parameters of the deposited alloys, such as the width of
the welding bead (e), the height of the welding bead re-
inforcement (g) and the depth of fusion penetration (%)
were assessed by changing the torch tilt angle from 30
to 90° with a step of 15°.

The volume of intermetallic inclusions in the matrix alloy
was assessed using microstructure images obtained with
a microscope. Taking into account the scale factor, the vol-
ume of all inclusions in the image was measured and com-
pared with the total volume of the matrix in the same image.

The chemical composition was analysed by scanning
electron microscopy (SEM) using a LEO 1455 VP scanning

12

Frontier Materials & Technologies. 2025. No. 3



Bochkarev A.G., Kovtunov A.l., Plakhotny D.I. et al. “Features of arc surfacing of intermetallic alloys of the Fe—Al system...”

s

P d

@D

A torch with
an Al wire
(SVA7)

St 20

| 74

—O

Surfacing direction

—

Fig. 1. Scheme of single-arc surfacing of Fe—Al system intermetallic alloys with a consumable electrode
in a shielding gas environment. o, is wire feed angle
Puc. 1. Cxema 00H00Y20601 HANAABKU NAABAWUMCSA INEKMPOOOM 8 Cpede 3aUuUMHbBIX 24308
UHMEPMEMALTUOHBIX CNAA608 cucmemsl Fe—Al. o — yeon 66o0a npogonoxu

Sv-08G2S

St 20

SvA7

Surfacing direction
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Fig. 2. Scheme of double-arc surfacing with the feed of steel and aluminium electrode wires. o is wire feed angle
Puc. 2. Cxema 08yx0y20601l HANIAGKU ¢ NOOAYeli CMANbHOU U ATIOMUHUESOU NIEeKMPOOHBIX NPOBOJIOK.
o — Y201 66004 NPOBONOKU

electron microscope (ZEISS, Germany) with INCA En-
ergy-300 X-ray energy spectrometer (UK) and INCA
Wave-500 X-ray wave spectrometer (UK) units and
an HKL Premium EBSD System (UK) electron backscat-
ter diffraction recording and analysis system. The sam-
ples for the studies were ground cross-sectional surfaces
after surfacing Fe—Al beads onto grade 20 steel plates.
Due to the insufficient quality of grinding for imple-
menting the electron backscatter diffraction technique
and reliably determining the elemental composition of
the deposited metal in its various areas, chemical etching
of the grinding surface was performed with a reagent of

3 ml HF + 3 ml HNO3; + 94 ml H,0. Fig. 4 shows a dia-
gram of the selection of points for determining the chem-
ical composition of the deposited metal.

X-ray diffraction analysis (XRD) was performed on
a Bruker D8 Advance Eco X-ray diffractometer (Bruker
AXS GmbH) (Germany) with a vertical 8-0 goniometer. For
deposited samples with an uneven surface, it is preferable
to use a parallel-beam geometry shooting scheme. To im-
plement it, a Goebel mirror was installed on the primary
beam using the linear focus of the X-ray tube. Goebel mir-
ror is a multilayer heterostructure on a parabolically curved
substrate that transforms the diverging beam into a parallel
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Fig. 3. Cross-section of the deposited metal for measuring geometric parameters
Puc. 3. Ilonepeunoe ceuenue HaNIABIEHHO20 MEMALNA OJis USMEPEHUS 2eOMEeMPUIECKUX NAPAMEMPO8

Fig. 4. Scheme of selection of points _for chemical composition study
Puc. 4. Cxema vi60pa mouex 01 UCCIe008AHUA XUMULECKO20 COCIABA

quasi-monochromatic one with a divergence angle of 0.03°.
A collimator with a diameter of 1.0 mm was used to trun-
cate the X-ray radiation “spot”. The shooting point was
preliminarily cleaned with sandpaper. The samples under
study were shot in copper anode radiation (A=1.54060 A).
The tube voltage was 40 kV; the heating current was
25 mA. The exposure time was 1 s; the scanning step was
0.02°. Focusing on the test area and bringing the sample
surface to the centre of the focusing circle were performed
using a laser guidance system. The samples were examined
for reflection; the intensity of the diffraction pattern was
recorded using an SSD160 linear-type position-sensitive
detector (Germany) with 160 channels. Phase identification
was performed in the software for the Diffrac EVA
diffractometer (version 4.2.1) (USA) using the licensed
Powder Diffraction File-2 database (The International Cen-
ter for Diffraction Data).

Rockwell hardness of the deposited alloys was mea-
sured according to GOST 9013-59. The measurements were
carried out using the HRC scale on an ITBRV-187.5-A
hardness tester.

The wear resistance of the deposited alloys was as-
sessed by testing samples for friction against fixed abra-
sive particles according to GOST 17367-71. For a more

accurate assessment of the relative wear resistance,
the comparison of the test and reference samples was
carried out by measuring the linear and weight wear ac-
cording to the formula:

Al
Al

>
m

where [ is the wear of the standard;
Al is the wear of the test material.

Steel 45 was used as the reference material to determine
the degree of wear.

To study wear resistance, an installation that ensures
a stable load on the test sample was used (Fig. 5). The in-
stallation consists of a frame with a fixed drive connected
to a metal disk. The metal disk is equipped with clamps
using which abrasive paper is attached to it. A vice for in-
stalling test samples is located on the frame under the disk.
The installation is equipped with a timer that allows setting
the required test time. The pressure on the sample during
testing is regulated by installing weights on the lever.

Thermal resistance was determined by holding the sam-
ples in a SNOL 30/1100 muffle furnace at a temperature

14
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Fig. 5. Installation for testing wear resistance of deposited samples:
1 — frame; 2 — drive; 3 — metal disk with clamps, 4 — vice; 5 — test sample
Puc. 5. Yemanosxa 0151 ucnvlmanusi U3HOCOCMOUKOCIU HANJLAGIEHHBIX 00PA3Y08:
1 — cmanuna; 2 — npugod, 3 — memaniuyeckuti OUCK ¢ 3axcumamu; 4 —mucku, 5 — ucnvimyemulii oopaszey

of 950 °C, then weighing them at equal intervals. Based
on the data obtained, diagrams were compiled showing
the dependence of the change in the mass of the samples
on the time spent in the furnace at a certain temperature
(950 °C).

RESULTS

Studies of single-arc surfacing of aluminium electrode
wire on steel 20 have shown that in the selected range of
modes, beads with different geometric parameters and
stability of the surfacing process are formed. It is possible
to conditionally divide the ranges of modes in which
beads with low, medium and high stability of the surfac-
ing process are formed. As a criterion for the stability of
the surfacing process, the homogeneity of the geometric
parameters of the surfacing beads in height and width
was chosen. This criterion indicates the stability of drop-
let transfer during the formation of welding beads, and is
necessary for surfacing and ensuring a more uniform
distribution of chemical elements and the absence of
defects in the form of inter-bead lack of fusion during
multi-pass surfacing.

Low stability of the surfacing processes (Fig. 6) is ob-
served in the following modes: feed rate of the aluminium
electrode wire (Vf/w Al) is 3 m/min with an arc voltage

range (Uarc Al) from 10 to 20 V. The surfacing speed (s)
in this case is from 0.1 to 0.2 m/min. With an increase in
voltage indicators in the specified range of modes, fusion of
the current-carrying tip of the torch is observed. With an
increase in the feed rate of the aluminium electrode wire to
4 m/min, with all other parameters specified above being
equal, medium stability of the surfacing process is observed
(Fig. 7). In this range of modes, a more uniform formation
of welding beads is observed.

Increasing the arc voltage (Uarc Al) to 22.5V at a feed
rate of the aluminium electrode wire (Vf/'w Al) of 4 m/min
in the surfacing speed range (Vs) from 0.1 to 0.2 m/min
leads to a decrease in the stability of the surfacing process
(Fig. 8), and an arc voltage above 22.5 V leads to melting
of the current-carrying tip.

At a feed rate of the aluminium electrode wire (Vf/'w Al)
from 5 to 6 m/min with an arc voltage (Uarc Al) from 15
to 25V and a surfacing speed (Vs) from 0.1 to 0.2 m/min,
beads with stable geometric parameters are observed (Fig. 9).

The stability of the surfacing process is determined pri-
marily by the surfacing modes, however, the stability of
the surfacing process and the quality of the formation
of the deposited alloys are also affected by the angle of
the electrode wire feed relative to the surface being surfacing.

It is noted that by changing the torch tilt angle (o) from
30 to 90°, one can observe a slight decrease in the width (e)
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Fig. 6. External appearance of the welding bead produced in the following mode:
Viiw Al=3 m/min; Uarc AI=20V; Vs=0.15 m/min
Puc. 6. Brnewnuii 6u0 HANIAGIEHHOL0 BAUKA, NOTYYEHHO20 NPU CEOVIOUWEM PedCUME:
Van/m Al=3 m/mun; Uo AI=20 B; Vu=0,15 m/mun

Fig. 7. External appearance of the welding bead produced in the following mode:
Vitw Al=4 m/min; Uarc Al=12.5 V; Vs=0.15 m/min
Puc. 7. Bnewnuii 6u0 HaniasneHHO20 8aUKd, NOIYYEHHO20 NPU CLe0yIoueM pexcume:
Vn/n Al=4 m/mun; U0 Al=12,5 B; Vu=0,15 m/mun

i :”‘1" '1 ‘",g’ﬁd{, 5—“#’5&"@'4“ i) B ..,"{.{x-"
. " w o

o -

¥

Fig. 8. External appearance of the welding bead produced in the following mode:
Viiw Al=4 m/min; Uarc AI=22.5 V; Vs=0.1 m/min
Puc. 8. Brewinuii 610 HANIABIEHHOL0 BANUKA, NOTYYEHHO20 NPU CEOVIOUWEM PedHCUME:
Vn/n Al=4 m/mun; Uo Al=22,5 B; Vu=0,1 m/mun

Fig. 9. External appearance of the welding bead produced in the following mode:
Viiw Al=6 m/min; Uarc AI=25 V; Vs=0.15 m/min
Puc. 9. Buewnuii 6u0 HaniasneHHO20 8aUKA, NOIYYEHHO20 NPU Ce0YIoueM pexcume:
Vn/n Al=6 m/mun; Uo AI=25 B; Vu=0,15 m/mun
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of the welding beads and a slight increase in the height of
the welding beads (g) and the weld penetration depth (%).
An increase in the torch tilt angle by 1° leads to a decrease
in the weld width by approximately 0.038 mm, an increase
in the weld height by 0.016 mm and an increase in the weld
penetration depth by approximately 0.003 mm. To
the greatest extent, a change in the torch tilt angle from 90
to 30° leads to an increase in the electrode wire losses due
to spatter (Fig. 10).

The geometric parameters of the welding beads depend
on the surfacing modes. An increase in the arc voltage
(Uarc Al) in the specified range of modes leads to an in-
crease in the width of the welding beads (e) and an insignif-
icant increase in the weld penetration depth (%), while
the height of the welding beads (g) decreases. An increase
in the surfacing speed (¥s) in the specified range of modes
leads to a decrease in the width (e) and height (g) of
the welding beads, while the weld penetration depth (%)
increases slightly. An increase in the rate of the aluminium
electrode wire feed (Vf/w Al) in the specified range of
modes leads to an increase in the geometric parameters of
the welding alloys, such as the width (e) and height (g)
of the welding beads and the weld penetration depth (%) of
the base metal. The geometric parameters of the deposited
alloys in single-arc surfacing are described by regression
equations:

e=-0.542 +0.557 xUarc A1—22.437 xVs + '
+1.258 x Vf/w Al-0.098 x a ’

€=7.309—0.136 x Uarc A1-16.460 x Vs +_
+0.281 x Vfw Al+0.016 x ot :

h=-1.703 +0.044 xUarcAl+0.476 x Vs +
+0.146 x Vfw Al+0.003 x a '

It was found that from the wide range of surfacing
modes considered, intermetallic alloys of the Fe—Al system
are formed in a narrower range of modes. Intermetallic al-
loys are formed under the following surfacing modes: rate
of the aluminium electrode wire feed (Vf/w Al) is 5-
6 m/min; arc voltage (Uarc Al) is 20-25 V; surfacing speed
(¥s) is 0.1-0.2 m/min. At an arc voltage above 25 V, melt-
ing of the current-carrying tip is observed, and at a voltage
below 20 V, no weld penetration of the base metal is ob-
served (Fig. 11), and the deposited alloy is pure aluminium,
which is not suitable for use as a protective coating on steel
parts. At a rate of the aluminium electrode wire feed less
than 5 m/min in the entire range of modes, the deposited
metal is an aluminium coating on steel.

The aluminium content in the welding intermetallic
beads varies in the range from 71.49 to 94.21 wt. % at
a torch tilt angle of 90° (angle of electrode wire feed rela-
tive to the product surface).

The aluminium content in the deposited metal de-
pends on the surfacing modes. The rate of the alumini-
um electrode wire feed (Vf/w Al) (Fig. 12) and
the speed of surfacing (Vs) (Fig. 13) exert the greatest
influence. Arc voltage, all other parameters being

equal, reduces the aluminium content in the deposited
metal, but the effect of arc voltage (Uarc Al) is statisti-
cally insignificant in its value and has virtually no ef-
fect on the chemical composition. With an increase in
arc voltage by 1V, all other parameters being equal,
a decrease in the aluminium content in the deposited
metal by 0.3 wt. % is observed.

The study of the chemical composition of iron
aluminides and its structural components showed that
the deposited metal is represented by a matrix alloy based
on the FeAl;+a-Al phases with inclusions of the Fe,Als and
FeAl; intermetallic phases (Fig. 14). However, producing
deposited alloys with the Fe,Als and FeAl; phases is unde-
sirable due to high brittleness. As the research results
showed, the deposited metal is destroyed (peels off from
the substrate) along the fusion line, where the content of
brittle intermetallic inclusions based on the Fe,Als and
FeAl; phases is maximal (Fig. 15).

It becomes obvious that it is necessary to produce de-
posited alloys based on more plastic phases, namely
Fe;Al and FeAl. To reduce the aluminium content in
the deposited metal, double-arc surfacing using Sv-08G2S
steel electrode wire and SvA7 aluminium electrode wire
was proposed.

The double-arc surfacing modes were changed in
the following ranges: arc voltage when using aluminium
electrode wire (Uarc Al) — from 14 to 18 V; arc voltage
when using Sv-08G2S electrode wire (Uarc St) — from
23.5 to 27.5V; surfacing speed (Vs) — from 0.1
to 0.2 m/min; speed of aluminium electrode wire feed
(Vf/w Al) — from 3 to 5 m/min; speed of Sv-08G2S elec-
trode wire feed (Vf/wSt) — from 3 to 4 m/min. As
the studies have shown, beads with stable geometric parame-
ters are formed in the selected range of modes (Fig. 16).

The chemical composition of the deposited alloys varied
depending on the surfacing modes within the range from 7
to 27.5 wt. % of aluminium and from 71.5 to 92 wt. % of
iron, the content of impurities did not exceed 1 wt. %.
The dependence of the content of aluminium and iron in
the welding bead on the surfacing modes is described by
regression equations:

Al=32.45+2.01 xVwAl+0.17 xVf/wFe + _
+1.64 xVs —0.33 xUarc A1-0.83 xUarcFe ’

Fe =66.8 -1.99 xVf/w A1-0.18 xVf/wFe —
—1.56 x Vs +0.33 x Uarc A1+ 0.82 xUarcFe

The heterogeneity of the chemical composition across
the section of the deposited metal did not exceed 3 %.

The structure of the deposited alloys is represented by
the a-Fe matrix phase with partial ordering according to the
B2 type, and the inclusions are the Fe;AlC, carbide phase
(Fig. 17). The volume of inclusions in the matrix phase
varies from 3.26 to 18.95 %.

The hardness of the deposited metal varies in the range
from 20 to 58 HRC (Fig. 18). It is noted that with an in-
crease in the aluminium content, the hardness increases,
which is associated with an increase in the proportion of
solid intermetallic phases in the coating structure.
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Fig. 10. External appearance of the welding bead produced in the following mode:
Vitw Al=6 m/min; Uarc AI=25 V; Vs=0.15 m/min. A torch tilt angle: a — 90°; b — 30°
Puc. 10. Brewnuii 6u0 Hanias1eHHO20 8aIUKd, NOIYYEHHO20 NPU CIeOYIOUjeM pexcume:
Va/m Al=6 m/mun; Uo AI=25 B; Vu=0,15 m/mun.

Yeon naxnona eopenxu: a— 90° b — 30°

Deposited
aluminium

Steel 20
substrate

Fig. 11. Cross-section of the deposited aluminium bead produced in the following mode:
Virw Al=5 m/min; Uarc AI=17.5 V; Vs=0.2 m/min
Puc. 11. [Tonepeunoe ceuenue HANIABIEHHO20 ANIOMUHUEEO20 BATUKA, NOTYHEHHO20 NPU CILEOVIOWEeM PEedCUME:
Vn/n AlI=5 m/mun; Uo Al=17,5 B; Vu=0,2 m/mun

The relative wear resistance of the deposited metal varies
in the range from 1.6 to 2.5 units. Maximum wear resistance is
observed with an aluminium content of about 20 % (Fig. 19).

Heat resistance tests for 3000 h at a temperature of
950 °C showed that the deposited metal has high heat
resistance. An increase in the aluminium content “re-

fines” the surface of the welding bead; the presence of
an oxide film ensures reliable protection of the metal
from contact with the atmosphere. The loss of mass of
the samples during heat resistance tests gradually
decreases with an increase in the aluminium content
from 9 to 20 %. With an aluminium content of 9-10 %,
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Fig. 12. Effect of the feed rate of the aluminium electrode wire on the aluminium content
in the deposited metal (Uarc AI=22.5 V; Vs=0.1 m/min)
Puc. 12. Bauanue ckopocmu nooauu antoMuHUesot 1eKmpooHoll NPOBOIOKU HA COOePHCAHUE ATTIOMUHUS
6 nannagnennom memanne (U0 AI=22,5 B; Vu=0,1 m/mun)
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Fig. 13. Effect of surfacing speed on the aluminium content in the deposited metal (Uarc AI=25 V; Vi/w AI=5 m/min)
Puc. 13. Brusnue ckopocmu HaniasKu Ha CoOEPiICanue amioMUHUsL
6 Hannagnennom memanie (U0 AI=25 B; Va/n Al=5 m/mun)

FeAlz+a-Al

2 f/
N ) "7

Fig. 14. Microstructure of the deposited sample of the Fe—Al system
(Virw Al=5 m/min; Uarc AI=20 V; Vs=0.15 m/min)
Puc. 14. Muxpocmpykmypa naniaeiennozo obpasya cucmemsl Fe—Al
(Va/n Al=5 m/mun; Uo AI=20 B; Vu=0,15 m/mun)
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Fig. 15. External appearance of deposited alloys peeled off from the substrates:
1 —deposited alloys; 2 — fracture boundaries; 3 — base metal
Puc. 15. Buewnuii 610 HAna61eHHbIX CHIABOE, OMCIOUSUIUXCS O NOOJIONCKU.
1 — Hannasnennvie cnuaswl; 2 — epanuya paspyuenus, 3 — 0CHOBHOU Memai

Fig. 16. External appearance of the welding bead produced by double-arc surfacing in the following mode:
Virw Al=3 m/min; Viiw Fe=3 m/min; Vs=0.15 m/min; Uarc AI=17 V; Uarc Fe=27.5V
Puc. 16. Brewnuii 6uo HaniasneHHo2o 8aauKa, NOIyYeHHO20 08YX0y20601l HANJIAGKOU NPU CedyIoueM pexcume:
Vn/n Al=3 m/mun; Va/n Fe=3 m/mun; Vu=0,15 m/mun; Uo Al=17 B; Uo Fe=27,5 B

Fig. 17. Microstructure of the deposited sample with the a-Fe matrix phase and 6 % of Fe;AIC, phase inclusions
Puc. 17. Muxpocmpykmypa naniasieHHo2o obpaszya ¢ mampuuroi gasoil o-Fe u 6 % exnouenuti gpasvr Fe;AIC,
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Fig. 18. Dependence of the hardness of the deposited metal on the percentage content of aluminium
Puc. 18. 3asucumocms meepoocmu HANIABIEHHO20 MEMALIA ON NPOYEHMHO20 COOEPHCAHUS ANIOMUHUSL
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Fig. 19. Dependence of relative wear resistance under abrasive wear on the percentage content of aluminium
Puc. 19. 3asucumocms omHocumenbHol USHOCOCMOUKOCIU NPU AOPA3UBHOM USHAUWUBAHUU
OM NPOYEHNMHOL0 COOEPIHCAHUSL ANIOMUHUS

the mass loss was about 5 %, and with an aluminium
content of 17-20 % — no more than 1 %. The aluminium
content in the welding bead of more than 20 % leads to
the appearance of a significant number of cracks and
microcracks in the welding bead, which sharply reduces
the heat resistance of the metal during tests. The loss of
mass of samples with an aluminium content of more than
25 % during holding for 3000 h was more than 75 %.
Thus, alloys containing 15 to 20 % aluminium have max-
imum heat resistance (Fig. 20).

DISCUSSION

The study found that single-arc surfacing of intermetal-
lic alloys of the Fe—Al system using aluminium electrode
wire does not provide a stable and predictable composition
and properties of coatings based on iron aluminides. This is
related to the high aluminium content in the deposited metal
and the formation of alloys based on the FeAl; and a-Al
phases, as well as Fe,Als and FeAl; intermetallic inclusions,

which, according to observations, leads to delamination of
the deposited layer from the substrate.

This phenomenon is apparently determined by the un-
even distribution of intermetallic phases and the high
FeAl; concentration, which contributes to the formation
of microcracks and a decrease in the ductility of the de-
posited layer, especially along the fusion line. In [6; 7],
the authors consider the properties and work for the for-
mation of coatings based on the Fe;Al or FeAl interme-
tallic phases due to their better ductility and resistance to
cracking at room temperature. In this regard, for produc-
ing wear-resistant and durable coatings on steel parts,
methods that allow forming coatings with a chemical and
phase composition based on the Fe;Al and FeAl phases
are more promising. However, the known methods of
applying protective coatings based on iron aluminides
allow producing coatings with a limited layer thickness
of up to 0.5 mm, which is clearly insufficient for mining
equipment components operating under abrasive wear
conditions. Another significant limitation of existing
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Fig. 20. Dependence of the change in the mass of samples on the time of their holding at a temperature of 950 °C
with an aluminium content of':
1-7% 2-14% 3-17%4-25%
Puc. 20. 3asucumocms usmenenus maccol 06pasyoe om epemeHu ux avloepxcku npu memnepamype 950 °C
¢ cooeporcanuem antomunua: 1 —7 %; 2 —14 %, 3—17 %, 4-25 %
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Fig. 21. Graph of the percentage content of aluminium and iron in the cross-section of the deposited metal
(Uarc AI=14 V; Vfiw AI=5 m/min; Uarc Fe=23.5 V; Vfiw Fe=3 m/min; Vs=0.1 m/min)
Puc. 21. I'paghux npoyenmmnoco cooepoicanus anioMunust U Jcene3d no cedeHuio HaniaeieHHo20 Memaia
(Uo Al=14 B; Vn/n Al=5 m/mun; Uo Fe=23,5 B; Vn/n Fe=3 m/mun; Vu=0,1 m/mun)

methods is the impossibility of applying coatings under
installation conditions and the lack of prospects for fur-
ther restoration of the coating after wear.

Therefore, for mining parts operating in tough environ-
ment, it is necessary to apply methods that combine
the possibilities of producing coatings with a phase compo-
sition based on Fe;Al or FeAl, as well as the possibility of
producing coatings thicker than 0.5 mm. Such methods may
include automatic argon-arc surfacing with a noncom-
sumable electrode [19] or double-arc surfacing using steel
and aluminium electrode wires. In particular, the double-arc
technology allows achieving better homogeneity of
the chemical composition (Fig. 21).

A study of the effect of double-arc surfacing modes
showed that changing the wire feed speed, voltage and
torch angle significantly affects the properties of the re-
sulting layers. In particular, an increase in the aluminium
content to 27 wt. % contributes to an increase in
the hardness of the deposited alloys to 58 HRC. How-

ever, this is accompanied by a decrease in ductility and
an increase in the risk of cracking.

Wear tests showed that maximum wear resistance is
achieved with an aluminium content of about 20 %, which
is associated with an optimal ratio of hardness and micro-
structural stability. These results coincide with the data of
[10; 11], where it is noted that the content of intermetallic
phases and their distribution significantly affect the wear
resistance of coatings. At the same time, there is no direct
correlation between hardness and wear resistance, which
indicates the importance of microstructural factors such as
the size and distribution of intermetallic inclusions.

As for heat resistance, the results show that the alumini-
um content in the range of 15-20 % provides the maximum
resistance to high temperatures. This is due to the formation
of an oxide film, which serves as a protective barrier and
prevents metal oxidation. However, an increase in the alu-
minium content above 20 % leads to the appearance of
microcracks and a decrease in heat resistance, which is
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consistent with the data of [14; 16; 17], where it is noted
that excess aluminium contributes to the formation of inter-
nal stresses and defects.

The obtained results allow recommending double-arc
surfacing as a method for applying wear-resistant coatings
based on iron aluminides for low-carbon steel parts used
in the mining industry or as a substitute for expensive
coatings, since it allows producing coatings with a thick-
ness of up to 5 mm. The discovered patterns allow con-
cluding that the optimal composition for wear-resistant
and heat-resistant coatings of the Fe—Al system is in
the range of 15-20 % of aluminium. An important direc-
tion for further research is the development of methods for
monitoring and stabilising the microstructure, as well as
studying the effect of additional alloying elements on
the properties of coatings. Moreover, it is necessary to
study in more detail the mechanisms of formation of in-
termetallic phases and their influence on the adhesion and
durability of coatings.

A limitation of this study is the limited range of modes
and the lack of long-term tests under operating conditions.
In the future, it is planned to expand the range of modes, as
well as conduct wear and heat resistance tests under real
operating loads.

CONCLUSIONS

1. Double-arc surfacing allows creating wear-resistant
coatings of the Fe—Al system on low-carbon steel products
used under conditions of abrasive wear and high tempera-
tures reaching 950 °C.

2. By controlling the parameters of the double-arc sur-
facing process, it is possible to create deposited layers of
intermetallic alloys with specified properties adapted to
specific operating conditions due to the variation of their
chemical and phase composition.

3. The chemical composition of the deposited alloys is
characterised by an aluminium content in the range from 7
to 27.5 wt. %. The basis of the structure is the a-Fe matrix
partially ordered according to the B2 type, and the inclu-
sions present are the Fe;AlC, carbide phase. The volume of
carbide inclusions varies from 3.26 to 18.95 %.

4. Fe—Al system alloys produced by double-arc surfac-
ing have high hardness (20-58 HRC), wear resistance and
heat resistance.
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Annomayusn: JIoNTOBEUHOCTH JeTalled, UCTIOIb3yEeMbIX B IPOMBILIUIEHHOCTH, BO MHOTOM OIPEAETSAeTCS MaTepraiaMu,
13 KOTOPBIX OHU W3TOTOBJIEHBI. 3aUacTylO0 MPUMEHSEMble MaTepUalbl JOKHBI ObITh YCTOWYMBBIMU K M3HOCY, KOPPO3UHU
U BBICOKHM TeMIiepaTypam. CoBpeMeHHBIE MaTepHalibl, TAKHE KaK BHICOKOIIPOYHBIC JISTHPOBAHHEIC CTAllM, 00NaIaroT BEI-
COKOM CTOMMOCTBIO U OTPaHMYCHHON CBapHUBACMOCTHIO, UTO YCIOKHSACT BOCCTAHOBIICHHE M3HOIICHHBIX AeTaield. B kade-
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HOCOCTOHKOCTBIO H JKapOCTOHKOCTBIO MPH MEHBIIEH ctomMocTd. Llenb mccinenoBaHus — MOBBIIICHHE H3HOCOCTONKOCTH
U KapOCTOMKOCTH JIeTalieii M3 HU3IKOYTIICPOAUCTON CTAIH IyTEM HCCIIECIOBaHHS IPOLECCOB TYTOBOM HAIUTABKY aJFOMUHU-
JIOB XeJie3a U UX CBOMCTB. MeToIrKa HCCeIoBaHusl BKIIOYAIa OTHOYTOBYIO U JIBYXIYTOBYIO HAIJIABKY C UCTIOJIh30BaHHU-
€M aJFOMHUHHEBOH M CTAaIbHOU AIEKTPOTHBIX IMPOBOJIOK, aHAIH3 XMMHUYECKOTO COCTaBa HAIUIABICHHBIX MOKPHITHHA, WX
TBEPIIOCTH, U3HOCOCTOUKOCTH H KAPOCTOUKOCTH. Pe3ynbTaThl MOKa3ai, 9YT0 OJHOAYTOBas HAIUIaBKa (POPMHUPYET CILIABBI
Ha ocHoBe (a3 FeAl; u a-Al ¢ BkmoueHusmu Fe,Als u FeAl;, a nByxayroBas — 0oJjiee HACHIIICHHBIC YKEIE30M CIUIABBI
¢ marpuuHOi (asoit o-Fe u xapoumHoi (a3zoit FesAlC,. IlonyueHHbIe CIIaBbl AEMOHCTPUPYIOT TBepaocTh 10 58 HRC,
OTHOCHTEJIBHYI0 HU3HOCOCTOHKOCTE JI0 2,5 e/l ¥ MOTepIo Macchl He Ooiee 5 % mpu comepkannu amoMuHus 10 20 %, 910
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Abstract: The work covers the development of a technology for producing a bimetallic rod from high-strength 7075 alloy
with a cladding layer of 1100 aluminum, which is aimed at improving corrosion resistance while maintaining mechanical proper-
ties. A special feature of the proposed technology is the use of an additional front pure aluminum workpiece for the process of
direct extrusion of a rod from 7075 alloy. The direct extrusion process for a composite workpiece was simulated with
the DEFORM software package’s finite element method. The influence of process temperature and speed on the formation of
the cladding layer was analyzed. For this purpose, four problems were formulated with varying heating modes of workpieces and
tools. It was found that it is possible to produce a thin cladding layer at a heating temperature of the base 7075 alloy equal to
360 °C and a cladding layer temperature equal to 20 °C, which ensures a uniform distribution of the coating along the length of
the rod without signs of delamination. Stress-strain analysis during extrusion showed that a cold additional workpiece ensures
continuity for cladding coating formation. However, heating above 300 °C leads to rupture from deformation localization.
The developed approach can be used to reduce the cost of products by reducing the consumption of expensive 7075 alloy while
simultaneously increasing corrosion resistance due to the use of pure aluminum cladding. Prospects for the development of fur-

ther research are associated with the optimization of extrusion modes for various rod sizes.
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INTRODUCTION

Modern requirements for increasing fuel efficiency, re-
ducing the weight of structures and minimizing harmful
carbon dioxide emissions justify the search for and de-
velopment of promising lightweight materials and technol-
ogies for their processing. In this aspect, aluminum and
aluminum alloys are of interest as promising structural ma-
terials, which is caused by the optimal combination of their
physical and mechanical characteristics [1; 2]. However, to
develop new types of products operating, for example, in
extreme conditions, it is necessary to predict accurately
their behavior at various stages of production (in particular,
during metal forming).

The relevance of predicting properties at the stage of
design of product manufacturing technologies is also
caused by the continuing growth in metal prices. Accord-
ing to sources from the Fastmarkets database, the indica-
tors of which are used in contracts, exchange trading and
financial calculations, the cost of a cast ingot of 5000
and 6000 series alloys varies in the range of § 2.5-4 per
kg. For 7000 series alloys, the price is significantly
higher, since these alloys belong to the class of high-

© Bushueva N.I., Loginov Yu.N., 2025

strength and hard-to-deform. The 7075 alloy has high
strength characteristics. Nevertheless, the aerospace in-
dustry’s adoption of this metal is limited by poor corro-
sion resistance and fatigue life.

Manufacturers are interested in reducing costs, espe-
cially in the areas of production of goods from expensive
metals, where even small savings per ton of material
provide significant financial benefits. Primary aluminum
with a minimum content of impurities is traditionally
used as raw material to produce 6061, 6065 and 7075
alloys. In the current reality, there is a problem with
the supply of this type of raw material due to the geopo-
litical situation in the world. This specifically concerns
the introduction of new increased customs duty rates on
goods. Manufacturers of metal products express con-
cerns, since they will now have to pay a significantly
higher amount for high-purity material. Custom tariffs
are ultimately included in the cost of metal. This has
a negative impact on all types of production whether
the enterprise is a manufacturer of machining tools or
sheet metal. For the case considered in this paper,
the cost of the product includes both the manufacture of
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cast metal and the further production of extruded semi-
finished product, which has a significant impact on
the final cost of the product. Moreover, the dynamics of
prices for aluminum products continues to grow. Accord-
ing to data for 2024, prices for 7075 alloy consistently
exceed $20 per kg', which is dictated, among other
things, by high demand in the aerospace sector. One so-
lution aimed at improving productivity while maintain-
ing product quality may be the use of composite
workpieces, where functionally loaded areas contain ex-
pensive metals and the remaining parts are made of
cheaper aluminum alloys or pure aluminum.

Although experimental methods remain the main re-
search tool, numerical simulation provides significant ad-
vantages, including time and cost savings, as well as deeper
analysis compared to experimental approaches [3]. This
makes it important to study the properties of expensive al-
loys such as 7000 series alloys.

Recent studies of the corrosion behavior of 7075
aluminum alloy have revealed susceptibility to various
aggressive environments: in NaCl solutions, intense
intercrystalline corrosion is observed with the formation
of surface roughness and grain embrittlement to a depth
of 150 um [4]. The corrosion rate is minimal at neutral
pH due to the formation of a protective oxide layer,
while acidic and alkaline environments accelerate the
process [5]. Biological factors also have a significant
impact. For example, the Aspergillus niger fungus in-
creases the rate of uniform and localized corrosion by
3.7 and 22.4 times, respectively, compared to abiotic
conditions [6]. The sulfate-reducing bacteria in seawater
accelerate corrosion, completely destroying the protec-
tive film after 14 days [7]. These data demonstrate
the complex interaction of environmental factors affect-
ing the corrosion behavior of 7075 alloy and emphasize
the need to develop specialized protection methods for
different operating conditions.

The 7000 series alloys have high strength. This high
strength makes them difficult to deform during metal form-
ing [8]. Therefore, the traditional extrusion method is usual-
ly limited to a speed of 1-2 m/min due to the risk of surface
defects [9]. In foreign practice, the development of new
extrusion methods is very popular. For example, scientists
from the Pacific Northwest National Laboratory (PNNL,
USA) created the Shear Assisted Processing and Extrusion
(ShAPE) technology, which allows achieving an extrusion
speed of 12.2 m/min for 7075 alloy without the formation
of surface ruptures, providing high mechanical properties
after T6 heat treatment [10].

The 7075 alloy has a high sensitivity to various types
of corrosion. Therefore, developing composite modifica-
tions for this material is highly relevant. For example,
technologies for producing composites from aluminum
alloys using rolling are known. This method is a more
cost-effective alternative to applying protective coatings
using chemical or galvanic methods. In [11; 12], a mathe-

Y Aluminium reliant industries not spared
from the impact of tariffs. Fastmarkets.
URL: https://www.fastmarkets.com/insights/us-aluminium-
tariffs-impact-prices/.

matical model of grain evolution and dislocation density
during cold asymmetric rolling of pure aluminum
(Al 99.5 %) and 7075 alloy under severe plastic defor-
mation conditions was developed.

Research has shown that reinforcing 7075 alloy with ce-
ramic particles such as SiC and Al,O; significantly increas-
es corrosion resistance in various environments [13].
The stir casting method has proven effectiveness for
the production of metal matrix composites based on 7075
alloy with ceramic nanoparticles, providing a significant
improvement in mechanical properties [14], which is espe-
cially important in view of the growing demand for light-
weight materials in the aerospace industry.

In manufacturing practice, it is common to apply clad-
ding with pure aluminum to reduce the likelihood of crack-
ing and increase corrosion resistance. Several methods exist
for applying cladding to aluminum alloys including com-
bined hot rolling for sheet products; friction stir welding,
particularly for aerospace alloys [15]; the rolling of alumi-
num powder onto a substrate [16]; and a technique where
an aluminum alloy cylinder is compressed into a pure alu-
minum shell followed by swaging, rolling, and cold draw-
ing [17]. In this case, the cladding process allows producing
a composite with improved characteristics. For example,
clad wire demonstrates higher electrical conductivity com-
pared to the determined values while maintaining strength
properties.

The objective of this study is to develop a method for
producing a composite rod based on 7075 alloy with
a cladding layer of 1100 aluminum by direct extrusion to
ensure increased corrosion resistance.

METHODS

The feasibility of implementing a technology to pro-
duce a rod from 7075 alloy with a pure 1100 aluminum
cladding was predicted via numerical simulation using
the DEFORM-2D software package based on the finite
element method.

A plastic type of deformable material was used.
The number of grid elements for the main workpiece is
12,000; for the additional one — 1,700 (the grid size was
selected taking into account the element size in accordance
with the volume of the workpieces). Fig. 1 shows a CAD
model of the original geometry in 3D visualization.
The original diameter of the workpiece is 750 mm.
The final diameter of the rod is 360 mm. The diameter of
the container is 800 mm. The taper angle of the matrix ex-
trusion die is 75°. The dimensions and other parameters
were selected from the practice of one of the enterprises.

Fig. 2 shows the hardening curves of the materials for
the considered temperature ranges.

The Siebel’s friction index was set to 0.5 at the work-
piece-die contact and 1 for the other contact pairs®.
The extrusion speed was 4.27 mm/s. The parameter for ac-
counting heat exchange between the workpieces materials

% Loginov Yu.N. Pressovanie kak metod intensivnoy
deformatsii metallov i splavov [Pressing as a Method of Intensive
Deformation of Metals and Alloys]. Ekaterinburg, UrFU Publ.,
2016. 156 p.
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and the tool was included when solving the problems in
DEFORM.

According to the data from the DEFORM materials li-
brary, the thermal conductivity for the materials under con-
sideration was 180 W/(m-°C). The heat capacity of the ma-
terial was 2.43 MJ/(m’-°C).

According to the MatWeb database, pure aluminum has
the following thermodynamic parameters: specific heat of
fusion is ¢~=387 klJ/kg, specific heat capacity is
¢=900 J/(kg-°C), melting point is #,=660 °C.

Each series of alloys is characterized by certain ranges
of thermodynamic properties, which is caused by the incon-
sistency of the chemical composition even within a single
grade. For example, 1000 series alloys contain over 99 %
aluminum. However, trace impurities cause their phase dia-
grams to demonstrate both liquidus and solidus lines. This
can lead to a melting point decrease compared to pure alu-
minum. The lowest melting point values are characteristic
of 7000 series alloys, which is explained by the presence of
low-melting zinc in their composition.

Table 1 shows the average values of specific heat capac-
ity ¢,, and melting point #,, to simplify engineering analysis
[18]. In addition, the parameter A (%) characterizing
the deviation of the average melting point of the alloy from
the melting point of aluminum of the 1000 series was de-
termined. The greatest discrepancy (up to 13 %) is observed
in 7000 series alloys. This indicator allows estimating
the potential error when determining energy costs if
the parameters of pure aluminum are taken as a basis, and
the alloy is actually processed.

Considering the specific thermodynamic properties of
aluminum alloys of different series is critical for accurate
simulation of technological processes and minimizing er-
rors in engineering analysis.

The successful implementation of a cladding technology
for extruded rod requires an additional front workpiece
made of pure aluminum and the correct selection of process
boundary conditions. In particular, the selection of tempera-
ture conditions is difficult, since pure aluminum obviously
has greater plasticity than 7075 alloy.

Several variations of temperature conditions for the pro-
cess were selected (Table 2). The choice of temperature
conditions for 7075 alloy was carried out in accordance
with the recommendations from the manual®, which notes
that the optimal temperature range is 360—430 °C.

Several variations of temperature conditions for the pro-
cess were selected (Table 2). The choice of temperature
conditions for 7075 alloy was carried out in accordance
with the recommendations from the manual, which notes
that the optimal temperature range is 360—430 °C.

RESULTS

During the simulation for temperature modes No. 1-3
(Table 2), unsuccessful results were obtained. When
the product leaves the drawing cylinder of the matrix extru-

3 Loginov Yu.N. Pressovanie kak metod intensivnoy
deformatsii metallov i splavov [Pressing as a Method of Intensive
Deformation of Metals and Alloys]. Ekaterinburg, UrFU Publ.,
2016. 156 p.

sion die parallel land, the cladding material is torn off from
the main workpiece. For modes No. 1 and 3, a similar effect
of cladding delamination is observed.

At temperature mode No. 2, the cladding material is in-
tensively heated in the deformation zone — more than
100 °C from the initial temperature of 300 °C. The heating
rate of the additional workpiece material does not allow
achieving the desired result. At the same time, it is unrea-
sonable to reduce the heating temperature of the tools, since
7075 alloy is difficult to deform and such a solution will
obviously lead to a negative result.

Based on the results shown in Fig. 3 and 4, it was decid-
ed to attempt extruding without heating the additional
workpiece (Table 2, option No. 4). For this temperature
mode option, it was possible to obtain a rod with a thin uni-
form cladding layer. In this case, the material of the addi-
tional workpiece does not peel off.

As can be seen from Fig. 5, the cladding layer of pure
aluminum is applied to the rod throughout the extrusion
process. At the steady state stage of the extrusion process,
the thickness of the cladding layer is 5 mm, which is
1.38 % of the diameter of the resulting product. The flow
rate of the cladding metal is restrained by high friction
forces at the container contact. This phenomenon is charac-
teristic of the direct extrusion process and illustrated in
Fig. 6.

It is evident from Fig. 7 that in the absence of heating of
the additional workpiece, heat transfer occurs with moder-
ate intensity. The flow stresses of the additional workpiece
material are slightly lower (Fig. 2 b) than those of the base
metal (Fig. 2 a), which prevents the separation from the
main workpiece during extrusion.

Based on the distribution of the strain rate (Fig. 8), it
can be concluded that the highest value of the strain rate is
characteristic of the zone adjacent to the matrix extrusion
die parz:llel land. The strain rate reaches the value of
&=0.5s".

DISCUSSION

The result of the composite rod extrusion process,
shown in Fig. 3, was obtained for the first three vari-
ants of the problem statement (Table 2, No. 1-3). For
variant No. 2, the maximum possible extrusion temper-
ature of 7075 alloy was selected 470 °C. This choice
was caused by the existence of works that described
the process of extruding rods from 7075 alloy at a heat-
ing temperature of 450 °C and higher [19]. When
choosing this temperature mode, the possible chilling
of the main workpiece metal during the extrusion pro-
cess was considered. The heating temperature of
the additional workpiece made of 1100 alloy was set to
300 °C in order to try to create conditions for more in-
tense deformation of 7075 alloy.

As a result of the analysis, the optimal process parame-
ters were identified: the heating temperature of the base
7075 alloy is 360 °C, the temperature of the cladding layer
is 20 °C, and the heating temperature of the tools is 430 °C
(Table 2, No. 4).

The difference in the heating temperatures of
the workpieces creates an optimal balance of the plasticity
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Fig. 1. Assembly for setting the task in 3D visualization: 1 — pressing disk; 2 — container,; 3 — main workpiece;
4 — additional workpiece; 5 — matrix extrusion die
Puc. 1. Coopxa ona nocmanosku 3adaqu 6 3D-euzyarusayuu: 1 — npecc-waiiba; 2 — koumetinep; 3 — 0CHO8HAA 3A20MOBKA;
4 — dononHumenvHas 3a20mMoeKa; 5 — Mampuyd

120 140
350°C
S 450°C £ 100
a
S 8 =
£ aq S g 80
CE2 60 g
hs w8 60
2 L K7
§ 40 § 40
20 20
O 1 1 1 1 1 0 1 1 1 1 1 1 1 1
0 0,2 0,4 0,6 0 0,3 0,5 0,7 0,9
True strain True strain
a b
Fig. 2. Hardening curves for materials at a strain rate of ¢&=0.1 ¢':
a — for 7075 alloy; b — for 1100 aluminum
Puc. 2. Kpusvie ynpounenus 0s mamepuanos npu ckopocmu dedopmayuu £=0,1 ¢! :
a— ons cnaasa 7075; b — onsa anomunus 1100
Table 1. Thermal properties of aluminum alloys by series [Reference: 18, p. 68]
Taonuua 1. Tennomexnuueckue ceolicmea cniaeos amomunusi no cepusim [Ilpusod. no: 18, c. 68]
Alloy System C, [ tm9 tmms A’
series y J/(kg-deg) J/(kg-deg) °C °C %
1000 Al 900-904 902 643-660 652 0
7000 Al-Zn-Mg 856-960 858 476-657 567 -13
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Table 2. Temperature modes for setting problems
Taonuya 2. Temnepamypuvie pexcumvl 0151 HOCHAHOBKU 3a0aY

Heating temperature Heating temperature Heating temperature
No. of the main workpiece (AL7075), | of the additional workpiece (AL1100), ofgtoolsp° C
QC OC b
1 450 430 360
2 470 300 430
3 430 430 430
4 360 20 430

c

I 1.00

0.750

0.500

0.250
I 0

d

Fig. 3. The course of the extrusion process with the display of effective strain color levels
for temperature mode No. 2: a — the stage of pressing out; b — the beginning of extrusion,
¢ — the beginning of cladding peeling off; d — the development of the process of cladding peeling off
Puc. 3. Xoo npoyecca npeccosarnusi ¢ omobpasiceHuem yeemosvix yposuei sghpexmusroil degpopmayuu
014 memnepamypuozo pexcuma Ne 2:
a — cmaous pacnpeccosku, b — nauano npeccosanus; ¢ — HaYANO OMCIOCHUS NAAKUPOBKU,
d — pazsumue xo0a omcnoeHust RAAKUpPoGKU

of the components, which is a critically important factor.
Heating the tool to 430 °C maintains the plasticity of the
7075 alloy. However, if the 1100 alloy heats up, it sticks to
the tool. Therefore, a suitable result is only achieved by
combining a cold 1100 alloy with a hot 7075 alloy.

An additional advantage of the proposed technology
may be the possibility of using process waste in the form
of scraps as a front workpiece, which increases the re-

source efficiency of production. A promising direction
for further research is the optimization of the technology
for rods of different diameters. This material’s combina-
tion of high strength and corrosion resistance meets
a critical requirement for structural materials in the aero-
space industry.

To verify the obtained results, other works related to this
topic were considered. In [20], a scheme for extrusion a rod

Frontier Materials & Technologies. 2025. No. 3
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i 473

429

I 386

300

Fig. 4. Temperature field at the stage of additional workpiece peeling off
for the extrusion option No. 2, °C
Puc. 4. Temnepamypuoe none na smane omcioerusi OONOIHUMETbHOU 3420MO8KU
ons eapuarnma npeccosanus Ne 2, °C
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Coordinate along the length of the extruded part x, mm

Fig. 5. Graph of the dependence of the cladding layer thickness h on the coordinate along
the length of the extruded part of the product x
Puc. 5. I'paghux 3asucumocmu monuyunsl niaxupyrowe2o cios h om koopournamol
10 OlUHe OMAPECCOBAHHOU YACMU U30eNUs X

I 4.00

Fig. 6. The effective strain color levels for the temperature mode No. 4
Puc. 6. LJsemosvie yposHu s¢hpexmuenoii deghopmayuu 0ns. memnepamyprozo pexcuma Ne 4
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1

I 430

418

405

393

380

Fig. 7. Temperature field during the extrusion process, °C:
a — pressing out stage; b — beginning of extrusion, ¢ — steady state stage
Puc. 7. Teunepamyproe none no xo0y npoyecca npeccoganus, °C:
a — cmaousa pacnpeccosku; b — nauano npeccosanus, ¢ — cmayuonapras cmaous

I 0.500

0.375

0.250

0.125
I 0

Fig. 8. Color levels of effective strain rate for the temperature mode No. 4, & ¢!
Puc. 8. 1Jsemosuie yposHu spdpexmusHoti ckopocmu dedopmayuu Ons mevnepamyprozo pescuma Ne 4, & ¢!

made of a 6000 series aluminum alloy using an addi-
tional rear workpiece made of a less expensive alloy in
order to reduce the loss of the base metal was consid-
ered. Three temperature modes for implementing
the extrusion process were studied. It was found that
the optimal mode is the one without heating the press-
ing disk and the additional workpiece. This confirms
the result obtained in the course of the current study,

where it was found that it is possible to implement
the technology of extruding a composite rod without
heating the additional workpiece.

The implementation of the analogous composite rod
production technology in [21] utilized a hot extrusion
process wherein both workpieces were heated to a tem-
perature of 380 °C. The technology proposed in this
work implies the possibility of using process waste in
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Fig. 9. Color levels of effective stresses for the temperature mode No. 4, Gopeciives: MPa
Puc. 9. Ilsemoevie yposnu s¢hghexmuenvix HAnpadiCeHUll 0N MEMREPANTYPHO20 PecuMa Ne 4, G opeciive, MITa

the form of extrusion discard as an additional front workpiece,
which is intended to reduce losses of the base metal.

The feasibility of the technology was assessed through
numerical simulation of the direct and inverted extrusion
processes for a large-sized rod. The model incorporated
a softer aluminum alloy as an additional workpiece. Using
the tracing point function, a comparative study of the flow
rates of the materials of the main and additional workpieces
during plastic deformation was performed. For both extru-
sion options, graphical dependencies of the cladding layer
thickness on the length of the rod extruded part were con-
structed. It was found that the direct extrusion method is
preferable for solving the problem of producing a bimetallic
rod. Experimental modeling of the extrusion process on
model materials was carried out. As a result, a bimetallic
rod with a thin cladding layer was produced.

At the same time, a defect of local delamination of the
additional workpiece material after exiting the matrix extru-
sion die parallel land was detected. In the study conducted
within this work, the effect of peeling of the cladding layer
material is not observed.

The study’s key task was to develop resource-saving
recommendations for setting experimental conditions. This
was essential because running the experiment on the target-
ed industrial equipment would have been prohibitively ex-
pensive.

The verification of the obtained data is substantiated in
the literature. For example, the reference manual® presents
hardening curves for pure aluminum for various types of
tests. The values of effective stresses vary in the range
of 50—100 MPa depending on the state of the material for
which the curves are given. In the course of solving
the problem in DEFORM, the distribution of effective
stresses shown in Fig. 9 was obtained.

As can be seen from the figure, no abnormal growth of
stresses in the deformation zone is observed, therefore, it
can be concluded that the extrapolation of stress values for
the materials under consideration (Fig. 2) in the course of
solving the problem occurs correctly.

* Burkin S.P., Babaylov N.A., Ovsyannikov B.V. Soprotivienie
deformatsii splavov Al i Mg [Resistance of deformation
of Al and Mg alloys]. Ekaterinburg, UrFU Publ, 2010. 344 p.

CONCLUSIONS

The study allowed predicting the possibility of imple-
menting the developed technology for producing bimetallic
rods from high-strength 7075 alloy with a cladding layer of
1100 aluminum by direct extrusion using an additional front
workpiece. The optimal extrusion temperature mode was
identified, which makes it possible to produce a rod with
a thin uniform cladding layer, amounting to 1.38 % of
the diameter of the final rod. For this mode, the heating
temperature of 7075 alloy is 360 °C, and the temperature of
pure aluminum is 20 °C.
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7075. IIpoBeneHO YMCIICHHOE MOJISITMPOBAHNE TPOIIecca MPSIMOTO PECCOBAHUS KOMITO3UTHOM 3aTOTOBKH B TTPOTPaMMHOM
kommiekce DEFORM ¢ ucnonbs3oBaHreM MeToJa KOHEUHBIX 31eMeHTOB. [IpoBeneH aHain3 BIMSHUS TeMIEpaTypHO-
CKOPOCTHBIX YCJIOBHH Tporiecca Ha pOpMHUpOBaHHE TUTAKUPYIOMIETO ciiosl. [ aToro Oblia BEITOTHEHA TOCTAHOBKA YETHI-
pex 3amad ¢ BappbHpPOBAaHUEM PEXMMOB HarpeBa 3ar0OTOBOK M MHCTPYMEHTOB. YCTaHOBIICHO, YTO IOyIUTh TOHKHH TUIAKH-
pyIoLIMiA CION yAaeTcs Mpy TeMIepaType HarpeBa ocHOBHoro cruiaBa 7075, paBHoit 360 °C, u TeMmeparype IIaKUpYIOIIEro
ciost, pasHoit 20 °C, uTo obecneynBaeT paBHOMEPHOE pacIpeeleHne TMOKPHITHS 110 JJIHMHE NMpyTKa 0e3 MpHU3HAKOB pac-
CIOeHHs. AHAJIN3 HAPSHKEHHO-IC(POPMHUPOBAHHOTO COCTOSIHHS MaTe€pHajoB B XOIE€ IPECCOBAaHUS MOKa3ajl, YTO BapHaHT
UCIIOJIb30BaHMUS JIOTIOJHUTEIBHON 3arOTOBKH B XOJIOJIHOM COCTOSTHHM ITO3BOJISIET COXPAHSATh JIOCTATOYHYIO CIUIOIIHOCTh
JUtst ()OPMHUPOBAHMS HETIPEPHIBHOTO TIAKMPYIOIIETO HOKPBITHS, B TO BpeMs Kak HarpeB a0 300 °C u BbllIe IPUBOIUT K €T0
pa3phIBy H3-3a JIOKaJIW3auu AedopMarin. PazpaboTaHHBI MOAXOX MOKET OBITh MCIOIB30BaH IS CHIKCHUS CE0eCTOH-
MOCTH M3JEJIMH 3a CUET YMEHBILEHHUS pacxojia Joporocrosiiero cruiaBa 7075 npu 0HOBPEMEHHOM TOBBIIIEHHN KOPPO3H-
OHHOM CTOWKOCTH 3a CUET NPUMEHEHUs IIIAKUPOBKHU M3 YHCTOTO allFOMUHMS. [lepcrieKTuBbl pa3BUTHS JalbHEHIINX HUCCie-
JTOBAaHUI CBSA3aHBI C ONTHMHU3ALNEH PSKUMOB IPECCOBAHUS U PA3IMIHBIX THIIOPA3MEPOB MIPYTKOB.

Knrouegvie cnosa: npeccoBaHue; METOJ KOHEUHBIX AJIEMEHTOB; KOMIO3UIIMOHHBIE MaTEepHabl, aFOMUHUEBBIN CIIIaB
7075; naaKupyroUuii CiIou.

Bnazooapnocmu: Crarbs IOATOTOBJICHA TI0 MaTepHaIaM IOKIAN0B yaacTHHKOB XII MexmyHaponHOH mkomsl «Pu3u-
yeckoe MatepuanoBenenuey (ILIOM-2025), Tompsartu, 15-19 centabdps 2025 rona.

/na yumupoeanusa: bymyesa H.U., Jlorunos F0.H. Cxema nonydeHus: KOMIO3UIIMOHHOTO Marepualia Ha OCHOBE KOH-
CTPYKIIMOHHOTO aJIFOMHHHEBOTO CIUIaBa METOIOM IIpsiMoro mipeccoBanus // Frontier Materials & Technologies. 2025. Ne 3.
C. 27-37. DOI: 10.18323/2782-4039-2025-3-73-2.
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Abstract: The study covers the problem of early elimination of tool resonant vibrations through preliminary
mathematical modelling. In particular, the problem is considered for the case of milling with an end mill on a verti-
cal milling centre. The paper presents processed experimental data and results of mathematical modelling containing
information on the rigidity of the FKC 4257 mill, its natural frequencies on the spectrum and vibration modes.
The constructed finite element mathematical model covers the mill itself, the gripping collet and the collet chuck
attachment. The model describes the static rigidity of the mill with an error of 2.2 %, and the position of its natural
frequencies on the spectrum — with an error of about 7 % relative to the experimental results. By constructing
the amplitude-frequency characteristic and conducting a modal analysis, it is shown that the first two vibration
modes (80 and 112 Hz) are the most critical for the mill, both in terms of the amplitude of vibrations and in terms of
their shape. The vibration shapes in the first modes are bending. During the modal analysis, the vibration shapes in
the remaining modes are considered and estimated. To improve the convergence of the frequency analysis results, it
is proposed to introduce the coefficient K;;=0.9, which takes into account the lower rigidity of a real mill in compari-
son with an idealized mathematical model, when applying which the convergence is improved to 2.5 %. Thanks
to the applied technique, it is possible to obtain reliable data on the frequency zones of instability used in practice to
avoid resonance phenomena. In the future, based on such data, taking into account the correction factors, it is possi-
ble to train neural network models predicting the tool response under specific processing conditions and solving
the inverse problem of selecting rational tool geometry for specific tasks.

Keywords: end mill; rigidity; modal analysis; frequency analysis; mathematical modelling; amplitude-frequency char-
acteristic; resonance.
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INTRODUCTION
During milling with end mills on large-sized high-

the above-mentioned negative consequences of the mill
operation in the resonant or near-resonant frequency

rigidity milling machines, the limiting elastic deforma-
tions are the release of the cutting tool itself, its vibra-
tions with a certain amplitude and frequency [1; 2].
In cases when the frequencies of these vibrations do not
resonate with the frequencies of other components of
the “machine — fixture — tool — part” system (hereinafter
referred to as MFTP), there is only a deviation from
the specified shaping [3; 4] to one degree or another, i.e.
a decrease in the processing accuracy [5; 6]. However, it
is widely known that when resonance phenomena occur
during milling, vibrations of increased amplitude occur,
which can lead to accelerated wear [7], tool breakage [8;
9] due to fatigue failure and microchipping of its cutting
edges, as well as to failure of spindle bearings and other
machine components [10; 11]. It should be noted that

© Voronov R.D., Rastorguev D.A., Levashkin D.G., 2025

range are visible both when milling difficult-to-machine
materials along complex spatial curved trajectories and
when processing relatively pliable materials along simple
flat trajectories. In particular, this is expressed in
the unsatisfactory quality of the machined surfaces and
the discrepancy between the obtained dimensions and
shapes of the part and the initial machining tolerances [12].

In this regard, the ability to abstract from the reso-
nant frequency zones in advance remains relevant for
mechanical machining; for this purpose, the vibration
component of the machining is often analyzed and
the frequency response of the mills are constructed [13; 14].
To solve this problem, both empirical methods [15; 16],
based on the readings of eddy current sensors, and
mathematical modelling, including the finite element
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analysis method [17; 18], are widely used. Moreover, to
reduce and prevent the influence of tool vibrations,
the results of modal analysis [19; 20] can be used, which
provides an idea of the vibration forms [21] on the fre-
quency spectrum.

The great majority of studies of cutting tools, in particu-
lar end mills, do not contain comprehensive consideration
of the object in terms of both modal and frequency analyses
and, as a result, no corresponding mathematical models
with confirmed convergence are presented. Among
the studies provided, when considering end mills, there are
estimates of both the modes and amplitudes of vibrations
on the frequency range, but separately from each other.
Consequently, it is difficult to make an unambiguous con-
clusion about the criticality of a particular tool vibration
frequency for milling. Therefore, an approach is required
that combines an assessment by both the amplitude crite-
rion and the vibration mode criterion.

The purpose of this study is to develop and test
a method for end-to-end mathematical modelling, includ-
ing static, modal and frequency analyses, using the ex-
ample of the FKC 4257 mill installed on the MILLSTAR
LMYV 800 vertical milling centre; in this case, the model-
ling results should correlate with the experimental data.

METHODS

The end mill — collet chuck pair consisting of an FKC
4257 end mill with a diameter of 10 mm and a BT-40-
ER32-100 collet chuck with a corresponding collet was
investigated. The material of the mill is high-speed R6MS5
steel. Modelling was carried out using the finite element
method with Femap with NX Nastran v11. A static force of
400 N was used for static analysis and a unit force to obtain
frequency responses. The MatLab package was used to
process and visualize the experimental data.

The experimental part of the study includes measuring
the static rigidity of the mill, as well as obtaining its fre-
quency response. To conduct the experiment, a Z-shaped
compression sensor was attached to the thread on the one
side of the vertical plate fixed in a vice inside the working
volume of the LMV 800 centre, and a screw was installed
on the other side to load the mill. An indicator was mounted
in a magnetic stand fixed to the machine spindle body.
Measurements were taken using a DEP1 portable electronic
dynamometer.

During this experiment, a series of measurements were
carried out with different forces applied to the mill — from
50 to 400 N. Direct measurement of deformation was car-
ried out using a strain-gauge dynamometer with displace-
ment control by a clock-type indicator with a measurement
error of 0.01 mm (right side of Fig. 1).

The natural frequencies of the end mill on the LMV 800
machine were obtained using the pulse method — by striking
a dynamometric hammer with recording the response with
a Bentley Nevada eddy current sensor.

As will be shown below, it is the first two vibration
modes that have the largest amplitudes, as well as the most
dangerous natural vibration modes. In this regard, when
considering the peaks in the frequency spectrum, we will
make comparisons based on the first two peaks obtained
experimentally.

For the mathematical model, the conditions of fixing
(boundary conditions) and loading were set according to the
experiment, taking into account the materials of the bodies
and the nature of their contact.

Obviously, the limiting deformations will be observed
at the maximum extension of the mill from the chuck, and
the chuck itself will practically not undergo deformation.
In this regard, a proportional finite element mesh for
various bodies was set, which allows reducing the time
required for analysis.

Fig. 1. General view of the experimental installation inside the machine
Puc. 1. Obwuii 6u0 dIKCcnepumMeHmanbHol yCmaHo8Ku GHympu CIanka
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RESULTS

Since deformations occur deep in the elastic region,
then, as expected, the compliance graph (Fig.2) is
a straight line with a certain coefficient responsible for
its slope. Let us determine the rigidity at the measure-
ment point (approximately 19 mm from the chuck) using
the known relationship:
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The vibration analyzer allowed obtaining the amplitude-
frequency characteristic (hereinafter referred to as the AFC)
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of the mill with pronounced peaks (Fig. 3). The first two
peaks are located at frequencies of 80 and 112 Hz, respec-
tively. The parameters that were identified during meas-
urements in these experiments are decisive in terms of
forming accuracy through elastic deformations.

As can be seen from the static calculation (Fig. 4), under
a load of 400 N, the greatest displacements are about
0.2 mm at the end of the mill. It is possible to visualize
more clearly the distribution of deformations along
the length of the mill using a graph. The graph (Fig. 5)
shows the displacements along the Z-axis (the longitudinal
axis of the mill), with the zero reference point being
the point of zero mill extension from the chuck (the edge of
the chuck). The obtained dependence, in accordance with
expectations, is close to linear.

According to the calculation results, displacements of
0.05 mm obtained experimentally were recorded at

>

250 300 350

Applied force magnitude, N

Fig. 2. Experimental graph of the dependence of deformations (m) on the applied force (N).
The highlighted area located along the graph line visualizes the 95 % confidence interval
Puc. 2. Dxcnepumenmanvhwili epaguk sasucumocmu oegopmayuii (M) om npunacaemout cunvt (H).
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Fig. 3. The amplitude-frequency characteristic obtained experimentally with the peaks marked
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Fig. 4. Result of static calculation for rigidity
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Fig. 5. Graph of the dependence of displacements on the coordinate of the mill longitudinal axis (modelling)
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a distance of approximately 19 mm (Fig.5) from the edge
of the chuck (mill extension). This value coincides with
the distance from the edge of the chuck to the measure-
ment point during the experiment, which allows conclud-
ing that the created mathematical model for determining
static rigidity is correct.

Then the rigidity at the measurement point is equal to

The obtained modelled rigidity value differs from that
calculated from the experimental data by 2.2 %, which con-
firms the correlation.

To find the natural forms and frequencies of the structure,
we will conduct a modal analysis for the same fixing condi-
tions as in the case of a static calculation. The result of
the modal analysis can be presented both as a set of modes
(Fig. 6) and graphically on a frequency interval (Fig. 7), where
the peaks of natural frequencies are clearly visible. On
the graph (Fig.7), the dimensionless coefficient, which
does not show the amplitude of vibrations at resonant fre-
quencies, is plotted along the ordinate axis, and the interval
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Fig. 6. Vibration modes of the end mill — collet chuck pair
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Fig. 7. The location of the first two natural frequencies of the mill on the spectrum (modelling)
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of the frequencies under consideration is plotted along the ab-
scissa axis. The desired peaks are located at 86 and 120 Hz,
respectively. When comparing the position of the peaks on
the spectrum with the experimental data (Fig. 3), a discrepancy
of approximately 68 Hz is noticeable.

As the modal analysis shows, in the first and second vibra-
tion modes (=86 and 120 Hz), the natural form is bending, and
in the instability zone there is only the mill itself, deviating from
its axis to the side, which fully corresponds to the real direction
of elastic deformations during milling with an end mill.

Note that modes 1 and 2, 3 and 4, 6 and 7, 9 and 10
have practically the same frequencies (Fig. 6), which is
expressed graphically as a “merger” into a single peak of
modes with serial numbers of 1 and 2, 3 and 4, respec-
tively. Moreover, the natural forms of the mill at these
frequencies are identical and they are bending (Fig. 8).

Therefore, we will consider such close modes as a single
natural frequency.

In the fifth mode of vibrations (=276 Hz), the natural
form is twisting around the longitudinal axis of the mill,
and the collet chuck itself is mostly in the zone of instabil-
ity (Fig. 9). The next, sixth and seventh modes (=408 Hz),
correspond to the form of spatial bending of the entire
structure around the nodes indicated by the violet-coloured
zones (Fig. 10). This form of vibrations is dangerous due to
the presence of an inflection, where the form of vibrations
changes its direction. In this case, both the mill itself and
the chuck body are still in the vibration antinode zones.
The natural form in the eighth mode (=427 Hz) is compres-
sive along the longitudinal axis of the tool, covering both
the tool and the collet chuck (Fig. 11). The vibration anti-
node in this mode is concentrated on the mill.
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Fig. 8. Vibration mode shape in the first mode
for the case of a solid end mill
Puc. 8. Cobcmeennas ghopma konedanuil Ha nepsoti mooe
01 CY4as YerbHOl KOHYesol (pesvl
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Fig. 10. Vibration mode shape in the sixth mode
for the case of a solid end mill
Puc. 10. Cobcmesennas popma xonebanuii Ha uiecmoi Mooe
O/ CYUAst YelbHOU KOHYesol (hpesvl

The last, ninth and tenth vibration modes (=596 Hz),
correspond to the form of the spatial bending of the mill
itself exclusively (Fig. 12), similar to the natural form in
the sixth mode (Fig. 10). Here, the bend and nodes on
the mill body are also traced.

Since the coefficient on the ordinate axis (Fig. 7) does not
give any idea of the degree of criticality of a particular fre-
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Fig. 9. Vibration mode shape in the fifth mode
for the case of a solid end mill
Puc. 9. Cobcmeennas gpopma konebanuil ha nsamou mooe
01 CIy4as yenbHOU KOHYesoll (hpesvl

Fig. 11. Vibration mode shape in the eighth mode
for the case of a solid end mill
Puc. 11. Cobcmesennas gpopma konebanuil Ha 60CbMol MOOE
07151 CIyHast YenbHol KOHYegoll (pe3vl

quency according to the vibration amplitude criterion, it is
necessary to carry out a frequency analysis next. Frequency
analysis implies taking into account the damping of the vibrat-
ing system through the damping coefficient determined ex-
perimentally. For the case of a solid end mill, the logarithmic
damping decrement was 0.06 according to empirical data ob-
tained from the graph of the transient process of vibration
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Fig. 12. Vibration mode shape in the tenth mode for the case of a solid end mill
Puc. 12. Cobcmeennas popma xonebanuii Ha 0eéamoil Mooe OJiA CIy4ds YeabHOU KOHYesoll (hpe3vl

damping. Let us assume that this coefficient remains constant
over the entire range of frequencies under consideration and is
equal to the logarithmic damping decrement of vibrations.

The result of frequency analysis is the amplitude — fre-
quency dependence in the relevant direction in space.
In this case, we consider the transverse direction of the mill
loading, i.e. the direction perpendicular to its axis. The fre-
quency response (AFC) is obtained with a damping coeffi-
cient taken equal to 6 %. For a more demonstrative display
of all amplitudes, we will use a logarithmic scale on
the ordinate axis (Fig. 13).

According to the constructed AFC, it can be concluded
that, according to the vibration amplitude criterion,
the most dangerous are the first two natural frequencies of
vibrations corresponding to frequencies of about 86 and
120 Hz (according to the simulation results). They are also
the most dangerous according to the vibration form crite-
rion, as shown by the modal analysis.

Thus, the results of static, modal and frequency analyses
correlating with the experimental results are obtained.

DISCUSSION

The obtained results on the position of natural frequen-
cies on the spectrum correlate with the experimental data
within =7 %. Such a significant percentage of error is
caused by the shift of the theoretical frequency response to
the right in comparison with the empirical frequency re-
sponse, which, in turn, occurs due to the idealization of
the mathematical model. In particular, in the model sub-
jected to finite element analysis, there are no mill chip
grooves, which makes it more rigid and overstates the natu-
ral frequencies. Moreover, the type of frequency response
and natural frequencies of a solid body is also affected by
its geometric shape. Therefore, in the absence of wide and
deep chip grooves, the result is somewhat distorted. In this
regard, to improve convergence in such cases, it is possible

to introduce a clarifying coefficient that will correct
the rigidity of the mill and allow avoiding labour-intensive
refinement of its model.

It is important to note that since the force action during
the experiment was exerted on the mill, which is kinemati-
cally connected to the collet chuck, and the chuck, in turn,
to the machine spindle, etc., the obtained frequency re-
sponse is the resultant with respect to the machine itself and
its rigidity. This contributed undoubtedly to the shape of
the curve and the absolute values of the amplitudes [22].
This explains the inevitable external difference between
the experimental frequency response and the frequency
response obtained during the modelling.

For the case of a solid end mill, we introduce a dimen-
sionless K coefficient, taking into account the presence of
chip grooves in the section undergoing deformations. Obvi-
ously, the presence of chip grooves affects the movements
along each of the coordinate axes differently, so the values
of the coefficients should differ. Since for an axial tool in
this work, the rigidity in the transverse direction (perpen-
dicular to the tool axis) is considered, we define the corre-
sponding coefficient K;;=0.9. This coefficient value for
each specific tool can be obtained as the ratio of the defor-
mations of a solid cylindrical body (rod) and the considered
real tool with chip grooves, all other things being equal.

When changing the rigidity of the model by 0.9 times, we
obtain the following position of the peaks of the first two
natural frequencies (Fig. 14). The first peak has shifted to
the left to 82.2 Hz, the second one — to 114.3 Hz. Convergence
with the experiment has been improved to 2.5 % (Fig. 3).

It is important to note that the introduction of a clarify-
ing coefficient may not always be justified, since finding
the peaks of natural frequencies is used in practice to avoid
resonance phenomena, i.e. to separate operating modes and
natural frequencies further from each other on the fre-
quency spectrum. In this case, from a practical point of
view, in some cases it is not necessary to know the position
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Fig. 13. Amplitude-frequency characteristic in the cross direction with amplitude logarithmic scale (modelling)
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Fig. 14. The location of the first two natural frequencies of the mill on the spectrum taking
into account the correction factor (modelling)
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of the peak on the spectrum with an accuracy of 1-3 Hz.
Knowing the presence of a peak in the range of about 10—
15 Hz may be sufficient. The results of the static analysis
(rigidity calculation) do not require clarification, initially,
a convergence of 2.2 % is provided.

One of the directions for further development of
the subject of this study is the expansion of the modelled
system, i.e. the inclusion of a blank, a device, and the ma-
chine itself in the mathematical model, which will ulti-
mately allow obtaining a model of a closed-loop “machine —
fixture — tool — part” system. When maintaining the model-

ling methodology, it is expected to obtain convergence with
the experiment, which will allow reflecting more fully and
in detail the state of the technological processing system
both in dynamics and in statics.

CONCLUSIONS

The presented rigidity modelling technique together
with frequency analysis allows calculating force displace-
ments and elastic deformations of the tool for its state
at critical loading frequencies. It is the search for rigidity

46

Frontier Materials & Technologies. 2025. No. 3



Voronov R.D., Rastorguev D.A., Levashkin D.G. “Study of rigidity and frequency response of an end mill...”

balance within the “machine — tool — part” system that
forces us to evaluate the critical states of the tool, and then
the machine, since it is the level of damping, rigidity and
natural frequencies of the elements of the “machine — fix-
ture — tool — part” (MFTP) system that determines the pos-
sibility and duration of the tool operation, which is the clos-
ing link (relatively low-rigidity and wvulnerable) in
the MFTP system.

The real response of the tool in the “machine — fixture —
tool — part” system for individual cases, taking into account
the geometry of the tool used, can be modelled with a con-
vergence of 7 %. In this case, the results of mathematical
modelling can be clarified using a coefficient that allows
taking into account the chip grooves of the tool, which
makes it possible to save time for the detailed development
of a 3D model. When using the coefficient, the convergence
of the peaks on the spectrum with the experiment reaches
2.5 %. Since the obtained calculated values of frequencies
and deformations correlate with the experimental data, it
can be stated that the goal of the work has been achieved.

Based on differential equations with a coefficient
adopted in the first approximation, it becomes possible to
train neural network models that will allow obtaining out-
put data on the amplitude of tool deformation for any in-
put data on the expected processing conditions. Moreover,
this will allow the neural network and the user to formu-
late specific proposals for changing (improving) the input
data to ensure optimal cutting conditions for a predeter-
mined target function or for a whole set of target func-
tions. In other words, it is possible to solve both the direct
and inverse problems. With a sufficiently high level of
training of such a neural network model, all the modal,
frequency and rigidity characteristics of the tool of inter-
est can be obtained from its output data without experi-
ments or any modelling.
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Annomayusn: ViccnenoBanue MOCBSIICHO MPoOieMe 3a01aroBpeMEHHOTO UCKITIOUCHHS PE30HAHCHBIX KOJICOAHUI MHCT-
pYMeHTa MyTeM MpeIBapUTEeIbHOTO MaTeMaTu4eckoro MOJENMpoBaHus. B yacTHOCTH, mpobiemMa paccMOTpeHa Ui ciiydast
nporecca (ppe3epoBaHms KOHIIEBOH (pe30i Ha BEPTHKAITEHOM (Ppe3epHOM LeHTpe. B pabote npuBeeHp! 00paboTaHHBIE 3KC-
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CKasi MOJIENTb OXBAaTBIBACT caMy (pe3y, 3a)KUMHYIO I[aHTY U I[aHTOBEII MAaTPOH. MOIENb ONHCHIBACT CTATHYECKYIO KECTKOCTD
(pe3sl ¢ morpentHocThio 2,2 %, a MOJOKEHHE e¢ COOCTBEHHBIX YaCTOT Ha CIIEKTPE — C MOTPEIIHOCTHIO OKOJIO 7 % OTHOCH-
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Abstract: In the work, an ultrafine-grained (UFG) state was formed in a low-carbon steel by equal-channel angu-
lar pressing (ECAP) (8 passes, 200 °C), demonstrating high mechanical properties (yield strength is 1021 MPa,
tensile strength is 1072 MPa, ductility is 10.7 %) along with satisfactory corrosion resistance (0.345 mm/year).
To explain the reasons for improvement of strength properties and changes in corrosion properties, UFG steel micro-
structure was analysed using electron microscopy and X-ray scattering methods. Specifically, electron microscopy
methods revealed structural refinement of ECAP-processed steel, resulting in the formation of equiaxed grains aver-
aged ~240 nm in size. Modified Williamson—Hall and Warren—Averbach X-ray procedures were applied to find
the patterns of changes in coherent scattering domains size, density p and fraction f; of screw-type dislocations,
effective outer cut-off radius R, of dislocations and some other parameters of low-carbon steel depending on a num-
ber of ECAP passes (degree of deformation). X-ray diffraction analysis and small-angle X-ray scattering methods
were used to determine evolution trends of mass fraction, size and morphology of various precipitates depending on
the number of ECAP passes. Based on the obtained data, a model of microstructure transformation during UFG state
formation in steel was proposed. Furthermore, strengthening mechanisms of both coarse-grained and UFG steels
were discussed. It was found that in initial state, steel strength was primarily ensured by grain-boundary strengthen-
ing and precipitation of small Me,;Cs and Me;C, precipitates. It was shown that during UFG structure formation,
steel strength increases due to grain-boundary strengthening and dislocation density increase. The contribution of
precipitates in the UFG state to the strengthening decreases and this is due to their growth during ECAP processing.
It was found that an increase in corrosion rate of UFG steel results from a decrease in ferrite grain size, an increase
in grain-boundary dislocations density and a cellular structure formation.

Keywords: low-carbon steel; ferrite; equal-channel angular pressing; ultrafine-grained structure; microstructure;
strengthening mechanisms; X-ray diffraction analysis; corrosion rate; small-angle X-ray scattering.
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INTRODUCTION

Currently, low-carbon steels are widely used in
the automotive, construction, aerospace and oil and gas

date, among the various methods for improving the phys-
ical and mechanical properties of metallic materials and
alloys, the methods of severe plastic deformation (SPD)

industries due to their high industrial application poten-
tial. Nevertheless, further enhancement of the set of
physical, mechanical and performance properties of low-
carbon steels through the optimisation of alloying ele-
ments and/or the implementation of various thermo-
mechanical processing modes remains a significant fun-
damental and applied challenge in materials science. To

© Malinin A.V,, Sitdikov V.D., Lebedev Yu.A., 2025

are among the most popular [1-4]. As a result of SPD
processing, an ultrafine-grained (UFG) structure is
formed in the initial coarse-grained (CG) metallic mate-
rials due to the refinement of the initial grains [1—4].
Moreover, UFG structures produced by SPD methods in
metals and alloys are characterised by an increased den-
sity of introduced defects, products of various phase

Frontier Materials & Technologies. 2025. No. 3

51


https://orcid.org/0000-0002-9948-1099

Malinin A.V.,, Sitdikov V.D., Lebedev Yu.A. “Microstructure, properties and strengthening mechanisms...”

transformations, the formation of equiaxed grains of
nanometric size and highly non-equilibrium grain
boundaries [5; 6]. Furthermore, in the case of SPD ef-
fects on alloys, dynamic strain ageing may occur in
them, resulting in the precipitation of particles of dif-
ferent morphology, sizes and chemical compositions in
the main phase [7; 8]. All these microstructural chang-
es in metals and alloys processed by such techniques
lead to the formation of high-strength states due to
the activation of various strengthening mechanisms [9;
10]. In this regard, the creation of high-strength steels
through targeted control of their structure and phase
composition represents a pressing issue in modern ma-
terials science.

The main SPD methods include equal-channel angu-
lar pressing (ECAP) and high-pressure torsion (HPT)
[1; 2]. Previously, these methods have been successfully
applied to obtain high-strength states in a number of
low-carbon steels [11-13]. In particular, the authors of
[11] applied the ECAP method to AISI 1010 steel with
three passes at a temperature range of 150-300 °C.
By varying the ECAP temperature, they obtained a high-
strength state of the steel at 200 °C, characterised
by high yield strength oy of 778 MPa and ultimate ten-
sile strength oyzs of 819 MPa, significantly exceeding
those of the CG steel (oys=252 MPa, oy75=307 MPa)
[11]. At the same time, ductility decreased by more than
half. The improvement in strength characteristics was
attributed by the authors to the formation of a ferritic
UFG structure in the steel [11]. In [12], the authors man-
aged to increase the number of ECAP passes (degree of
deformation) in ferritic steel up to six by raising
the temperature to 300 °C. It was shown [12] that in-
creasing the ECAP deformation degree further raised
the yield strength to 851 MPa and the ultimate tensile
strength to 857 MPa. However, the ductility value did
not exceed 9 %. Based on microstructural analysis,
it was concluded that the formation of a banded structure
consisting of submicrocrystalline grains with high dislo-
cation density enhances the mechanical properties
of ferritic steel [12]. Furthermore, hot rolling of low-
carbon steel prior to ECAP processing allowed increas-
ing the number of passes up to ten [13]. Thanks to such
combined processing, the authors succeeded in forming
a banded structure composed of elongated grains with
a width of 200-300 nm, thereby raising the ultimate ten-
sile strength to record-high values (over 1200 MPa) [13].

When determining the reasons for the improvement
of strength characteristics in ECAP-processed steels,
the authors [11-13] relied solely on electron microscopy

data. Meanwhile, X-ray scattering methods are a power-
ful tool for providing an integrated characterisation of
the steel microstructure through other structural parame-
ters [14-16]. Recently modified Williamson—Hall and
modified Warren—Averbach techniques have been suc-
cessfully applied to the structural characterisation of
steels [17; 18]. In particular, the reasons for the destruc-
tion of the near-surface layer of martensitic steel were
identified, which included the reduction in dislocation
density, a change in the dislocation type and an increase
in the coherent scattering domain (CSD) size [17].
In [18], X-ray scattering was used to study the changes
in microstructural parameters during the tensile defor-
mation of Fe-26Mn—-1A1-0.14C steel. It was found that
tensile deformation leads to an increase in dislocation
density, suppression of the screw dislocations shares,
the emergence of a strong dislocation dipole field indica-
tive of cell structure formation and the activation of dy-
namic recovery (growth of the effective outer cut-off
radius of dislocations) [18].

The above examples demonstrate that the combined use
of X-ray scattering and electron microscopy methods en-
ables a more detailed characterisation of steel structures
during thermomechanical processing. Accordingly, in the pres-
ent study, these methods were jointly applied to determine
the reasons for the enhancement of strength properties and
changes in corrosion behaviour in a medium-carbon steel
upon the formation of a UFG state.

Objective of the study is to form a high-strength state
in medium-carbon steel using the ECAP method, to ana-
lyse strengthening mechanisms and to identify possible
reasons for changes in corrosion properties based on mi-
crostructural data obtained by X-ray scattering and elec-
tron microscopy methods.

METHODS

Methodology for the UFG structure formation

A widely used low-carbon steel was selected for
the formation of UFG structure by ECAP method.
The chemical composition of the steel measured by opti-
cal emission spectrometry is presented in Table 1. Before
ECAP processing, the cylindrical steel specimens (9 mm
in diameter and 30 mm in length) were annealed at
a temperature of 200 °C for 1 h. ECAP was performed
using tooling with a channel intersection angle of 120°.
The ECAP processing temperature was maintained
at 200 °C, the deformation route used was route B¢ and
the number of passes was 4, 6, and 8.

Table 1. Chemical composition of the studied steel (wt. %)

Taonuya 1. Dnemenmuulii cocmag ucciedyemol HusKoy2iepooucmot cmanu (mac. %)

Mn Cr

Ni Cu P S Fe

0.108 0.195 0.397 0.135

0.216 0.087 0.003 0.012 balance
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Methodology for carrying out mechanical
and corrosion tests

Tensile mechanical tests were carried out using a uni-
versal testing machine Instron 8801. The following me-
chanical properties were determined: yield strength oy,
ultimate tensile strength 6,75 and elongation §. In order to
exclude the influence of the heterogeneity of the formed
structure and the effects of poor processing of the peri-
pheral areas, tests were carried out on small samples cut
from the central area of the rod relative to its longitudinal
axis [1; 3]. The dimensions of the flat samples: length
4 mm, sides of the working part 1x1 mm?”. The strain rate
during tensile testing was 1107 s™'. The steel hardness
after various numbers of ECAP passes was measured us-
ing the Vickers method on a universal hardness tester
Shimadzu HMV-G with an indenter load of 100 g and
a dwell time of 10 s.

Corrosion rate 7, was determined by mass loss after ex-
posure to a corrosive environment. For corrosion testing,
disks 9 mm in diameter and 2 mm thick were cut from
the as-received and ECAP-processed specimens. Samples
were kept in a test solution prepared from 5.0 wt. % sodium
chloride, 0.5 wt. % acetic acid and distilled water for 100 h.

Methodology for studying microstructure
using electron microscopy

The microstructure of the as-received and ECAP-
processed specimens was analysed using a scanning elec-
tron microscope (SEM) Thermo Scientific Q250 (USA).
Microstructure analysis was performed on cross-sectional
metallographic specimens cut from ECAP-processed sam-
ples. Specimens were prepared for SEM by grinding, fol-
lowed by polishing with diamond paste and etching in
a nital solution. The steel microstructure was also examined
by transmission electron microscopy (TEM) to obtain in-
formation on the size of structural elements, with an accel-
erating voltage of 200 kV. Thin foils for TEM studies were
prepared by twin-jet electropolishing using an electrolyte
based on n-butyl alcohol.

Methodology for carrying out X-ray structural analysis

X-ray diffraction analysis (XRD) was performed on
steel samples using a Tongda TD-3000 diffractometer
(China) operating in Bragg—Brentano geometry. X-ray
patterns were recorded within a 20 scattering angle range
from 25° to 140° in continuous scanning mode at a scan-
ning speed of 0.5 °/min. Cu anode tube was used to gen-
erate radiation (A=0.154060 nm) at an operating voltage
of 40 kV and a current of 35 mA. Diffracted beams were
detected using a Mythen 2D multichannel detector
(Switzerland). Parasitic  and W lines from copper radi-
ation were suppressed using a 30 um thick nickel foil.
The use of a high-precision multichannel detector and
nickel foil in the registration of diffracted copper radia-
tion reduced fluorescence levels on the X-ray patterns,
enabling the measurement of clear (4kl) reflections both
from ferritic steel and from secondary phases.

The calculation of fine structure parameters (CSD
average size D, dislocation density p, fraction of screw-
type dislocations, effective outer cut-off radius R, and
dislocation type) was carried out using the modified Wil-

liamson—Hall (mW-H) and Warren—Averbach (mW-A)

techniques [19]. In the mW-H method, CSD size Dy.p

was determined based on the full width at half maximum

(FWHM) broadening according to the dependence of
cos0 2sin 6

A

AK = FWHM on K =

1
w22 L1 _
AK=(1’39+[anb ] pz{KC2J+O(K2C), (1)

where K is the scattering vector;
M is the Wilkens parameter depending on the effective out-
er cut-off radius R, of dislocations;
C is the average dislocation contrast factor;
b is the value of the Burgers vector (0.204 nm).

By squaring equation (1) and considering that
(O(K*C))*~0, the following expression for calculating Dy.y
was obtained:

AK? -0 nM’b°

e pCioo (1-g#), @)

where Cj is the average dislocation contrast factor in
the {400} plane;

q is a constant related to the type of dislocations and
the elastic constants of steel;

H for an arbitrary {hkl} plane was determined using
the expression

e R+ R+
n 4k + 1

>

0.9
a=|—] .
D
The dislocation density p used in equation (2) was
found from the real A(L) and size 4°(L) parts of the Fou-

rier coefficients (where L is Fourier length) using
the mW-A method:

2 f—
In A(L)=1In 4° (L)—%L2 m(%) (k2C)- 5

=In 4°(L)-YK*C

2
where Y:mLzln & .
2 L

By transforming equation (3), a relation for determining
p was obtained:

Lzz_nbszzln R\
L 2 L

nh?

in(L). @
2

Equations (3) and (4) are similar to the expression
y:m+(—k)x. Accordingly, 4°(L) values were deter-

mined by approximating the dependence of InA(L) on
K*C to the point of intersection with the OY-axis (i. e.,
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the In4(L) axis). From this dependence (4), values of ¥
were also determined via the tangent of the curve slope.
Dislocation density p values used in the right part of
equation (4) were found from the graph of Y/L? versus
In(L) based on the tangent of the curve slope. R, value
for each state was determined by approximating
the graph of relation (4) to the point of intersection with
the OY axis. Instrumental broadening of steel (4kl) re-
flections was taken into account by recording and ana-
lysing the X-ray pattern of LaB¢ powder.

Small-angle X-ray scattering technique

To obtain information about the morphology and size
of precipitates, thin foils were prepared from thin sec-
tions (5 mm long, 10 mm wide, ~20 um thick). Small-
angle X-ray scattering (SAXS) curves were recorded in
the scattering vector ¢ range from 0.01 to 1.4 nm ™' using
Tongda TD-3000 diffractometer (China) equipped with
a single-channel detector. The diameter of the analysed
foil surface was ~3.5 mm. When analysing the steel pre-
cipitates, the resulting scattering intensity /(g) was ex-
pressed as:

1(g)=1(g), +1(q), +-+1(q), = 3"

i=1

Fla)|[s@)].

where I(q); is the scattering intensity from precipitates with
the i-th shape;
F(g); is the form factor defining the morphology of the i-th
precipitates;
S(q); is the structure factor determining the spatial distribu-
tion of the i-th precipitates.

The morphology of the precipitates was defined accord-
ing to the expressions given in [20].

RESULTS

Tensile and corrosion resistance tests

The results of mechanical tests and corrosion rate data
for the studied steel states are presented in Table 2. It can be
seen that ECAP processing of the initial steel leads to

an increase in its hardness and strength characteristics
(Table 2). In particular, after 4 ECAP passes, the steel hard-
ness increases by 1.4 times, yield strength oy increases by
2.9 times and ultimate tensile strength cy7s increases by
2.3 times compared to the initial CG state. At the same
time, an inverse effect is observed: the steel ductility de-
creases by approximately 2.7 times. This state is also char-
acterised by an increase in corrosion rate by 0.03 mm/year.
An increase in the number of ECAP passes to 6 results in
a further growth of microhardness, tensile strength, yield
strength, and corrosion rate (Table 2). The steel ductility in
this state slightly improves. After 8 ECAP passes, the steel
exhibits very high strength properties, with ductility reach-
ing ~11 % (Table 2). The corrosion rate after § ECAP pass-
es increases by 0.046 mm/year.

Microstructure studies using electron microscopy

SEM images of the microstructure of the initial and
ECAP-processed steels are shown in Fig. 1. In the initial
state, the steel microstructure is characterised by the pres-
ence of ferrite grains (Fig. 1 a). In some ferrite grains,
needle-like cementite particles are also visible. The aver-
age ferrite grain size, based on the analysis of no fewer
than ten images, was ~4 um. As a result of ECAP pro-
cessing (4 passes), a banded structure is formed in the
steel (Fig. 1 b). The bands contain heavily refined grains
(average size ~270 nm according to TEM data), in which
a high density of defects in the form of dislocation tan-
gles can also be observed (Fig. 1 b, inset). After 6 ECAP
passes, the banded structure becomes less pronounced
(Fig. 1 ¢). The average ferrite grain size in this state,
based on TEM investigations, was ~250 nm (Fig. 1 c,
inset). After 8 ECAP passes, the steel forms an equiaxed
structure with an average grain size of ~240 nm
(Fig. 1 d). Additionally, a cellular structure is observed
in some grains (Fig. 1 d, inset).

Microstructure studies using X-ray
diffraction analysis
Experimental X-ray patterns of the steel in various

structural states are presented in Fig. 2. It is evident that
the X-ray patterns for the initial and ECAP-processed states

Table 2. Mechanical properties and corrosion rate of low-carbon steel in coarse-grained and ultrafine-grained states
Taonuya 2. Mexanuueckue coticmea u CKOpOCMb KOPPO3UU HUKOY2IEePOOUCMOL CManu

6 KDYNHOKPUCMAJIUYECKOM U Y1bMPAMENKOZIEPHUCNIOM COCMOSHUAX

State HY, GPa oys, MPa oyrs, MPa 0, % V., mm/year

CG 1.89+0.08 34349 454+8 26.1£1.3 0.299+0.006
ECAP, 4 passes 2.66+0.06 995+10 1033+6 9.7+0.5 0.329+0.008
ECAP, 6 passes 2.77+0.04 1012+8 1061+9 9.94+0.4 0.336:0.006
ECAP, 8 passes 2.85+0.05 102149 1072+12 10.7+0.4 0.345+0.005

Note. HV is Vickers hardness; oys is yield strength; oyrs is ultimate strength; o is plasticity; V. is corrosion rate.
Tpumeyanue. HV — meepoocmo no Bukkepcy, cys — npedein mekydecmu; oyps — npedei nPoYHOCu; 0 — NAACMUYHOCHb,

V. — ckopocmb koppo3suu.
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d

Fig. 1. SEM images of the microstructure of the steel under study:
a — in the coarse-grained state; b — after 4 ECAP passes, ¢ — after 6 ECAP passes;
d — after 8 ECAP passes. The insets contain TEM images
Puc. 1. POM-u3zobpadicenuss MUKpOCMpPYKmMypbl UCCIE0YeMOU CIAL.:
a — KpynHoKpucmanuieckoe cocmosnue;, b — nocne 4 npoxoooeé PKYII; ¢ — nocie 6 npoxooos PKVII;
d —nocne 8 npoxoooe PKVII. Bo ecmaskax uzoopasicenus, nonyuennvie [I9M

are characterised by the presence of ferrite (a-Fe) reflec-
tions and cementite (Fe;C) particles (Fig. 2 a). At the same
time, new reflections appear on the X-ray pattern of
a sample after ECAP (4 passes) (Fig. 2 a).

Phase identification revealed that these new reflections
belong to Mey;Cs- and Me;C,-type precipitates. An increase
in the number of ECAP passes leads to a growth in the in-
tensity of Mey;Cg and Me;C, reflections on the X-ray pat-
terns (Fig. 2 a). To evaluate the mass fraction of the identi-
fied phases, Rietveld refinement was performed on the X-ray
patterns. An example of such refinement is shown in
Fig. 2 b. Minor fluctuations in the difference curve (grey)
between the measured (black) and the simulated (red) X-ray
patterns indicate a good correlation between them. The re-
sults of the X-ray analysis regarding the content of identi-
fied phases are presented in Table 3.

The initial steel is characterised by a relatively high
content of cementite Fe;C particles and a low mass fraction
of Mey;Cqy precipitates. During the formation of the UFG
structure in steel, the mass fractions of Me,;C¢ and Me;C,
precipitates increase, while the cementite particle content
remains practically unchanged (Table 3).

Precise analysis of the X-ray patterns revealed that, in addi-
tion to the appearance and growth of Mey;Cg and Me;C, reflec-

tions, an increase in broadening of the ferrite (7k/) reflections
and a shift toward higher angles occur as a result of ECAP
processing. These changes are clearly illustrated in Fig. 3 using
the (110) and (210) ferrite reflections as examples.

Additionally, the insets in Fig. 3 b show the (200) and
(320) reflections of lanthanum hexaboride used to take into
account the contribution of instrumental broadening of
the (110) and (211) ferrite peaks. As is known [21], an in-
crease in peak broadening indicates a rise in defect density
in the fine structure and a decrease in the CSD size D, while
a peak shift toward large angles leads to a decrease in the lattice
parameter. In this regard, these microstructural changes were
further analysed by means of XRD analysis. To estimate
the CSD size and dislocation type, the mW-H technique
(Equation (2)) was used, and for the evaluation of the effective
outer cut-off radius of dislocations and Wilkens parameter,
the mW-A technique was used (Equation (4)).

In order to find the Cjg value in Equation (2), contrast

factors Ciu for edge and screw Ciu dislocations were
calculated according to [22]. For the investigated steel
grade, the elastic constants C;;, Ci, and Cyy are 245, 139
and 122 GPa, respectively [23]. The calculated values of

E;kl and Eikz are presented in Table 4. Based on these
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Fig. 2. Experimental diffraction patterns of steel in different structural states:
a — general view; b — processed diffraction pattern of steel after 8 ECAP passes
Puc. 2. Dxcnepumenmanvhuvle OUBpPAKmoepammvl CIMALU 8 PA3IUYHBIX CIMPYKIMYPHBIX COCMOSAHUSX!
a — obwuil 6ud,; b — obpabomannas ougpaxmozpamma cmanu nocie 8 npoxoooe PKYII

Table 3. Identified phases and their mass fraction in the original and ultrafine-grained low-carbon steel
Taonuya 3. O6HapysicenHbvie Pasvl U UX MACco8AsL 00 8 UCXOOHOU U VIbMPAMETKOIEPHUCMOU HUZKOY2ePOOUCTION CINANY

State Mass fraction of phases, %
a-Fe Fe;C Me,;Cs Me;C,
CG 99.24+0.54 0.76+0.07 0.13+0.07 -
ECAP, 4 passes 98.72+0.61 0.82+0.06 0.34+0.05 0.12+0.05
ECAP, 6 passes 98.45+0.49 0.85+0.04 0.54+0.06 0.16+0.05
ECAP, 8 passes 98.36+0.55 0.81+0.04 0.62+0.05 0.21+0.06

data, theoretical values of ¢;, and ¢, were estimated,

which turned out to be 1.29 and 2.44, respectively. To de-
termine the value of g, the parameter o in Equation (2) was
optimised to obtain a linear relationship, as shown in
Fig. 4a. By approximating the dependencies shown
in Fig. 4 a to the intersection with the OX axis, the values of
1/q were obtained for each state (¢=2.25, 1.94, 1.81, and
1.66 for the initial CG state, and after 4, 6, and 8 ECAP
passes, respectively). The fractions f, of edge and f; of
screw dislocations were then determined according to
the expression

q=1-1,)a5+ f.a-

The obtained values made it possible to find Cjgo using
the formula

Choo = (1 -1 )6200 + fsz‘;oo .

The averaged C, values were calculated according to
formula (Table 4)

Chi = E’hoo(l —qH).

Based on the obtained data, the dependence AK(KC")
was plotted as shown in Fig.4b. Extrapolation of
AK(KC"?) dependence to its intersection with the OY axis
allowed estimating the Dy.y; CSD size according to
the mW-H technique. Resulting Dy.; CSD size values and
the fractions of screw dislocations for the studied states are
summarised in Table 5.

To assess the dislocation density in the mW-A tech-
nique, Fourier coefficients were first determined by analys-
ing each reflection on the X-ray pattern of the initial and
ECAP-processed steel.

Examples of the obtained Fourier coefficients LnA(L) as
functions of K°C (equation 3) for the initial and UFG steel
(8 ECAP passes) are shown in Fig. 5 a, b. Subsequently, based
on the In4(L) vs K*C dependencies and by approximating
the lines to their intersection with the OY axis (see insets in
the figures), the dimensional values 4°(L) of the Fourier coef-
ficients were determined. These coefficients for the studied
steel states are presented in Fig. 5 ¢ as 4°(L) dependencies.
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Fig. 3. Normalised reflections of steel demonstrating the change in their width
and angular position on the diffraction pattern: a — reflection (110); b— (211).
The insets show some reflections of LaBg, which were used to take into account the instrumental broadening of the peaks
Puc. 3. Hopmanuszogaunvie pegexcol cmanu, 0eMOHCMPUPYIOujUe U3MeHeHUe UxX WUpuHsl
U y2no6otl nosuyuu Ha ougpaxkmozspamme: a — ompadicerue (110); b — (211).
Bo ecmaskax npugedenvl nekomopwie pegiexcol LaBg, no Komopuim yuumuléaiu UHCMpYMeHMAalbHble YUUPEHUs: NUKOG
Table 4. Calculated values of E;kl R Ezkl and Cy for coarse-grained and ECAP steel
Taonuya 4. Paccuumannvle 0 KpynHokpucmaniuyeckou u noogepenymou PKYII cmanu 3snavenus EZkl, E:,k/ u Chyy
—e —s Ciua
Plane (hkl) Chu Chi
CG ECAP, 4 passes | ECAP, 6 passes | ECAP, 8 passes
(110) 0.172182 0.118142 0.05568 0.06202 0.06469 0.06776
(200) 0.252323 0.37929928 0.35786 0.32378 0.30949 0.29300
(211) 0.172182 0.118138 0.05568 0.33083 0.06468 0.06776
(220) 0.172182 0.118142 0.05568 0.33084 0.05797 0.06776
(310) 0.223471 0.204317 0.16551 0.16960 0.17132 0.17330
(222) 0.145468 0.0732345 0.02200 0.02699 0.02908 0.03150

By drawing tangents to the obtained curves in the domain
of small L values, Dy., CSD size for the different structural
states of steel was determined. Further, using the obtained
Fourier coefficients A°(L), the dependence Y/L* vs InL
(Fig. 5 d) was plotted. From this dependence, in accordance
with equation 4, the dislocation density was calculated. By
approximating the curves (Fig. 5 d) to their intersection with
the OY axis (at InL=0), the effective outer cut-off radius of
dislocations R, was determined. The resulting information on
the fine structure parameters is presented in Table 5.

Analysis of Table 5 shows that an increase in the number
of ECAP passes leads to a decrease in the lattice parameter,
a decrease in the CSD parameter, an increase in the dislocation
density, and a decrease in the proportion of screw-type disloca-

tions. At the same time, a decrease in the R, and M values indi-
cates an increase in dislocation dipole fields, and the nature of
the mutual arrangement of dislocations becomes ordered.

Microstructure studies using small-angle
X-ray scattering

To obtain dimensional characteristics of the precipitates
(FesC, MepCs, MesC,) identified during phase analysis,
measurement and analysis of SAXS curves were carried out
for the investigated states. Experimental SAXS curves for
CG and UFG states of the steel, as well as an example of
processed scattering curve after 8 ECAP passes, are shown
in Fig. 6. Unlike the scattering curve for CG steel, the UFG
SAXS curves are characterised by pronounced inflection
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Fig. 4. Experimental dependencies for various structural states of steel
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Table 5. Fine structure parameters of steel in the initial state and after ECAP
Taonuya 5. Ilapamempsbr MoHKOU CIMPYKMYPbl CMALU 8 UCXOOHOM COCMOAHUU U 8 cocmoanusax nocie PKYIT
State a, nm Dw.g, nm Dyw.s, nm P, 10" m™ I Yo R,, nm M
CG 0.286808+0.000012 229+20 356124 0.11+0.03 83+4 184+15 1.94+0.11
ECAP, 4 passes 0.286769+0.000009 88+5 5343 1.93+0.02 56+3 14+2 0.63+0.05
ECAP, 6 passes 0.286732+0.000011 79+4 48+2 2.68+0.02 45+3 8+1 0.41+0.04
ECAP, 8 passes 0.286692+0.000013 61+4 43£2 3.32+0.03 3242 6+1 0.33+0.03

Note. a is the lattice parameter;
Dy is the CSD size found in modified Williamson—Hall (mW-H),

Dy is the CSD size found in modified Warren—Averbach (mW-A) technique; p is the dislocation density;
1 is the fraction of screw-type dislocations; R, is the effective outer radius of the dislocation cross-section;

M is the Wilkens parameter.
Tpumeuanue. a — napamemp pewiemxu,

Dyy.y — pasmep OKP, natidennuiii no moouguyuposantoil memoouxe Burnvamcona — Xonna;
Dy, — pazmep OKP, naiioennwiii no mooughuyuposannoii memoouxe Yoppena — Agepbaxa;
P — NIOMHOCMb QUCTIOKAYULL, f; — 00N OUCTOKAYUL BUHMOB8020 Muna; R, — sghhexmusnwiil HewHuil paouyc ceuenus OUCIOKAYULL,

M — napamemp Bunkenca.

points concentrated in the Guinier region (range 0.05
to 0.5 nm’") (Fig. 6 a). Moreover, in this region, the UFG
steel scattering curves show a sharp decrease in intensity
depending on scattering vector (Fig. 6 a).

It is known that the particle size is determined by
the position of the Guinier region on the SAXS curve
and particle morphology is determined through the de-
pendence I~q “, where a parameter equals 1, 2, 3, or 4
(particle shapes: o=1 (cylinder), 2 (disk), 3 and 4
(sphere)) [24]. Analysis showed that, in the CG state,

the Guinier region is characterised by a dependence
I~1/q, indicating that the initial steel mainly contains
particles of cylindrical shape. In the case of ECAP steel,
it was found that the area from 0.05 to 0.5 nm™' does not
conform to the known dependences described above.
Therefore, when analysing the SAXS curves of ECAP-
processed steel, three types of particles differing in mor-
phology (Table 3) were simultaneously fitted into
the model. The result of such processing, e. g. for
the 8 ECAP state, is shown in Fig. 6 b. It is evident that
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Fig. 5. Experimental dependencies for various structural states of steel in the modified Warren—Averbach method:
a— InA(L) on K°C for the initial steel; b — InA(L) on K°C for UFG steel (8 ECAP passes); ¢ — A*(L) patterns;
d — Y/L(InL) dependence for different structural states of steel.
The insets show enlarged areas where the As(L) coefficients were found
Puc. 5. Dxcnepumenmanshvle 3a8UCUMOCU OIS PAZTUYHBIX CIPYKIMYPHBIX COCMOAHUL cmanu
1o MoOuuyuposanHoi memoouxe Yoppena — Agepbaxa:
a—InA(L) om K°C ons ucxoomoii cmanu,; b — InA(L) om K°C ons ynempamenxoseprucmoii cmanu (8 npoxodos PKVII);
¢ — saxonomeprocmu A*(L); d — sasucumocms Y/L*(InL) 013 pasnuunsix cmpykmypHIX COCMOSAHUI CIAT.
Bo écmaskax noxazamnvl ysenuuennvie 001acmu, o KOmopslm Haxoounu kosgguyuenmor A*(L)

this approach allows modelling satisfactory the experi-
mental SAXS curves of the UFG steel leading to the de-
termination of particle size and shape (Table 6).

Moreover, this analysis makes it possible to determine
the contributions of individual particle types to the resulting
SAXS intensity. Specifically, in Fig. 5 b, one can see that
the SAXS intensity from cylindrical Fe;C particles is higher
than that from spherical Me;C,-type particles. This fact
indicates a higher fraction of cementite particles compared
to Me;C,-type particles, which is consistent with the data in
Table 3.

The SAXS analysis revealed that the particle sizes in
CG steel are significantly smaller than those in UFG steel
(Table 6). Furthermore, an increase in the number of ECAP
passes is accompanied by a growth in the sizes of cylindri-
cal, elliptical and spherical particles.

DISCUSSION

The studies conducted on the steel subjected to ECAP
demonstrated a significant increase in strength, a decrease
in ductility and an increase in corrosion rate, which were
caused directly by structural changes. In particular, it was
found that ECAP treatment led to a reduction in ferrite
grain size down to the nanometer range. Moreover, at high-
er degrees of ECAP processing, the grains themselves ac-
quired an equiaxed shape. The grain refinement observed
by microscopy methods during ECAP treatment is con-
sistent with the reduction of the CSD size obtained by the
mW-H and mW-A techniques (Table 5). The investigations
also revealed that, along with structural refinement, a dy-
namic ageing process occurred after ECAP treatment of
the steel. This fact is corroborated by evidence that, during
the formation of the UFG structure of steel, the precipitation
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Fig. 6. Experimental small-angle X-ray scattering curves of steel:
a — general view of curves for different structural states;
b — processed small-angle X-ray scattering curve of steel (8§ ECAP passes)
Puc. 6. DxcnepumenmanvHble Kpugble MAloyel08020 PEHMSEHOBCKO20 PACCEAHU CINAIL:
a — o6wutl 8UO KPUBBIX OISl PANUYHBIX CIMPYKIYPHBIX COCIMOAHUI,
b — obpabomannas Kpusas Manoyeno8020 peHmeeH08CKko20 paccesnus cmanu (8 npoxoooe PKYII)

Table 6. Average size and morphology of precipitates obtained by small-angle X-ray scattering method.

Particle sizes are given in nanometers

Taonuya 6. Cpeonuil pasmep u popma npeyunumamos, NomLy4eHHbIX MeMoOOM MAL0Y2108020 PEHIM2EHOBCKO20 PACCEAHIUSL.

Pa3mepHocmb uacmuy yKasaHa 6 Hanomempax

Fe;C Mey;Cq Me;C,
State
Cylinder d/l Ellipse a,/a, Sphere d
CG 113/384 10/6 -
ECAP, 4 passes 157/431 57/34 31
ECAP, 6 passes 223/458 94/69 49
ECAP, 8 passes 259/460 139/98 72

and growth of Me,;C¢- and Me;C,-type precipitates, as well
as a slight increase in the mass fraction of cementite parti-
cles were observed (Table 3). As a rule, the dynamic ageing
process in steel should lead to the purification of the ferrite
crystal lattice from impurity elements, which should be
accompanied by a change in the lattice parameter of
the base matrix. Indeed, the observed decrease in the ferrite
lattice parameter confirms this (Table 5). It is known that
the tabular value of the pure ferrite lattice parameter is
0.286 nm [25]. In the initial state, the presence of impurity
elements in ferrite led to an increase in the lattice parameter
up to 0.286808 nm (Table 5). However, after § ECAP pass-
es, the lattice parameter decreased to 0.286692 nm, bring-
ing it closer to the value characteristic of pure ferrite.

Along with the aforementioned changes, the microstruc-
ture of the steel after ECAP was characterised by a high
density of introduced defects (Table 5). In particular, com-
pared to the initial state, the dislocation density increased

significantly after 8 ECAP passes. At the same time,
the dislocation type changed as well. Whereas in the initial
state the dislocations were mainly of screw type, after
8 ECAP passes they predominantly consisted of edge-type
dislocations (Table 5). The obtained data on the degree and
type of structural defectiveness is consistent with previous
studies [26; 27], according to which, under conditions of
severe plastic deformation, an intense annihilation process
of screw dislocations within the grain interiors occurs,
while the accumulation of edge dislocations at grain bound-
aries increases and sometimes they form cell walls. To veri-
fy this theory, changes in R, and M parameters were evalu-
ated (Table 5). It is known [28] that R, parameter character-
ises the degree of screening of the long-range strain fields
of dislocations by adjacent dislocations. In this regard,
the decrease in R, value during ECAP indicates an increase
in the degree of screening of dislocation long-range fields,
which can result in the formation of dipoles. This phenom-
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enon leads to correlated dislocation interactions, which, as
is known, cause the formation of a cellular structure [29].
At the same time, the dimensionless Wilkens parameter

M =R,,/p characterises the mutual arrangement of dislo-

cations within the grains and determines the strength of
the dislocation dipole field [28]. In the initial CG state,
the M parameter was close to 2, indicating a chaotic ar-
rangement of dislocations and a weak dipole field. Con-
versely, after ECAP, this parameter dropped sharply (M<1),
indicating an ordered arrangement of dislocations in the
steel structure. In general, the decrease in the Wilkens pa-
rameter after ECAP treatment indicates the formation of
dislocation tangles and dislocation walls in the steel struc-
ture leading to the formation of a cellular structure [18].
Some areas of cellular structures within the ferrite grains
were also revealed by TEM investigations (Fig. 1).

Thus, according to the obtained data, ECAP treatment
leads to an increase in dislocation density, dipole field
strength and the degree of dislocation ordering, which ulti-
mately results in the formation of a cellular structure. Sub-
sequently, the cellular structure transforms into grain
boundaries [1]. In this context, ferrite grain refinement dur-
ing ECAP proceeds according to the mechanism schemati-
cally shown in Fig. 7.

The conducted structural studies also make it possible to
analyse and identify the causes of the increase in the corro-
sion rate of the steel subjected to ECAP. It is well known
[1; 3] that UFG metallic materials are characterised by
an increased volumetric fraction of grain boundaries due to
grain refinement. The analysis showed that the grain
boundaries in the UFG steel contain a high density of dislo-
cations, predominantly of edge type. It is known that
the diffusion coefficient along dislocation cores is several
orders of magnitude higher compared to the lattice diffusion
coefficient [30]. This circumstance leads to the fact that
grain boundaries in the UFG steel should exhibit an en-
hanced diffusion coefficient. As a result, impurity atoms
(H, O, S, etc.), which chemically react with Fe, may diffuse

Initial state

— Shear bands — Grain boundaries

along grain boundaries in the UFG steel much faster than in
its CG analogue. Accordingly, it can be expected that
the formation of the UFG structure with a high density of
grain-boundary dislocations is the reason for the increased
corrosion rate of the steel subjected to ECAP.

The obtained data on the microstructural parameters of
the steel also enable the assessment of the contribution of
individual strengthening mechanisms after ECAP pro-
cessing. It is known that the tensile strength of steels is de-
termined by the action of various strengthening mecha-
nisms, including strengthening due to the initial yield stress
o,, grain-boundary strengthening o, precipitation strength-
ening o,,, solid solution strengthening o,, and dislocation
strengthening o, [31]. Based on the obtained microscopy
and XRD analysis data, a theoretical evaluation of individ-
ual strengthening mechanisms was performed and the re-
sulting tensile strength was calculated. The comparative
contribution of individual strengthening components to
the resulting tensile strength is presented in Table 7.

When calculating the steel precipitation strengthening
o,y in the CG state, two types of particles were considered,
while three types were considered after ECAP processing
and the total strengthening Xc,, was determined (Table 3, 6).
As previously shown in [31], a theoretical evaluation of
the resulting tensile strength requires the use of the root-

mean-square JZG? summation of the strengthening

components. Accordingly, in the present study, the resulting
tensile strength was calculated using this summation meth-
od. The calculated resulting tensile strength values for
the studied states are given in Table 7. As can be seen from

Table 7, the resulting tensile strength ZGf values for

the CG and ECAP-processed states of the steel are in good
agreement with the experimental data (Table 2). The analy-
sis of the strengthening mechanisms showed that in
the UFG state, the increase in the tensile strength of the
steel is primarily due to grain-boundary strengthening G,
(Table 7). The increase in the contribution of grain-boundary

Fig. 7. Schematic representation of structure transformation
during the formation of an ultrafine-grained state in low-carbon steel
Puc. 7. Cxemamuunoe uzobpaoicenie mpancgopmayuu CmpyKmypbl
npu GopmMuposanuu yIempamerko3epHUCMO20 COCIMOSHUSA 8 HU3KOY2AepOOUCmOl Cmanu
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Table 7. Contribution of different strengthening mechanisms in coarse-grained

and ultrafine-grained states of low-carbon steel

Tabnuya 7. Bknao paziuyunsix MexaHu3mMo8 YnpouHeHus 6 KpynHOKpUCmAaiiuieckom

u yiempameiKo3epHucmom coCmoAaHusAx Huskoymepoducmoﬁ cmanu

Calculated data, MPa
State
G, G Yo, (- Gy ZG"Z
CG 50 300 268 75 88 419
ECAP, 4 passes 50 916 222 75 366 1015
ECAP, 6 passes 50 946 179 75 431 1059
ECAP, 8 passes 50 951 147 75 480 1079

Note. o, is yield stress; oy, is grain-boundary strengthening; o, is precipitation strengthening;

o Is solid solution strengthening; o,is dislocation hardening.

IIpumeuanue. o, — nanpsoicenue medenus; g, — 3ePHOSDAHUYHAS NPOYHOCMY, 0y, — OUCHEPCUOHHAS NPOYHOCIb,

Oss — NPOYHOCMb m@ep()oeo pacmeopa, 64— auC]lOKaquHHaﬂ NPO4YHOCMb.

strengthening o, after ECAP processing is realised, accord-
ing to microscopy data, as a result of grain refinement down
to the nanometric scale. Moreover, the dislocation strength-
ening mechanism o, also contributes to the enhancement of
the tensile strength due to the increased dislocation density
after ECAP (Table 5, 7). On the other hand, the contribution
of precipitation strengthening Xc,,, decreases during

the formation of the UFG structure. The analysis showed
that in the case of CG steel, the high value of Xo,, is
achieved due to the presence of small-sized ellipsoidal
Me,;C¢ particles (Table 6, 7). Meanwhile, the decrease in
2o, during ECAP is explained by the growth of cementite,
Me,;C¢ and Me;C, particles.

CONCLUSIONS

A high-strength state (ultimate tensile strength of
1072 MPa) with satisfactory ductility (10.7 %) and a cor-
rosion rate of 0.345 mm/year was achieved in the steel
using the ECAP method. TEM and XRD analysis identi-
fied that the formation of the UFG state is accompanied
by grain refinement down to 240 nm, an increase in
the dislocation density (predominantly of edge type), pre-
cipitation and growth of Me,;Cs and Me;C, precipitates
and the formation of a dislocation cell structure (reduction
of the M parameter). In the CG state, steel strengthening is
primarily provided by grain-boundary strengthening and
the precipitation of relatively small-sized particles
(cementite, Me,3Cy). The increase in the strength of UFG
steel is mainly achieved as a result of grain refinement to
the nanometric size and an increase in the dislocation den-
sity up to 3-10"° m % Precipitation strengthening in
the UFG state decreases due to the growth in the mass
fraction and size of Mey;Cq and Me;C, particles. The in-
crease in the corrosion rate of the UFG steel is explained
by the small size of ferrite grains containing a high densi-
ty of grain-boundary dislocations and the presence of
a dislocation cell structure.
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Annomayusn: B pabote MeTOOM paBHOKaHaIbHOTO yrioBoro mpeccosanus (PKYII) (8 mpoxozmos, 200 °C) chopMupoBaHO
ynsTpaMenko3epHrcToe (YM3) cocTosHIE B HU3KOYIIIEPOANCTOH CTallH, IEMOHCTPHUPYIOIIEE BHICOKHE MEXaHIIECKHE CBOICTBA
(mpenen texyuect 1021 Mlla, npenen npounoctu 1072 Mlla, mmactudanocts 10,7 %) Hapsity ¢ yIOBIETBOPHUTEIBLHON KOPPO-
3uoHHOM cToikocThio (0,345 Mm/rom). /st OOBSCHEHUS] NPHYMH TOBBIMICHAS TPOYHOCTHBIX M HM3MEHCHUSI KOPPO3HOHHBIX
CBOICTB IIPOAaHATIM3MPOBAaHA MUKPOCTPYKTYpa YM3 cTanyu MeTomaMu 3JIEKTPOHHOH MHKPOCKOIIMH M PEHTTCHOBCKOTO pacces-
HUs. B yacTHOCTH, MEeTOIaMHM 3IIEKTPOHHON MUKPOCKOIIMHM YCTaHOBJIEHO M3MEJIBIEHHE CTPYKTYphI noaseprayToit PKYII cramm,
B pe3yJbTaTe KOTOPOro (GOPMHUPYIOTCS PABHOOCHBIC 3€pHA CO CPEAHUM pasMepoM ~240 HM. MoanuduIiMpoBaHHbIe PEHTTCHOB-
cKkre MeToanku Bunbsmcona — Xomma n YoppeHa — ABepOaxa IPUMEHEHBI ISl TOTy4YeHNs 3aKOHOMEPHOCTEH M3MEHEHHS pas3-
Mepa o0acTeld KOTepeHTHOTO PacCcesHus], INIOTHOCTH P U JIONH f; TUCIIOKAIMid BUHTOBOTO THIA, BHEIIHETO 3((}eKTHBHOTO pa-
nuyca Re cedeHHs IUCTIOKALMNA U psAAa JPYTHUX MMapaMeTpoB B HU3KOYIIIEPOIMCTOM CTald B 3aBUCHMOCTH OT YHMCIIa IIPOXOJ0B
(crenern nedopmanin) PKYII. Metogamu peHTreHO]a30BOro aHajan3a ¥ MaJIOyIJIOBOTO PEHTICHOBCKOTO PACCEsTHHS HAaHICHBI
3aKOHOMEPHOCTH M3MEHEHHMSI MacCOBO#1 I0NH, pazmMepa U MOP(OJIOTHH Pa3IMYHBIX MPELUITUTATOB OT YKcia npoxonos PKVII.
Ha ocHoBe mnoy4eHHBIX JaHHBIX NPEAJIoKEHA MOJENb TpaHC(OPMAL MHUKPOCTPYKTYPHI CTald IpH (OPMUPOBAHUM B HEH
YM3 coctostHust. OOCYKIAIOTCS MEXaHU3MBI YIPOUHEHHST KpYTHOKpUCTaLTHueckoid 1 YM3 ctanu. O6HapykeHO, YTO B UCXOJI-
HOM COCTOSIHMH MIPOYHOCTD CTaJld B OCHOBHOM OOECTICYMBACTCS 3@ CUET 36PHOTPAHIIHOIO YIIPOYHEHHS U BBINAICHHS IPEIIUITH-
TatoB Me,;Cq 1 MesC, manoro pasmepa. [lokaszaHo, uto npu GpopmupoBaHud YMS3 CTPYKTYphI CTaja MPOYHOCTH BO3pPACTaeT
B pe3ylbTaTe 3epHOTPAHMYHOTO YHNPOYHEHMsI M POCTa IUIOTHOCTH IWCIIOKanumil. Bxiajg B ynpouHeHue mpenunuraroB B YM3
COCTOSTHUY TIOHMYKAETCsI, U 3TO 00YCIIOBIEHO X pocToM mpu oopabdotke PKYII. BrisBieHo, 4To yBenTuueHHE CKOPOCTH KOPPO-
3un YM3 craim o0bsSCHSIETCS YMEHBIICHHEM pa3Mepa (eppUTHBIX 3epeH, HOBBIIIEHUEM IIOTHOCTH 3€PHOTPaHMYHBIX TUCIIOKa-
Ui ¥ GOpMHUPOBAHUEM STYEHCTON CTPYKTYPHI.

Knrouegvie cnosa: HA3KOyIIIEpOaKCTas CTallb; (DEPPHUT; PaBHOKAHAJIBHOE YIVIOBOE IPECCOBAHME; YIIBTPaMEJIKO3EPHHU-
cTasi CTPYKTYpa; MUKPOCTPYKTYpa; MEXaHU3MBI YIIPOUHEHHS; PEHTTEHOCTPYKTYPHBIM aHaJIN3; CKOPOCTh KOPPO3UH; Mao-
YIJIOBOE PEHTTEHOBCKOE PACCESTHUE.

bnazooapnocmu: Amtopsl BeIpaxaror OmaromapHocTh ITAO «HK «Pocuedts» m OOO «PH-BamHUIINHe)TH»
3a IPEIOCTaBICHHYI0 BO3MOXHOCTB TPOBEJICHUST HCCIIECI0OBAHUNA. ABTOPBI TaKkKe OJIarofapsT JOKTOpa XUMHYECKHX HayK
A. Bomommua, xangunara ¢usnko-maremarudeckux Hayk FO.b. Jlman, kanampara texamdeckux Hayk H.P. SIpkeeBy
(OO0 «PH-bamtHUITMHe(THY») 32 00CYXIEHUE OIyYEHHBIX PE3YIBTaTOB M IIEHHbIE 3aMEYaHUsl IIPU ITOJTOTOBKE CTAThH.

Jna yumupoeanusa: Mammnaua A.B., Cutaukos B.J1., JlebeneB FO.A. MuxpocTpykTypa, CBOWCTBA U MEXaHU3MBI YII-
POYHEHHUSI HM3KOYIJIEPOIUCTON CTaiH, IOJBEPTHYTOH paBHOKaHAJILHOMY YIioBoMy npeccoBaHuio // Frontier Materials
& Technologies. 2025. Ne 3. C. 51-65. DOI: 10.18323/2782-4039-2025-3-73-4.
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“PHYSICAL MATERIALS SCIENCE”
INTERNATIONAL SCHOOL

In 2003, at the initiative of D. Merson and A. Vikarchuk and upon the
recommendation of the Interstate Coordination Council for Physics of Strength and
Plasticity, it was decided, every two years starting from 2004, to hold the “Physical
Materials Science” International School (hereinafter - SPhM) hosted by Togliatti State
University (TSU) in order to solve the issues of training and rejuvenation of personnel.

The need for the SPhM was justified by the
fact that “at present, there is N0 SCIENTIIC EVENE i e com partos s v oo
where young scientists, employees of factory Ropui g plomionass ssasagsppoiniscsil
laboratories, postgraduate students, university ToTeATTHRCKH: FOCY AapCTRERRS yHEBEpCRTET
professors, and other relevant skill profile

employees could attend a course of lectures on I Meacrynaponnas ikoua

the hottest issues of physical materials science «@u3nveckoe
and receive a competent advice of leading metal MaTepHaJIOBEeHIE)
physicists”.

Over the past 20 years, twelve SPhMs
have taken place. During this time, dozens of
prominent scientists from Russia (E. Kozlov, Yu.
Golovin, A. Glezer, V. Betekhtin, R. Andrievsky),
Ukraine (Yu. Milman, V. Gavrilyuk, D. Orlov),
as well as V. Rubanik (Belarus), A. Vinogradov
(Japan), Yu. Estrin (Australia), A. Weidner 22-26 Honbpn 2004 ropa
(Germany) and many others participated in it as Tomuswrm, Poccan
visiting lecturers. The audience was more than
one thousand specialists, among which at least
50 % are young researchers.

First information message

A distinctive feature of the SPhM is that following the results of each
of them, based on the lecture materials, a new volume of the “Advanced Materials”
educational guidance is published under the general editorship of D. Merson.
Consequently, by the beginning of the 11th SPhM in September, 2023, the 10th
volume was published, where A. Romanov, A. Kazakov, A. Makarov, M. Vyboyshchik,
A. Kudrya, and other well-known scientists are the authors of the chapters.

Another feature of the SPhM is the competition of works by young scientists,
the winners of which (about 40 people) are granted relief both from the registration
fee and from the residence fee. Moreover, each time the employees of the Research
Institute of Advanced Technologies of TSU organize master classes for the SPhM
participants, demonstrating the possibilities of the unique application of research
equipment to solve materials science problems.

The SPhM is also famous for its remarkable performances, which are organized
by efforts of its participants, who are talented in all respects.
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Abstract: The use of friction stir processing (FSP) to modify the physical and mechanical properties of age-
hardenable low-alloyed bronzes is a promising and at the same time complex task due to the wide temperature range
of its implementation. The difficulty is that friction stir processing of bronzes can result in the formation of funda-
mentally different types of microstructures with a wide range of grain sizes and various combinations of types of
strengthening phases and their various morphologies. Moreover, options are possible when friction stir processing
leads to degradation of properties of bronzes. A favorable combination of properties can be achieved by low-
temperature friction stir processing. In this work, the main microstructural changes in promising Cu—Cr—Zr-Y bronze
were analyzed during low-temperature friction stir processing with a tool rotation speed of 1000 rpm and a feed rate
of 25 mm/min (ensuring a temperature in the stir zone of =350 °C). Scanning electron microscopy and EBSD analy-
sis revealed the mechanisms of formation of an ultrafine-grained structure with predominantly high-angle bounda-
ries, as well as the development of two types of simple shear crystallographic textures. It is shown that
the Cu,(Y,Zr) phase observed in the initial structure can undergo mechanical destruction or retain its geometric p a-
rameters depending on its initial morphology and location. It is shown for the first time that excess Cr particles
(the equilibrium fraction at the heating temperature for quenching) may not be destroyed, but plastically deformed
with a strong change in their morphology. During friction stir processing of the bronze under study, particles of
a new Y-containing phase are released. The paper considered the relationship of the distribution of microhardness
and electrical conductivity and the observed changes in the microstructure of a new promising material.

Keywords: friction stir processing; low-alloyed bronzes; recrystallization; secondary phases; electrical con-
ductivity.
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INTRODUCTION

Friction stir processing (FSP) is one of the methods
for increasing the strength characteristics of metallic
materials by modifying the microstructure mainly due to
grain refinement during dynamic recrystallization pro-
cesses. Optimization of the FSP parameters of single-
phase alloys aims to achieve a combination of two main
characteristics: (1) to obtain a defect-free region and (2)
to achieve grain refinement. The greatest difficulties
arise with respect to alloys strengthened by particles of
second phases, in particular by low-alloyed bronzes. For
bronzes, defect-free processing zones can be obtained in
a relatively wide temperature range (0.27—0.77 Tpere) [1-
3], i.e. the process of friction stir processing can occur at
various combinations of temperatures and deformation
values. In this case, the process temperature will control
the precipitation/dissolution and coarsening of particles
of strengthening phases, as well as the size of dynami-
cally recrystallized grains. In the works [2; 4], it is
shown that a favorable combination of mechanical prop-
erties and electrical conductivity of Cu—Cr—Zr bronzes is
achieved under the condition of carrying out the friction
stir processing at temperatures near 0.27-0.40 Ty,
which is close to the temperatures of artificial aging of
bronzes [5-7]. Thus, a favorable combination of bronze
properties can be obtained after friction stir processing at
fairly low temperatures limiting the size of recrystallized
grains and ensuring the precipitation or stability (within
acceptable limits) of strengthening particles. Considering
the rather narrow range of FSP temperatures (0.27-
0.40 T11), at which favorable combinations of physical
and mechanical properties are achievable, it is worth
mentioning that, in addition to the FSP parameters,
the second equally important factor is the initial state of
the bronze microstructure. The possibility of refining
Cu—Cr—Zr bronze grains to a range of ~160 nm ap-
proaching the nanoscale was demonstrated in [8], while
the formation of ultrafine grains of =300 nm was demon-
strated in [4]. In the first case, quenched plates were
used as the processed material [8], while in the second
case, the alloy was aged to maximum strength [4]. In
both studies, an increase in the hardness and strength of
the alloys was observed; however, the effect of friction
stir processing on the electrical conductivity was signifi-
cantly different. Friction stir processing of quenched
bronze increased the electrical conductivity from 34 to
38-50 % IACS [8]. This increase is relatively small
compared to the effect of aging. Probably, in this case,
the process temperature was lower than the temperatures
of intense decomposition of the solid solution (the tem-
perature was not measured). Friction stir processing of
aged bronze led to a slight decrease in electrical conduc-
tivity from 80 to 70-74 % IACS due to partial dissolu-
tion of Cr particles and an increase in its content in
the matrix [4]. As a result, the most promising idea is to
conduct low-temperature friction stir processing of
quenched bronze, which in the long term can eliminate
the procedure of subsequent aging aimed at the for-
mation of hardening phases.

Low-alloyed bronzes of the Cu—Cr—Zr system are
used in a wide range of applications, for example, in

the manufacture of electrodes for contact welding, con-
tact wires for railways, crystallizers for continuous cast-
ing of steel, liners in combustion chambers of rocket
engines, blanket modules of thermonuclear reactors.
A wide variety of applications allows believing that sol-
id-phase FSP technology is promising in terms of modi-
fying the structure, as well as the physical and mechani-
cal characteristics of a number of critical parts.

Bronzes of the Cu—Cr—Zr-Y system are a new materi-
al; little research has been conducted on them. Therefore,
it is very difficult to predict the behavior of this material
during friction stir processing: to estimate the kinetics of
grain refinement, phase composition, response of physical
and mechanical characteristics to the evolution of the mi-
crostructure, which justifies significant scientific and
practical interest in this work. Additional alloying of
the Cu—Cr—Zr system bronze with Y was used for refining
[9] and additional dispersion strengthening — in the Cu-Y
system at temperatures below ~900 °C, the solubility of Y
in the matrix decreases [10]. It means that in quenched
bronze with the addition of Y, upon subsequent heating to
temperatures below =900 °C (during aging or heating dur-
ing friction stir processing), the precipitation of strength-
ening phases is possible.

The aim of this work is to identify the main patterns of
microstructure formation in bronze of the Cu-Cr-Zr-Y
system under low-temperature friction stir processing and
to assess the influence of microstructural changes on hard-
ness and electrical conductivity.

METHODS

The material for the study was Cu—0.9%Cr—0.17%Zr—
0.05%Y (wt. %) bronze. The initial state was obtained by
forging a cast billet at temperatures of 850-1000 °C in air
and cooling followed by heating to 920 °C (holding for 1 h)
and cooling in water. After that, the billet was cut into
3 mm thick plates. Friction stir processing was carried out
using a hemispherical tool with a pin diameter of 5 mm and
flat shoulders with a diameter of 12 mm made of WC+Co
hard alloy.

The FSP experiments were carried out on an AccuStir 1004
installation (USA) at a tool rotation speed of 1000 rpm and
a feed rate of 25 mm/min with a tool tilt of =2.5° and a pen-
etration depth of 2.8 mm. The selected parameters are de-
termined by the results of temperature measurements in
a number of experiments on the friction stir processing at
a rotation speed of 1000 rpm and varying feed rates
(the mode with the lowest temperature and without external
defects was selected). A sheet of 09G2S steel with a thick-
ness of 4 mm was used as a substrate (a material under
the bronze sheet).

Temperatures (thermal cycle) at the edge of the stir zone
(SZ) were measured using a FLUKE 54 II B thermometer
(USA) using chromel-alumel thermocouples. The tempera-
ture was measured at the middle of the sheet thickness.
The measured maximum temperature of the friction stir
processing did not exceed 350 °C.

Macro- and microstructure were studied on a transverse
section after vibration polishing on a Buehler VibroMet 2
installation (USA) in an OP-U suspension for 24 h.
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The macrostructure was analyzed after etching the polished
sample in a mixture of 100 ml of 30 % H,0, and 5 ml of
H,SO,4 using an Olympus GX51 optical microscope (Ja-
pan). The microstructure (in the Z-contrast mode) was stud-
ied using a Quanta 600 FEG scanning electron microscope
(SEM) (USA) equipped with an attachment for energy-
dispersive analysis of the composition and an EBSD at-
tachment (an attachment for analyzing electron backscatter
diffraction patterns).

In this work, two areas of the sample were studied: (1)
the top of the SZ — at a distance of 50 um from the surface
of the processed zone and (2) the center of the SZ. For each
of the states, EBSD maps of 50x50 pum in size with a scan-
ning step of 0.1 um were obtained. The data were processed
and analyzed using TSL OIM Analysis 8 software. For tex-
ture analysis, EBSD maps were cleaned by removing all
points with a CI (confidence index) of less than 0.1. To es-
timate the average grain size and grain misorientations,
cleaning was performed using the standard “grain dilation”
function with a minimum grain misorientation threshold of
15° and a minimum grain size of 3 pixels.

Vickers microhardness profiles were obtained in
the middle of the FSP zone thickness using a Wolpert
402MVD microhardness tester (Netherlands) with a load
of 100 g, a holding time of 10 s, and a measurement step
of 0.25 mm.

The TACS relative conductivity (according to the Inter-
national Annealed Copper Standard) was estimated as
a percentage of the annealed copper conductivity of
58.1 mS/m at 20 °C:

100 % x Bronze electrical conductivity
58.1 '

IACS

The relative conductivity profiles were obtained by the
eddy current method using a Constant K-6 installation (RF)
by taking measurements with a step of 1 mm from the sur-
face of the plate perpendicular to the FSP direction after
grinding on 1000 grit sandpaper.

Thermodynamic modeling of the equilibrium phase
composition was carried out using the Thermo-Calc soft-
ware package using the TCHEA4: High Entropy alloys
v. 4.2 database.

RESULTS

Microstructure in the initial state

The microstructure of bronze in the initial state is repre-
sented by large grains with an average size of 64+35 um
(excluding twin boundaries), within which multiple anneal-
ing twins were observed (Fig. 1).

Most of the grain boundaries were decorated with a se-
cond phase interlayer, which stood out strongly against the
matrix background in the Z-contrast mode in the form of
light contrasting areas (Fig. 1 a). The composition assess-
ment showed that these areas are enriched in Cu, Zr and Y
with a total content of (Y+Zr) in the range of 8—15 at. %, as
shown in Fig. 1 c. The detected phase can be designated by
the formula Cul(Y,Zr), where x varies from 5.6 to 9.7.
The study at high magnifications (Fig. 1 b) showed that

the light areas have an uneven contrast, which is associated
with the heterogeneity of the Zr distribution (Fig. 1 b, d). In
addition to the grain boundary arrangement, a (Y+Zr)-rich
phase in the form of spherical inclusions with sizes from 4
to 18 um (Fig. 1 ¢) was observed in the grain body. In some
cases, the inclusions were located on black particles.

The microstructure also contained multiple homogene-
ously distributed particles with an average size of
1.02+0.78 um with a black contrast, which were enriched
with 78-98 at. % of Cr (Fig. 1).

Macrostructure after friction stir processing

The macrostructure of the sample after the friction stir
processing is represented by different zones, which include
the stir zone (SZ), the thermo-mechanically affected zone
(TMAZ), and the base material zone, which is schematical-
ly shown in Fig. 2. Fig. 2 a shows the location of the stir-
ring tip relative to the observed zones showing that the stir
zone is not limited by the pin size, but expands towards
the edges of the tool shoulders. Along the entire periphery
of the stir zone, there is a TMAZ (Fig. 2 b, d) represented
by fibers of elongated grains, followed by the main material
zone with large grains.

Three types of inclusions are observed in all macro-
structural zones of the treated area (Fig. 2 e, f, g): (1) gray
spherical particles, (2) black areas of irregular morphology
and (3) black spherical particles with internal inclusions
and a contrast close to the matrix.

Microstructure and crystallographic texture
after friction stir processing

The microstructure of bronze after FSP is represented
by submicron grains with a fraction of high-angle
boundaries of about 0.85 both at the top and in the center
of the SZ — Fig. 3, 4 and Table 1. According to the data
obtained by SEM, the average grain size in both areas of
the SZ was =~0.28 pm, while according to the EBSD re-
sults — =0.35-0.40 pm. Comparison of the size distribu-
tion shows that the measured values fall into the same
size range from 0.15 to 0.8—1.0 um and differ only in the
intensities of each of the size groups, which is also re-
flected in the overlap of the average sizes taking into
account the standard deviation of the value (Table 1).
It means that the presented data are representative and
reliable. The grains have a deviation from equiaxiality,
as evidenced by the shape factor (SF) value equal to 1.99
for the top and 1.82 for the center of the SZ. In general,
the friction stir processing leads to a decrease in the aver-
age grain size by 200 times.

The obtained experimental distributions of the mis-
orientation angles of the top and center of the SZ are quali-
tatively similar to each other (Fig. 5). The distribution is
characterized by the presence of two main maxima at small
(=2.5°) and large (=45°) angles of misorientations with an
intensity of up to 4 %. The experimental distribution of
misorientation angles, random distribution and texture-
induced distribution show the presence of a maximum in
the angle range near =45°.

It is believed that the deformation scheme under
FSW/FSP is close to the simple shear scheme [15], in this
case, the shear surface can be the surface of the hemispherical
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Fig. 1. Microstructure of bronze in initial state:

a — general view at X500 magnification; b — grain boundary phase and particles in the grain body at *6000 magnification;
¢ — (Y+Zr)-enriched inclusions in the grain body and chemical compositions of the grain boundary phase (spectrum 1)
and particles in the grain body (spectrum 2); d — distribution of elements in Fig. 1 b between phases
Puc. 1. Mukpocmpyxmypa OpoH3bl 8 UCXOOHOM COCIMOSHUU.

a — obwuil 6uo npu ysenuuenuu x500; b — seprocpanuunas gaza u vacmuywl 6 mejne 3epua npu yserudenuu <6000,
¢ — (Y+Zr)-obocawjennvle kniouenus 8 meie 3epHa U Xumuyeckue cocmasvl 3eproepanuynoll gasvl (cnekmp 1)

u wacmuywl 8 mene 3epHa (cnexkmp 2); d — pacnpedenenue snemenmos na puc. 1 b mexcoy gpazamu

pin or the lower surface of the shoulders, while the shear
direction is tangential to the tool surface. Thus, the shear
geometry varies greatly in different parts of the SZ. To re-
veal the crystallographic texture in the sample, it is neces-
sary to rotate the EBSD map. Experimental and corrected
maps with rotation angles relative to different directions are
shown in Fig. 6. Pole figure analysis showed that the entire
SZ exhibits the formation of a combination of axial <110>
and limited B/B {112}<110> simple shear textures.
Analysis of secondary phases revealed the following
features. Both at the top and in the center of the SZ after
FSP, contrasting spherical inclusions were observed, which
were previously observed in the initial state (Fig. 7). It is
worth noting that grain boundary phases were not observed.
For visual comparison, the micrographs in Fig. 1 a and
Fig. 7 are presented at the same magnification (x500).
The main differences between the top and center of the SZ
are that at the top of the stir zone, contrasting white banded

structures elongated along the direction of rotation were
observed.

During the initial analysis of the microstructure by
the SEM method in the Z-contrast mode at high magnifica-
tions, contrasting black bands were observed in the studied
zones of the sample (Fig. 8 a, b), the direction of which
coincided with the direction of tool rotation. Such bands
could have unclear outlines and bend repeatedly. Analysis
of the distribution maps of the alloy components (Fig. 8 c,
d, e, f, g, h) revealed that these are strongly deformed parti-
cles “smeared” between the matrix layers, enriched with Cr.
After FSP, Cr particles had a wide variety of morphologies,
ranging from large spherical particles to repeatedly bending
plates and particles of variable shape, which differed much
from the morphology of Cr particles of predominantly
spherical shape in the initial state (Fig. 1).

In the microstructure of the studied zones after FSP,
a few particles of a new phase enriched in Y were detected
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Fig. 2. Schematic arrangement of macrostructural zones of the studied sample and images of individual zones (optical microscopy):
a — diagram of macrostructural zones; b, e — thermo-mechanically affected zones (TMAZ)
on the material retreating side at magnifications of x5 and x100; ¢, f— stir zones (SZ) at magnifications of x5 and *x100;
d, g — TMAZ on the material advancing side at magnifications of x5 and x100
Puc. 2. Cxema pacnonodicenuss MakpoCmpyKmypHuixX 30H UCCTe0yeMo20 00pazya u u300pasdcenus OmoenbHuix 301
(onmuueckas MUKPOCKONUS): @ — CXeMA MAKPOCMPYKMYPHBIX 30H,; b, e — 30nb1 mepmomexanuueckozo enusnus (TMAZ)
co cmoponsl omeooa mamepuana npu yeeaudenuu X5 u x100; ¢, f— 30w nepemewusanus (SZ) npu yeenuuwenuu x5 u x100;
d, g — TMAZ co cmoponvl Habezanus mamepuana npu yseaudernuu x5 u x100

(Fig. 8a, b, e, f), while traces of the presence of Zr
(Fig. 8 a, b, g, h) were not observed in these particles.

Microhardness and electrical conductivity
after friction stir processing

The treated zone was characterized by a non-uniform
distribution of microhardness and electrical conductivity
(Fig. 9) with a smooth increase in the characteristics in
the direction from the material retreating side (RS) to
the material advancing side (AS) and their sharp decrease
at the boundary of the SZ at the stirring tip interface.

Almost the entire width of the zone of changed microhard-
ness and electrical conductivity corresponds to the diameter
of the tool shoulders, which indicates that most of the heat
is concentrated under the tool and the heat-affected zone
practically does not extend beyond its boundaries.

Extreme values of microhardness and electrical conduc-
tivity were observed at the edge of the SZ with AS and
reached ~240 HV and =76 % IACS. In the center of the SZ,
the indicators were lower and corresponded to =167 HV and
~72 % IACS, which is 2.9 and 1.6 times higher than the val-
ues in the initial state (=58 HV and =45 % IACS).
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Fig. 3. Microstructure after friction stir processing at the top and center of the stir zone (SZ): SEM micrographs of the top (a)
and center of the SZ (b); EBSD maps of the top (c) and center of the SZ (d).
On the maps, low-angle misorientation (2—15°) boundaries are shown in green, high-angle misorientation (15—63°)
boundaries are shown in black, and 60°<111> twin boundaries are shown in red.
Blue arrows (c, d) highlight low-angle boundaries that progress in misorientation to high-angle boundaries.
Groups of small grains at the boundaries between relatively large grains are outlined in purple.
The PD, ND, and TD designations correspond to the processing direction, normal direction, and transverse direction
Puc. 3. Muxpocmpyxkmypa nocie 06pabomku mpenuem ¢ nepemelueanuen 66epxy u 8 yenmpe 301vl nepemewiueanust (3I1):
mukpoghomozpaghuu POM eepxa (a) u yenmpa 311 (b); EBSD-xapmut eepxa (c) u yenmpa 311 (d).
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Fig. 4. Grain size distribution after friction stir processing at the top (a) and center (b) of the stir zone
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Table 1. Microstructure parameters after friction stir processing

Taonuuya 1. [lapamempul Mukpocmpykmypbl nociie 0opabomxu mpenuem ¢ nepemeuiusanuem

Stir zone area d,, (EBSD) (um) d,, (SEM) (um) SF (SEM) Fyas/Fiag 0,, (deg)
Top of the stir zone 0.40+0.23 0.28+0.11 1.99 0.86/0.14 36.4
Center of the stir 0.35+0.19 0.28+0.11 1.82 0.84/0.16 36.0
zone

Note. d,, is average grain size; SF is grain shape factor as the ratio of the maximum size to the minimum one;
Fyup and Fp 3 are fractions of high-angle and low-angle boundaries; 0, is average angle of misorientation of boundaries.
Ipumeuanue. d,, — cpeonuii pasmep 3epra, SF — koaghdpuyuenm gopmul 3epHa 6 6ude OMHOUIEHUSL MAKCUMATBLHO20 pa3mepad
K MunumanvHomy, Frp u Fi 4z — 001U 601bU€Y2N108bIX U MATIOY2I08bIX 2paHUY; 0, IS CPeOHUl YeOl pa3opueHmupo6Ku SpaHuy.
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Fig. 5. Distribution of misorientation angles after friction stir processing at the top (a) and in the center (b) of the stir zone
Puc. 5. Pacnpedenenue y2no6 pazopuenmupoeku nocie 00pabomru mpeHuem ¢ nepemeutusaniem 66epxy (a)
u 6 yewmpe (b) 30nvl nepemewiusanus

DISCUSSION

Characteristics of phase composition in the initial state

A phase containing 8—15 at. % of (Y+Zr) designated
Cu,(Y,Zr) with an x parameter varying from 5.6 to 9.7
was detected in the microstructure of bronze after
quenching. According to sources [10; 11], it can be clas-
sified as a CusY/Cu,Y-type phase with a hexagonal crys-
tal lattice of the P6/mmm type. This phase can dissolve
12-16 at. % of Y, which is consistent with the total
(Y+Zr) content reported in the study. The heterogeneity
of the Zr distribution within the grain boundary phase
shown in Fig. 1 may be caused by the dendritic hetero-
geneity in the phase composition or by the presence of
multiple phases within the structure of Y- and Zr-rich
regions. A similar phenomenon was illustrated in [12]
using the example of Cu-0.5Y—(0.05-0.1)Zr alloys, in
which particles consisting of metastable CusY+CusZr
phases are formed during casting. Considering the fact
that the average (Y+Zr) contents determined in the study
are also similar to the compositions of the CusY-+CusZr
phases [12], we cannot exclude the possibility that a meta-
stable phase is observed in the case under consideration.

The second phase observed in the microstructure con-
sists predominantly of Cr. Considering the large size of
the particles and the fact that they are observed in
the quenched state, they are likely equilibrium particles
of the body-centered cubic lattice of Cr [13], which did not
dissolve during heating and holding during quenching.
The presence of these particles is in good agreement with
the equilibrium diagram of Cu—Cer state at a heating temper-
ature for quenching of 920 °C [14].

Characteristics of grain structure
and texture formation after FSP

An ultrafine-grained structure with an average grain size
of =0.3 um forms in the upper and central parts of the SZ.
To determine the dominant recrystallization mechanism
responsible for microstructure formation, we consider the
distribution of misorientation angles of the formed grains in
different regions of the stir zone (Fig. 5). Comparison with
the results of other studies on FSW/FSP of bronzes of the
Cu—Cr—Zr system [2—4] indicates that the low fraction of
2-3° of boundaries is associated with a decrease in the pro-
cess temperature: at a temperature of 790 °C, the relative
fraction of such boundaries is =18 % [3], at 440 °C,
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Fig. 6. Experimental (a, b) and corrected (rotated) pole figures (c, d) of {111} and {110}
obtained after friction stir processing at the top (a, ¢) and center (b, d) of the stir zone, illustrating the formed texture.
The PD, ND, and TD designations (a, b) correspond to the processing direction, normal direction, and transverse direction.
The SD and SPN designations (¢, d) correspond to the shear direction and the shear plane normal direction.
The rotation angles of the experimental pole figures are indicated at the top of the figure.
Puc. 6. Dxcnepumenmanvhoie (a, b) u cxoppexmuposannvie (pazéeprymoie) nomochvie gueypnl (¢, d) {111} u {110},
nonyuenHvle nocie 00pabomKy mpeHuem ¢ nepeMelusanuem 8sepxy (d, c)
u 6 yenmpe (b, d) 30Hv1 nepemewusanus, urTOCMpUpYIOWUe chopmMupoOBASULYIOCS MEKCHIYP).
Obosnauenuss PD, ND u TD (a, b) coomgemcmsyiom nanpasienuio oopabomxi,
HANpaeiLenulo HOpMAany U NONEPEUHOMY HANPAGLEHUIO.
Obosnauenuss SD u SPN (¢, d) coomsemcmeytom nanpaeienuio coguea u HanpasieHu0 HOpMAaiu K RI0CKOCMu coguad.
B gepxueil uacmu pucynka ykazamwl yenvl pazgopoma IKCHepUMEHMAIbHbIX NOMIOCHbIX Gueyp

a b

Fig. 7. Microstructure after friction stir processing at the top (a) and center (b) of the stir zone at x500 magnification
Puc. 7. Muxpocmpykmypa nocie oopadbomxu mpenuem ¢ nepemewusanuem esepxy (a) u 6 yenmpe (b) 3onvl nepemewtusanus
npu yeenuuenuu x500
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4

c d
e f

h

Fig. 8. Secondary phase particles (a, b) in combination with the distribution of Cr (¢, d), Y (e, f) and Zr (g, h) between the phases
after friction stir processing at the top (a, c, e, g) and in the center (b, d, f, h) of the stir zone
Puc. 8. Yacmuywr smopuunvix ¢asz (a, b) 6 couemarnuu c pacnpedenenuem Cr (c, d), Y (e, f) u Zr (g, h) mexcoy ¢pazamu
nocine 06pabomKku mpeHueMm ¢ nepemeuusanuem 66epxy (a, ¢, e, g) u ¢ yenmpe (b, d, f, h) 3one1 nepemewusanus

a decrease to 9 % [2] is observed, and at a temperature of
240 °C, a decrease to ~6 % is observed [4]. This is in good
agreement with the results presented in Fig. 4.

It is worth noting that the distribution of angle
misorientations (Fig. 5) does not show a clearly defined
peak of 60°<111> twin boundaries — these boundaries are
shown by red lines in Fig. 3. In the initial state, a large
number of annealing twin boundaries are observed
(Fig. 1 a). As a result, the low fraction of 60°<111> bounda-

ries after FSP can be associated with the low rate of
metadynamic recrystallization during plate cooling after
processing. The presence of a bimodal distribution (with
peaks in the low- and high-angle regions) in Fig. 5 may
indicate the dominance of continuous dynamic recrystalli-
zation processes. In addition, Fig. 3 ¢, d show segments of
low-angle boundaries that gain their misorientation up to
high-angle boundaries, which is also a direct marker of con-
tinuous recrystallization. At the same time, Fig. 3 ¢, d show

Frontier Materials & Technologies. 2025. No. 3

75



Nikitin L.S., Kalinenko A.A., Malopheyev S.S. et al. “Special aspects of microstructure formation in Cu—Cr-Zr-Y bronze...”

Shoulder diameter

Pin diameter |

[ )

320 80 =

oY o

8]

_ 280 - 5 -"F;’

> of® )]

Q - —

L 240 o =

()] fe) ]
» ¢0 ¢ =
2 200 $0000000000000 ] ® $00000000000000 g— @
. 2 40 Q
B e0- Retreating Advancing S =
. . <. 0

5 side ] side E;

= 120 4 e |

QO & - 20 S

= . S

80 1 v b | >

0N @]

40 T 0

-20 -10 0 10 20

Distance from the center (mm)

Fig. 9. Distribution of microhardness and relative electrical conductivity in the zone of friction stir processing
Puc. 9. Pacnpeoenenue Mukpomeepoocmu . OMHOCUMENbHOU I1eKIMPONPOBOOHOCU
6 30He 06PAbOMKU MPEHUEM C nepeMeutu8aHuem

configurations of larger grains surrounded by groups of
grains an order of magnitude smaller, which may indicate
the presence of discontinuous dynamic recrystallization
processes. It is likely that two dynamic recrystallization
mechanisms compete during the FSP process. However,
taking into account the low process temperature, the contri-
bution of the continuous recrystallization mechanism can be
considered predominant.

Comparison of the experimental misorientation spec-
trum with a random distribution (Fig. 5) and a distribu-
tion determined by crystallographic texture showed that
the texture derived distribution has a smaller discrepan-
cy, indicating that in this case, the emerging angle distri-
bution may be determined by the developing crystallo-
graphic texture.

Based on the different rotation angles of the pole fig-
ures required to reveal texture at the top and center of
the SZ, it is possible to say about the influence of differ-
ent parts of the stirring tool on texture formation. Thus,
small rotation angles were required near the SZ surface,
indicating a greater influence of the flat tool shoulders
during texture formation than the pin. At the center of
the SZ, significant rotation angles were required, indicat-
ing a strong influence of the hemispherical pin on the
crystallographic texture formation. However, the result-
ing distributions of misorientation angles (Fig. 5) and
crystallographic textures (Fig. 6) in the zones under con-
sideration are qualitatively and quantitatively similar,
i.e., the mechanism of the misorientation distribution
formation must be the same.

Returning to the relationship between grain misorien-
tation angles near 45° and texture, the CLS boundaries
function was used to estimate the fraction of special
grain boundaries. Thus, a total of =2.4 % of the X9 —

38.9°<110> and X11 — 50.5°<110> boundaries were ob-
served in the structure, the direction of which coincided
with the identified predominant texture directions.
Moreover, a total of *2.4 % of the X7 — 38.2°<111> and
229a — 43.6°<100> boundaries were observed, the direc-
tions of which were not related to texture. It can be as-
sumed that these boundaries form the observed peak,
with some of the boundaries associated with the crystal-
lographic texture.

Characteristics of secondary phase changes during FSP

As noted previously, after friction stir processing, spher-
ical inclusions with a Z-contrast were observed in the mi-
crostructure, which were identical to Cu,(Y,Zr) inclusions
observed in the initial state. Their size, however, remained
unchanged compared to the initial size. It can be assumed
that these inclusions are not deformed during FSP, and
the deformed matrix, due to its greater plasticity, “flows”
around them during deformation. At the same time,
the Cu,(Y,Zr) phase located at the original grain boundaries
before FSP is ground into smaller fragments, which are
arranged in banded structures aligned with the direction of
tool rotation. In this case, the phase is arranged as a flat
obstacle located at the boundary, which cannot be overcome
during copper matrix flow, causing its partial destruction
and rotation of the remaining fragments. Thus, the initial
morphology of this phase significantly influences its evolu-
tion during FSP.

As has been shown, FSP significantly changes the mor-
phology of Cr particles. The presence of elongated, repeat-
edly bending, plate-like particles is worth noting individual-
ly. A similar effect was not observed after FSP at higher
temperatures. The authors believe that this particle mor-
phology is associated with the high strain during FSP,
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which can reach true values of =35 units [16]. The follow-
ing mechanism for the change in Cr particle morphology
can be hypothesized: the formation of an ultrafine-grained
matrix structure increases the material’s ability to resist
deformation, thereby increasing internal stresses in the ma-
terial. The material is heated to a temperature of ~350°, and
this combination of thermomechanical conditions likely
becomes sufficient for plastic flow of Cr between the ma-
trix grain layers.

During FSP of the Cu—Cr—Zr-Y bronze under study,
particles enriched in Y and free of Zr were observed, al-
though in the initial state, there was a phase containing both
elements. It is appropriate to consider this phenomenon
from the point of view of the analysis of the equilibrium
phase diagrams of Cu—Zr and Cu-Y. After treatment with
a supersaturated solid solution, Y and Zr can be present in
the supersaturated solid solution in accordance with
the phase diagram [11; 17]. According to the Cu—Y diagram
[11], the closest phase to a given Y content is Cu,Y, which
exists at temperatures below 871 °C, whereas according to
Cu—Zr diagram [17], the closest phase to a given Zr content
is CuyZr,, which exists at temperatures below 972 °C. One
can assume that Zr-enriched phases will precipitate at high-
er temperatures (a difference of about 100 °C). According
to differential scanning calorimetry data for quenched Cu—
Cr—Zr alloy, the precipitation of the Zr-enriched phase oc-
curs at temperatures of about 490 °C [18]. Considering the
fact that additional severe plastic deformation in most cases
lowers the precipitation temperature of the second phase
[18; 19], in combination with the expected difference in
the precipitation temperatures of phases with Zr and Y, we
naturally observe the precipitation of a Y-enriched phase.
Additional thermodynamic modeling of the equilibrium
phase composition at temperatures of 350—1100 °C using
the Thermo-Calc program predicts the existence of
the CusZr (C15B crystal lattice) and Cu,Y (P6/mmm crystal
lattice) phases in this temperature range. The temperature
range of the existence of CusZr is from 580 to 910 °C,
while for the Cu;Y phase it corresponds to temperatures
from 350 to 837 °C. It is quite natural that after low-
temperature FSP, we observe a Y-enriched phase and do not
observe phases with Zr. Thus, it can be assumed that
the phase observed after FSP is the equilibrium Cu;Y phase.

The relationship between properties
and the forming microstructure during FSP

Having analyzed the observed characteristics of the mi-
crostructure, one can identify the relationship between
the microstructure evolution and the formation of the distri-
bution of microhardness and electrical conductivity. It is
assumed that the asymmetric nature of the distributions
combined with the gravitation of extreme values of
the quantities to the advancing side (AS), is associated with
the uneven distribution of temperature and strain in the de-
formation zone, shown by the modeling results [20]. In
particular, the temperature with AS can be higher than with
the retreating side (RS). Considering the fact that we ob-
serve a simultaneous increase in microhardness and electri-
cal conductivity, it can be assumed that this phenomenon is
associated with both the refinement of the grain structure
and the decomposition of the supersaturated solid solution.

The refinement of the grain structure in the stir zone was
illustrated in the work. With regard to the decomposition of
the supersaturated solid solution, only the precipitation of
Y-enriched particles was shown, the amount of which in
the microstructure (according to Fig. 8) is small. The max-
imum electrical conductivity of the treated area reaches
76 % IACS, which is close to the values of aged Cu—Cr—Zr
bronze [3], corresponding to the microstructural state after
the decomposition (partial or complete) of the solid solu-
tion. The high electrical conductivity value indirectly indi-
cates the occurrence of intensive decomposition of the su-
persaturated solid solution with the release of nanometer-
sized Cr and Zr particles during the FSP process. It is likely
that the SEM method used in this study is insufficient for
the resolution of the nanoscale particles of secondary phas-
es formed at such a low temperature.

CONCLUSIONS

In the work, the following patterns of microstructure
formation in Cu-Cr—Zr-Y bronze were identified during
low-temperature friction stir processing:

1) friction stir processing caused the grain structure re-
finement to an average grain size of ~0.3 um with predomi-
nantly high-angle boundaries and the formation of a combi-
nation of axial <110> and limited B/B {112}<110> simple
shear textures;

2) friction stir processing led to a destruction of
the Cu,(Y,Zr) phase located along the boundaries of the
original grains, but did not destroy this phase with a spheri-
cal morphology. FSP altered the morphology of Cr particles
due to their deformation and elongation in the direction of
tool rotation. FSP was accompanied by the precipitation of
a Y-enriched phase not observed in the initial state;

3) microstructural changes occurring during FSP led to
an increase in the values of microhardness and electrical
conductivity in comparison with the quenched state.
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Annomayusn: Ilpumenenne oopadotku tpeHueM c¢ nepememnBanueM (OTII) s monudukannm GU3MYECKUX U Mexa-
HUUYECKUX CBOWCTB TEPMUYECKH YNPOYHAEMBIX HU3KOIETHPOBAHHBIX OpOH3 SBISIETCS NMEPCIEKTUBHON M OJHOBPEMEHHO
CJIOXKHOM 3ajadeil o MPUIHMHE IHUPOKOTO TEMIIEPATYpHOTO MHTEPBasa €ro ocymecTsiaeHns . CI0XHOCTb B TOM, YTO B pe-
synbrate OTII 6poH3 MOTYT (hOpMUPOBATHCS KapANHAIBHO PA3HBIE TUIIBI MEKPOCTPYKTYP € IIMPOKHUM HANIa30HOM pa3Me-
POB 3€peH M Pa3IUIHBIM COYETAHUEM THIIOB YIPOUHSIOMMX (a3 ¥ uX pasHOooOpa3HbIX Mopdonoruid. boree Toro, BO3MoXk-
HBI BapuaHTHl, IpH KoTopeix OTII mpuBoauT K Aerpamanny CBOHCTB OpoH3. brarompusaTHOe codeTaHHe CBOWCTB MOXKET
OBITH TOCTHTHYTO B pe3yibTare ocymiecTBIeHns Hu3kotemneparypHoit OTII. B pamkax paOGoTsl poBeneH aHaJINU3 OCHOB-
HBIX MHKPOCTPYKTYPHBIX m3MeHeHul mnepcrektuBHONH Cu—Cr—Zr—Y 6ponssl pu OTII co ckopoCThi0 BpalleHHus HHCTPY-
MenTa 1000 00/MHH U CKOPOCTBIO MOa4H 25 MM/MUH (0OECIICUMBAIOIINX TEMIICPATypy B 30HE mepemerimBanus ~350 °C) —
HuskoteMneparypHoit OTII. MeTtonamu pacTpoBoit anekTpoHHON Mukpockonuu 1 EBSD-aHanu3a BBISIBIEHB! MEXaHU3MBI
(hopMHPOBaHUS YIBTPAMEIIKO3EPHUCTON CTPYKTYPHI C MPEHMYIIECTBEHHO OOJIBIIEYINIOBBIMU IPAaHHULIAMH, & TaKXKe Pa3BH-
THE JABYX THUIIOB KpHCTAJLIOrpad)uuecKux TEKCTyp mpocroro cisura. Ilokazano, uro ¢aza Cu(Y,Zr), nHaOGmonaromascs
B UCXOHOM CTPYKType, MOXKET IIpeTepreBaTb MEXaHUUECKOE pa3pyIIeHUE UIIH Ke COXPaHATh FeOMETPUUECKUE TapaMeTphl
B 3aBUCHMOCTH OT CBOEH MCXOAHOW Mopdosoruu M pacrojiokeHus. Brepsble moka3aHo, 4to u30bITOUHBIE yacTUubl Cr
(paBHOBECHAs IO MPHU TEMIIEpAType HArpeBa IOJ 3aKaJKy) MOTYT HE pa3pyIIaTbCs, a INIACTHYECKH Je(OPMHUPOBATHCS
C CHIBHBIM m3MeHeHneM cBoeil Mopdonoruu. [Tpu OTII uccnemxyemoit OpOH3BI IPOUCXOANT BBIACIICHUE YacTHI] HOBOM
Y-comepskamer (azpr. PaccMoTpeHa B3aUMOCBSI3b paclpeneIeHUsl MEKPOTBEPIOCTH M 3JIEKTPOIPOBOAHOCTH ¢ Habmonae-
MBIMHU U3MEHEHHSMU MUKPOCTPYKTYPBI B HOBOM NEPCIEKTUBHOM MaTepHae.

Kniwouegwie cnosa: od6padboTka TpEeHHEM € NEPEMEIINBAaHUEM; HU3KOJIETHPOBAHHBIE OPOH3BI; PEKPHCTAIUIN3AINS; BTO-
pHUYHBIE (a3bl; AEKTPOIPOBOTHOCTb.
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Abstract: The paper covers the study of B-solidifying TiAl-based alloys, which are extremely promising materials
for the aviation industry with an operating temperature of up to 850 °C, have high specific strength characteristics.
The authors studied the influence of tensile deformation temperature in the range of 7=25-1000 °C on
the mechanical properties, phase composition and crack formation in the cast B-solidifying TNM-B1 alloy. It is
found that the cast TNM-BI1 alloy is characterized by a complex microstructure, including (a,+y) lamellar colonies
and interlayers of B(B2)+w phases, the evolution of which at elevated deformation temperatures determines
the material behaviour. It is shown that the w-phase dissolution and the precipitation of dispersed secondary p-phase
particles at 7>950 °C have a significant influence on the mechanical characteristics. A pronounced temperature de-
pendence of strength and ductility is identified: the maximum strength is observed at 800 °C, while the greatest rela-
tive elongation in the studied temperature range is achieved at 1000 °C. The transition from brittle to viscous fracture
occurs in the temperature range of about 950 °C. Moreover, a dependence of the crack propagation mechanism on
the orientation of lamellar colonies relative to the deformation axis is revealed: with an increase in temperature,
the differences are leveled, and at 1000 °C, complete suppression of crack formation with the formation of pores
along the boundaries of colonies and clusters of secondary B-phase particles is observed. The obtained results dem-
onstrate the important role of microstructural transformations in the formation of deformation behaviour and me-
chanical properties of the TNM-B1 alloy based on gamma-titanium aluminide, which is of practical importance for
the development of technologies for its thermomechanical processing.

Keywords: TNM-B1 cast alloy; mechanical behaviour; fracturing behaviour; TNM alloy; microstructure; brittle-ductile
transition; strength; plasticity.
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INTRODUCTION

Intermetallic alloys based on gamma-titanium alu-
minide (y-TiAl) are considered as promising materials
with an operating temperature of up to 850 °C for use in
the aerospace and energy industries, where a combina-
tion of heat resistance, low density and oxidation resis-
tance is required [1-3]. Among the y-TiAl-based alloys,
B-solidifying alloys, a typical representative of which is
TNM-BI1, are of particular interest [4]. The fundamental
limitation of the application of y-TiAl-based intermetal-
lic alloys is their tendency to brittle fracture up to
7=1000 °C [5-7], which is caused by the nature of
the y(TiAl-L1y), a,(TizAl-D0;9) and B(B2) phases present
in them, characterised by a limited number of active
slip/twinning systems, reduced diffusion, difficult trans-

© Sokolovskiy V.S., Salishchev G.A., 2025

mission of deformation across boundaries and, accord-
ingly, pronounced deformation localisation [8; 9]. As
the temperature increases above 650—850 °C, the number
of slip/twinning systems increases, diffusion accelerates
and dislocation climb is activated [10; 11]. The transition
from the brittle to the ductile state also leads to a change
in the type of fracture from intercrystallite to transcrys-
talline in the transition state and dimple in the case of
ductile fracture [8]. The orientation of the plates relative
to the deformation axis has a significant influence on
the development of fracture. It was shown earlier [9; 12]
that the orientation of lamellar colonies relative to
the external load @ largely determines their mechanical
behaviour. Thus, colonies with an orientation of 15<®<75°
relative to the loading axis are deformed first, in contrast
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to colonies with ®<15° and ®>75°, in which signifi-
cantly higher stresses are required to activate slip/twin-
ning systems [12]. This feature should directly influence
the propagation of cracks in colonies with different ori-
entations relative to the deformation axis in alloys with
a lamellar type of structure. Meanwhile, the effect of
the orientation of lamellar colonies on the fracture de-
velopment in the temperature range of the brittle-ductile
transition (BDT) has not been considered in detail in
the literature. It is worth noting that in addition to
the above phases, TNM alloys may also contain
o(TiyNb3Al-B8,)-phase particles, which are formed in
the B-phase interlayers during slow cooling or holding
below 7=850 °C [13]. During subsequent heating, these
particles dissolve, the proportion of the B-phase in-
creases, and the y-phase particles dissolve/spheroidise,
which can significantly affect the fracturing behaviour in
the temperature range corresponding to the brittle-ductile
transition. However, the assessment of this effect has not
been given due attention in the literature [1-3].

The aim of the work is to study the influence of
the deformation temperature of cast f-solidifying TNM-
Bl alloy with a lamellar structure on its mechanical
properties, phase composition, and fracturing behaviour
in colonies with different orientations relative to the de-
formation axis.

METHODS

The starting material was the TNM-B1 intermetallic al-
loy based on gamma-titanium aluminide with the nominal
composition Ti—43.5A1-4Nb—1Mo-0.1B. An ingot with
a diameter of 18 mm and a length of 90 mm was produced
by die-casting. The chemical composition of the alloy ingot
is presented in Table 1.

After mechanical grinding, the cast alloy samples
for testing mechanical properties were additionally sub-
jected to electrolytic polishing. An electrolyte of
95 % C:HsOH + 5 % HCI was used; the electrolytic pol-
ishing temperature was —35 °C, and the current density
was 0.1 A/m’.

Tensile tests were carried out to determine the mechani-
cal properties. An Instron 5882 universal electromechanical
testing machine (USA) equipped with a furnace with
a maximum heating temperature of 1200 °C was used.
The tests were carried out in the temperature range from 25
to 1000 °C. The deformation rate was 0.96 mm/min;
the initial deformation rate was 107 s™'. Flat samples with
a length of the working part of 16 mm and a cross section
of 1.5x3 mm were used. Only samples with visually no
pores on the surface were selected for tensile testing.

The microstructure was analysed using a FEI Quanta
600 scanning electron microscope (USA) in the electron
backscatter diffraction and secondary backscattered elec-
tron mode at an accelerating voltage of 30 kV. The fine
structure of the alloy was studied using a JEOL JEM-2100
transmission electron microscope (Japan) at an accelerating
voltage of 200 kV. For the research, foils with ¥3x0.1 mm
were produced, which were subjected to electrolytic thin-
ning on a TenuPol-5 device (Denmark), using electrolyte
A2 from Struers (Denmark), the temperature was —32 °C,
the voltage was 27 V.

RESULTS

Initial microstructure

During the SEM studies in the backscattered electron
mode, images of the cast Ti—43.5A1-4.0Nb—1.0Mo—0.1B
(TNM-B1) alloy microstructure were obtained; the higher
the atomic number of the elements that make up the phases,
the greater the image contrast (Fig. 1). It is seen that it is
mainly represented by (a,+y) lamellar colonies, the propor-
tion of which is 85 %, and their average size is 30 um
(Fig. 1 a). Analysis of the fine structure allowed identifying
the average interlamellar distance equal to 120 nm
(Fig. 1 b). Dark y-phase particles and light layers of a mix-
ture of B(B2)- and w-phases were located along the bounda-
ries of the colonies, which is confirmed by decoding
the electron diffraction patterns from the areas of the corre-
sponding particles (Fig. 1 b, ¢). The total volume fraction of
B(B2)+w-phases is 10 %, y-phase — 5 %, the average parti-
cle size is 2 and 4 um, respectively (Fig.1 a,b).
The whisker-shaped boride particles are mainly located
along the colony boundaries and have an average length of
about 15 pm with a diameter of 0.2 um and a volume frac-
tion of less than 0.1 % (Fig.1a). It is worth noting
the presence of shrinkage pores in the alloy with a size
from 1-10 to 50-100 pm with a volume fraction of 9 % and
dark zones indicating the presence of liquation with a lower
content of hard-melting elements (Nb, Mo) located mainly
in the area of casting pores (Fig. 1 a).

Mechanical properties

The results of mechanical tensile tests in the tempera-
ture range of 25—-1000 °C with an initial deformation rate of
¢=10"s"' are shown in Figs.2, 3. It is evident that
at 7=25 °C, the cast alloy is destroyed in the elastic re-
gion. As the temperature increases to 700—800 °C, there
is an increase in strength and some increase in ductility
to 6=0.4 %. At 7=900 °C, the strength decreases signifi-
cantly, while the relative elongation reaches only 0.6 %.

Table 1. Chemical composition of TNM-B1 alloy, at. %
Taonuua 1. Xumuueckuii cocmas cniasa TNM-B1, am. %

Al Nb

51.5 43.6 3.6

1.2 0.1
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Fig. 1. Microstructure of the TNM-B1 alloy in the as-cast state: overview image and insert with high magnification (a),
boundary of lamellar colonies (b), mixture of f(B2)+w-phases (c).
a— SEM; b, c — TEM with inserts of electron diffraction patterns of the corresponding phases.
Arrows indicate the corresponding phases and structural elements
Puc. 1. Muxpocmpyxmypa cnaaéa TNM-B; 6 iumom cocmosuuu: 0030pHblil CHUMOK U 8CIABKA ¢ OONbuUM YeenudeHuem (a),
epanuya niacmunyamulx kononuti (b), cmecv f(B2)+w-gas (c).
a— COM; b, ¢ — [IDM co scmaskamu 31eKmMpPOHOSPAMM COOMEEMCMEYIOWUX Pas.
Cmpenkamu 0603HaueHbl COOMBEMCMBYOuwUe hasvl U CMPYKMypHble d1eMeHmbl

700°C  800°C

e sore .
950°C

8, %

Fig. 2. Stress-strain curves obtained during tensile testing of TNM-B1 alloy
in the temperature range of 25-1000 °C (£ =107 s/
Puc. 2. Kpusbvie «nanpssxcenue — oeghopmayuay, noiyuentvle npu UCHblMaHuu Ha pacmsicerue
cnnasa TNM-BI 6 unmepsane memnepamyp 25-1000 °C (¢ =107 ¢’
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Fig. 3. Dependences of the ultimate strength and relative elongation
of cast TNM-B1 alloy on temperature
Puc. 3. 3asucumocmu npedena npouHoCmu u OMHOCUMENLHO20 YOIUHEHUSA
aumoeo cniasa TNM-B1 om memnepamypol

Increasing the temperature to 950 °C leads to a decrease
in the yield strength and a significant increase in ductility to
8=5.7%. Increasing the deformation temperature to
1000 °C is accompanied by significant softening and an in-
crease in the relative elongation to 22.5 %. Thus, it can be
said that stretching at a temperature of 1000 °C corresponds
to the viscous temperature range, 950 °C — to the transi-
tional range, and 25-900 °C — to the brittle range (Fig. 3).

Fractography

After tensile tests, the fractures of the samples were exam-
ined at temperatures corresponding to the brittle (700 °C),
transition (950 °C) and ductile (1000 °C) ranges. After
stretching at 7=700 °C, the fracture is predominantly inter-
crystallite (Fig. 4 a). The fracture surface is predominantly
represented by flat cleavage facets along the a,/y interphase
boundaries with an orientation close to 75-90° relative to
the tensile axis, as well as along the colony boundaries
(Fig. 4 a). After testing at 7=950 °C, traces of the propaga-
tion of tortuous cracks are visible on the fracture, the fracture
becomes transcrystalline, and the number of secondary cracks
increases (Fig.4b). The facets are no longer absolutely
smooth, while the main area of the fracture is still repre-
sented by brittle cleaved areas along the interphase bounda-
ries. It is worth noting the absence of areas indicating frac-
ture along the o,/y interphase boundaries, which indicates
branching of the main crack inside the colonies. Cardinal
changes occur at a temperature of 1000 °C (Fig. 4 c). At low
magnification, the fracture looks like a dimple; a more de-
tailed study of the fracture surface confirms the presence of
dimples. It is worth noting that spherical formations arising
on the fracture surface during localisation of deformation
and dynamic recrystallisation/spheroidisation are observed
on the fracture surface (Fig. 4 c¢). Oxidation at 7=1000 °C
of the dimple edges characteristic of the viscous type of
fracture can lead to the formation of oxidised spherical for-
mations (Fig. 4 ¢). The share of the viscous component of
the fracture was 70 % (Fig. 4 c).

Changes in microstructure after deformation
in the fracture zone

To study crack propagation and microstructure evolution
in more detail, during testing, polished side surfaces of sam-
ples in fracture zones after tension were examined (Fig. 5).
At T=700 °C, propagation of main and secondary cracks is
observed both along colony boundaries and along a,/y inter-
phase boundaries (Fig. 5 a). The length of secondary cracks
does not exceed 100 um. Signs of hindered movement of
secondary cracks in favourably oriented (15<®<75°) lamel-
lar colonies are clearly visible, causing the formation of
bridges in the colony body (Fig. 5 a) or the formation of new
cracks along colony boundaries, where their propagation is
less hindered (Fig. 5 a). Unfavourably oriented (®<15° and
®>75°) colonies are significantly less involved in plastic
deformation; cracks propagate along a,/y boundaries or along
colony boundaries (Fig. 5 a). An increase in the deformation
temperature to 950 °C leads to a more active formation of
secondary cracks and the formation of bridges even in
the case of unfavourably oriented colonies (Fig. 5b). It is
worth noting the complete dissolution of the w-phase parti-
cles at a temperature of 950 °C and an increase in the volume
fraction of the B-phase to 15 % due to the formation of parti-
cles 0.1-3 pm in size in the body of the lamellar colonies
(Fig. 5 b). Fundamental changes are observed upon reaching
a temperature of 1000 °C (Fig. 5 ¢). Active formation of new
pores is observed mainly along the colony boundaries, while
in unfavourably oriented colonies, cracks form along the o,/y
interphase boundaries, and in the case of favourably oriented
colonies, bending of the plates occurs (Fig. 5c). Spheri-
cal/polygonal particles of the y/a,/B-phases 0.1-3 pm in size
are predominantly located along the colony boundaries
(Fig. 5¢). It is evident that small pores are formed along
the boundaries and in the body of the colonies along the chains
of B-phase particles (Fig. 5 ¢). Moreover, large pores are pre-
dominantly located at the boundaries of favourably and unfa-
vourably oriented colonies (Fig. 5 ¢). The volume fraction of
pores near the fracture zone reaches 12 % (Fig. 5 ¢).
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Fig. 4. Fractures of samples after tensile tests of cast TNM-B1 alloy:
a—700°C; b—950°C; ¢— 1000 °C.
In the enlarged areas of the fractures, facets, dimples and particles are visible
Puc. 4. Hznomel 06paszyoe nocie ucnvimanuil Ha pacmsidicenue aumozo cnaasa TNM-B1:
a—700°C; b—950°C; ¢— 1000 °C.
Ha ygenuyennvlx yuacmrax uziomos GUOHbL (pacemru, sMKU U YaCmuybl

DISCUSSION

The obtained results showed a significant effect of tem-
perature on the mechanical properties of the TNM-B1 alloy,
its phase composition and changes in the fracture pattern in
colonies with different orientations relative to the deforma-
tion axis. Three temperature ranges corresponding to brittle
(25-900 °C), transition (950 °C) and ductile (1000 °C) be-
haviour of the alloy were found. The lamellar type of mi-
crostructure, the presence of y-phase particles, interlayers of
B(B2)+w-phases and borides along the colony boundaries
greatly limited the plasticity of the alloy in a wide tempera-
ture range. According to [13], at temperatures above
850 °C, the w-phase particles dissolve, which did not have
a noticeable effect on the plasticity level, as a result of
which the fracture pattern was predominantly of the inter-
crystallite type of fracture. Plastic deformation was local-
ised and manifested itself in the formation of bridges in
favourably oriented colonies below the temperature of
the brittle-ductile transition (Fig. 5 a), which is associated
with limited plasticity only in colonies with an orientation

of 15<®<75° [12]. In the case of unfavourably oriented
colonies, the stress level did not reach the values necessary
for the plastic deformation onset, which led to the propaga-
tion of cracks mainly along the a,/y interphase boundaries
(Fig. 5 a). This behaviour is associated with the mechanical
behaviour anisotropy of colonies with different orientations
relative to the deformation axis [8; 9; 12]. According to
[10], an increase in the deformation temperature to 950 °C
led to the activation of multiple slip and an increase in dif-
fusion, which was expressed in a change in the fracture type
from intercrystallite to transcrystalline, the appearance of
dimples and the formation of bridges regardless of the ori-
entation of the colonies relative to the deformation axis
(Fig. 5). With further increase in temperature, spheroidisa-
tion/recrystallisation is activated, which leads to softening
and increased plasticity [14]. The formation of new dis-
persed B-phase particles upon heating to 950-1000 °C is
an expected consequence of the increase in the equilibrium
B-phase content in the alloy [15], which is typical for TNM
alloys when held in the range of 900—1100 °C [15]. As was
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Fig. 5. Microstructure of samples after tensile tests near the fracture zone:
a— 700 °C; b— 950 °C; ¢— 1000 °C.
The tensile axis is vertical. The circles indicate the bridges. The arrows indicate the structural elements.
The yellow and red lines indicate the colonies favorably and unfavorably oriented
relative to the deformation axis, respectively

Puc. 5. Muxpocmpykmypa 06pasyose nocie uCnblmanuti Ha pacmsigicerue 601U3U 30Hbl PA3PYULEHUS.:

a—700°C; b—950 °C; ¢ — 1000 °C.
Ocb pacmsadxcenus pacnoioxtcena 6epmuKaibHo. OKPYICHOCMAMU 0O03HAYEHb NEPEMbIUKU.
Cmpenkamu 0b603Ha4eHbl CMpPYyKMypHble 71eMeHNb.
JKenmuvimu u kpachvimu runusMU 0003HAUEHbL OIALONPUAMHO U HEONALONPUAIMHO OPUEHIMUPOBAHHbIE
OMHOCUMENLHO OCU deopmayuu KONOHUU COOMBEMCIMBEHHO

shown (Fig. 5), small pores were formed predominantly at
the B/y boundaries, which is consistent with the data [16].
Their formation can be provoked by a higher coefficient of
thermal expansion of the B-phase in relation to the y-phase,
leading to local thermal stresses [17].

Particular attention should be paid to the observed
mechanism of bridge formation during crack growth. They
are formed as a result of plastic deformation between adja-
cent areas, and their presence correlates with fracture
toughness, since it is associated with the work of plastic
deformation in the crack propagation zone [18]. The forma-
tion of bridges in colonies with different orientations rela-
tive to the deformation axis can be affected by microstruc-
tural parameters, as well as fracture toughness, which was
shown in [18]. Fracture toughness increases with increasing
colony size due to the tendency to form larger bridges [19;

20]. As shown in [21], saturation is observed for colonies
larger than 600 um, which can be partly associated with
the large colony size, since in such cases only a few colo-
nies are encountered along the crack propagation path.
An increase in fracture toughness with a decrease in the inter-
lamellar distance is associated with a hindrance to trans-
lamellar cracking, which leads to an increase in the number
of bridges [18], a decrease in the interlamellar distance of
less than 100 nm leads to the intercrystallite type of fracture
due to a decrease in ductility. On the contrary, thick lamel-
lae promote translamellar cracking and facilitated connec-
tion of microcracks with the main crack, which leads to
the formation of a smaller number of smaller bridges and
a decrease in fracture toughness [18]. Previous results [8]
confirm those obtained in this work, namely, the formation
of bridges only in favourably oriented colonies at room
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temperature in the alloy with A~100 nm and a decrease in
their number at A~10 nm, as well as the predominance of
translamellar cracking at A~800 nm. Most likely, an in-
crease in the colony size will not lead to a change in crack
propagation in colonies with different orientations relative
to the tensile axis.

The obtained results show that an increase in tempera-
ture leads to a change in the phase composition, dissolution
of embrittling particles and the development of spheroidisa-
tion/recrystallisation, which leads to a change in the behav-
iour of the alloy from brittle to ductile. The orientation of
the lamellae relative to the tensile axis fundamentally af-
fects crack propagation. In the temperature range corre-
sponding to brittle fracture, bridges were formed only in
the case of favourable colony orientation; when transition
and viscous fracture were reached, bridges were formed
regardless of orientation.

CONCLUSIONS

1. The microstructure of the cast TNM-B1 alloy was
studied. It was represented mainly by (a,+y)-plate colo-
nies with interlayers of a mixture of B(B2)+w-phases
located along the boundaries. At deformation tempera-
tures above 950 °C, dissolution of w-phase particles and
precipitation of dispersed particles of the secondary
B-phase were identified.

2. The effect of tensile deformation temperature on me-
chanical properties was considered. With an increase in
deformation temperature, a continuous increase in relative
elongation was observed, reaching a maximum of 6=22.5 %
at 7=1000 °C, and a nonlinear change in strength with
a maximum of c6p=592 MPa at 7=800 °C, followed by
a decrease to og=340 MPa at 7=1000 °C. The fracture pat-
tern was predominantly intercrystallite in the brittle, tran-
scrystalline in the transition, and dimple in the ductile tem-
perature range of deformation. The brittle-ductile transition
corresponded to a temperature range of about 950 °C,
which corresponded to the transition state of the alloy.

3. A study was conducted to investigate the effect of
temperature on crack propagation in the alloy structure.
A different pattern of crack propagation was found in fa-
vourably and unfavourably oriented colonies relative to
the deformation axis, which was expressed in the inhibi-
tion of crack propagation and the formation of bridges in
favourably oriented colonies, in contrast to unfavourably
oriented ones. An increase in temperature to 950 °C re-
sulted in no difference in the pattern of crack propagation
in colonies with different orientations relative to the axis
of tension. When the temperature reached 1000 °C, no
cracks were observed, as well as the formation of pores
along the boundaries of colonies and along the chains of
secondary B-phase particles.
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Annomayusn: Crarbsi NOCBAIICHA [3-3aTBEPIEBAIOIINM CITIaBaM Ha OCHOBE TiAl, KOTOpBIE SBIIOTCS KpalHE NMepCHeKTHB-
HBIMH JJIS aBHAIIMOHHOM MPOMBIIUIEHHOCTH Martepuaiiamu ¢ paboueit Temrieparypoid 1o 850 °C, o0najaroT BEICOKUMH Y€~
HBIMH TIPOYHOCTHBIMH XapaKTepucTHKaMu. MccrnenoBaHo BIMsiHHE TeMIeparypsl AehopManuy IpH pacTsHKCHUH B MHTEpBaJe
T=25-1000 °C Ha MexaHHYeCKUE CBOICTBA, ()a30BBIH COCTaB M TPEIIMHOOOPA30BaHIE B JINTOM CIDIaBE — [J-3aTBEpIICBAIOIIEM
TNM-BI. Ycranosnero, uto nutoii cruiaB TNM-B1 xapakrepusyeTcss KOMIDIEKCHOH MUKPOCTPYKTYPOH, BKITIOUArOIIen (o,+y)-
IUIACTUHYATBIE KOJIOHUH U nipociioiiku B(B2)+w-has, 3BoIonust KOTOpbIX MPHU MOBBILIEHHBIX TeMIepaTypax JedopMaiiyu orpe-
JIeTIAeT ToBeieHue Marepuana. [lokasaHo, 4To pacTBopeHne ®-(a3bl U BhIACICHIE JUCTICPCHBIX YaCTHIl BTOPHYIHOH B-aspl mpu
T7>950 °C oKka3bIBAIOT CYLIECTBEHHOE BIMSHHE HA MEXAHUUYECKUE XapAKTEPUCTUKU. YCTAHOBIIEHA BBIPAXKEHHAs TEMIIEpaTypHas
3aBUCUMOCTb IIPOYHOCTHU U INTACTHYHOCTH: MaKCHMaJIbHas pouHOCTh Habmonaercst mpu 800 °C, B To BpeMs Kak HauOoJbIIee
OTHOCUTEJIBHOE YUIMHEHHE B MCCIIEA0BaHHOM MHTepBalie TeMneparyp pocturaercs npu 1000 °C. Tlepexon oT Xpymnkoro K Bsi3-
KOMY XapakTepy pa3pyLICHHs IPOUCXOMUT B MHTepBajie Temneparyp B odmactu 950 °C. Kpome Toro, BeIsSIBIEHa 3aBUCUMOCTD
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Ui er0 TepMOMEXaHNIECKOH 00pabOTKH.
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Abstract: Study of the temperature field of the milling process with the imposition of ultrasonic vibrations (USV), un-
der various ratios of the vibration amplitude to the depth of tooth penetration into the blank, will allow predicting the effi-
ciency of the milling process with USV under various processing modes. The purpose of this study is to develop physical
and mathematical models of the milling process with the imposition of USV, allowing identifying the influence of ultra-
sonic vibrations on the efficiency of the milling process under various ratios of the vibration amplitude to the depth of
tooth penetration. Three sources of heat generation are considered: in the deformation (chip formation) area and in the
zones of contact of the chip with the cutting plate (cutter tooth) and the plate with the blank. The authors have developed
heat transfer models that take into account, in particular, the change in boundary conditions on the surfaces of the cutting
plate and the blank under the USV imposition. When the plate is in contact with the blank, heat flows are directed to
the blank, chips and cutter tooth, and the conditions of thermal interaction within the zones of contact of the plate with
the chips and the blank are described by boundary conditions of the 2™ type. When the plate leaves the contact with
the blank during the ultrasonic imposition and the chip formation process stops, then on all surfaces of the tooth (plate) and
the blank that are in contact with the environment (cutting fluid or air), the convective heat transfer is described by
the Newton—Richmann law (boundary conditions of the 3™ type). The results of numerical modelling are presented, con-
firming the assumption that the effect of using ultrasonic vibrations is higher at high values of the ratio of the ultrasonic
vibration amplitude to the depth of tooth penetration into the blank.
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INTRODUCTION

High temperatures accompanying most machining pro-
cesses have a significant effect on many physical processes
occurring in the machining zone. The temperature of
the surface layers of the blanks affects the structural and
phase composition of its material [1], residual stresses
formed in the surface layer of the machined part [2], and

search into the patterns of formation of temperature fields
of machining processes and the ability to control them are
necessary to increase machining productivity and ensure
the quality of the machined parts.

The efficiency of cutting processes increases with
the use of vibrations, including ultrasonic vibrations (USV),
since their use reduces cutting forces and temperatures in

the microhardness of this layer. Defects appear on the ma-
chined surfaces of blanks made of materials with low tem-
peratures of decomposition and melting, in particular plas-
tics. It has been found that plastics are easily plastically
deformed during machining due to heating [3]. The work
[4] confirms that due to the low melting temperature, plas-
tics are prone to undesirable plastic deformation during
machining and to the formation of burrs.

The temperature of the tool surfaces in contact with the
blanks and chips influences the wear rate, service life and
strength of the tool, i.e. its performance [5]. Therefore, re-

© Unyanin A.N., Chudnov A.V., Dimukhametov 1.Z., 2025

the cutting zone, which allows increasing the productivity
of processing while ensuring the required quality of parts
[6] or increasing the service life of the cutting tool. Analyti-
cal and experimental studies of mechanical treatment pro-
cesses using USV have shown the possibility of reducing,
due to their use, cutting forces (up to 2 times) and tempera-
tures in the cutting zone during turning and boring [7],
grinding [8] and gear milling [9].

A widely used processing method is milling with cy-
lindrical and end mills. In the milling process, the thick-
ness of the cut per one tooth of the tool changes depending
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on the position of the tooth on the trajectory of its con-
tact with the blank. The variable thickness of the cut
causes a change in many parameters of the process of
treatment, including cutting and friction forces, powers
and densities of heat sources. The process of heating
the cutter tooth is non-stationary. The tooth heats up in
a short period of time while in contact with the blank,
then cools down. When modelling this process, the mu-
tual influence of heat sources from successively operat-
ing teeth should also be taken into account. Experimental
studies indicating an increase in the efficiency of the mill-
ing process using USV have been carried out, in particu-
lar, when machining non-rigid parts [10] and blanks
made of corrosion-resistant steels [11].

The results of numerical modelling of the tempera-
ture field of the process of milling using ultrasonic vi-
brations, carried out on the basis of an analytical study
of this process, are given in [12] with varying the pitch
of the cutter teeth and in [13] with varying the thermal
conductivity of the cutter material. However, these re-
sults were obtained with the ratios of the vibration am-
plitude A4 to the maximum depth of penetration of
the cutter tooth (cutting plate) into the blank a,.,.., at
which the tooth does not come out of contact with the
blank, while at different moments of contact time during
processing with ultrasonic vibrations, the depth of tooth
penetration can be both greater and less than the depth
achieved during processing without vibrations (Fig. 1 a).
When the values of these parameters differ insignificant-
ly or the amplitude 4 exceeds the value a,,,., in certain
sections of the trajectory of contact with the blank,
the tooth comes out of contact (Fig. 1 b).

When using ultrasonic vibrations in the cutting pro-
cess, the reduction of thermal and force intensity is en-
sured by changing the kinematic parameters of the cut-
ting process, reducing the friction coefficients in the cut-
ting zone [7] and changing the mechanical characteris-
tics of the blank material [14]. During the period when
the tooth leaves contact with the blank, the cutting and

m e e e e

max 2

m /_\\/

a

friction forces, power and density of heat sources are
zero, therefore, with an increase in the ratio of the USV
amplitude 4 to the depth of tooth penetration into
the blank, the effect of changing the kinematics of
the process of treatment should be higher. However, to
calculate the temperature field of this process, it is nec-
essary to develop appropriate physical and mathematical
models. These models should take into account, in par-
ticular, that the boundary conditions on the surfaces of
the cutting plate (cutter tooth) and the blank change with
USV imposition if the plate leaves contact with
the blank. When the cutting plate contacts the blank, heat
flows are directed to the blank, chips and plate (milling
cutter tooth), i.e. the conditions of thermal interaction
within the zones of contact of the plate with the chips
and the blank are described by boundary conditions of
the 2™ type. When the milling cutter plate comes out of
contact with the blank and the chip formation process
stops, the heat flows disappear on all surfaces of
the plate and the blank that are in contact with the envi-
ronment (cutting fluid or air), and the convective heat
exchange is expressed by the Newton—Richmann law
(boundary conditions of the 3™ type).

The purpose of this study is to develop physical and
mathematical models of the milling process with the impo-
sition of ultrasonic vibrations (USV), allowing identifying
the influence of vibrations on the efficiency of the milling
process at different ratios of the vibration amplitude to
the depth of tooth penetration into the blank.

METHODS

In the thermophysical analysis of cutting processes,
three sources of heat generation are usually taken into ac-
count [15]. Therefore, we assume that during milling, heat
is generated in the deformation (chip formation) zone and
in the zones of contact of the chip with the cutting plate
(front surface of the cutter tooth) and the plate (rear surface
of the tooth) with the blank, where friction forces act.

a, \ \\
R _ _
0 ! — T
[\ N 4
24
b

Fig. 1. Dependence of the depth of tooth penetration into the blank a,, on the contact time t:
1 — without the use of ultrasonic vibrations; 2 — with the use of ultrasonic vibrations at a phase shift of p=0°;
3 — with the use of ultrasonic vibrations at a phase shifi of p=180°. a — 2A<a,pax; b — 2A=0,p10x
Puc. 1. 3asucumocmo 2nybunnl eHedpenus 3y0a 6 3a20Mo6KY d,, Om PeMenu KOHMAaKma t:
1 — 6e3 npumenenusn Y3K; 2 — c npumenenuem V3K npu cosuze gpasvr p=0°
3 — ¢ npumenenuem Y3K npu cosuce gpazvr p=180°. a — 24<a 00 b — 2A=0,0x
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The studies were carried out for the process of counter mill-
ing with cylindrical cutters and the periphery of end mills
for the case when one tooth (plate) is located on
the contacttrajectory in the plane perpendicular to the cutter
axis. Thermal resistance in the zones of contact of the cut-
ting plate with the chip and the blank is not taken into ac-
count. Therefore, it is assumed that the temperature at
any point in the contact zones of these objects is the same.
The heat transfer diagram is shown in Fig. 2.

RESULTS

The powers of heat sources in the deformation (chip
formation) zone W, and in the zones of contact of the cut-
ting plate with the chip (W)7), and the blank (W#,7) change
depending on the position of the tooth on the trajectory of
the contact with the blank (contact time t) and are calculat-
ed using the dependencies [16]:

W (®) =P, (0)-V = Wi () + Wor (0);
Wir(0) = Fi(1)- 15
Wor(t)=F,(1)-V,
where P,(1) is the main component of the cutting force of
the cutter plate changing along the contact trajectory, N;
Fi(t) and F(t) are the friction forces in the zones of contact

of the plate with the chip and the blank, respectively, N;
V is the cutting speed, m/s;

7 is the speed of chip movement relative to the cutting
plate (front surface of the tooth), m/s;

V\=V/k., where k, is the chip thickening coefficient;

T is the time, s.

To calculate the main component of the force P.(t) and
the friction forces Fi(t) and F,(t), the authors transformed
the dependencies [17] obtained under the condition that
the assessment of the destruction of the blank material is
made on the basis of the plastic flow theory (“plastic flow
method”). The angle of inclination of the chip groove of
the cutter in the calculation dependencies is not taken into
account, since the dependence of the force P,(t) and friction
forces on this angle is insignificant [18].

Dependencies for calculating the forces:

P, (t)=1.155 -0, u-a,(t)-bx _
“2'12(1‘-) + kc.am(r) J

k—°+u~siny+
u-a,(t) 4u-b-cosy

4u - cosy

X[D'COS'Y-F

D={1+p1(l—tgy)+W}

c

F(t1)=1.155 -Gst-u'am(t)-b(u+M];
siny

F,=1.155-p, -0y -5,(1)-b,

Fig. 2. Diagram of heat transfer during cut-up milling:
1 — blank; 2 — chips; 3 — cutting plate; 4 — cutter body, 5 — cutting fluid supply nozzle
Puc. 2. Cxema mennoobmena 8 npoyecce 8CmpeuHo2o Qpe3eposanus:
I — 3aeomoexa; 2 — cmpyscka; 3 — pexcywas niacmuna;
4 — kopnyc gpe3svi; 5 — conno ona nooavu COX
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where oy, is the yield stress of the blank material in the de-
formation region, determined depending on the temperature
in this region, Pa;

p is the friction coefficient for yield stress;

Wi, W are the coefficient of friction of the chip on the plate
(front surface of the tooth) and the plate (tooth) on
the blank;

v is the cutting plate rake angle, deg.;

1, is the size (length) of the plate-blank contact zone, m;

u 1s the coefficient;

an(t) is the depth of plate penetration into the blank de-
pending on contact time T, m;

b is the size of the machined surface in the direction parallel
to the cutter axis, m.

To calculate the a,,(t) parameter, a dependence [16] is
proposed, the arguments of which are: the amplitude of
the ultrasonic vibrations in the direction perpendicular to
the machined surface 4,; the vibration frequency f; the time
of contact of the cutting plate (tooth) with the blank t;
the depth of plate penetration into the blank a, depending
on the feed per cutter tooth S, and the angle of contact of
the plate with the blank.

The length of the contact zone /, can be determined by
the dependence:

5:g+ﬁh,
tga

where o is the clearance angle, deg.;
1, is the size of the wear area on the plate, m;
h,, is the height of the elastic uplift of the blank material [19]:

h, =1.155-252.p . B;
E

z

0.5+

B:sinzy+;,tl‘(l—tgy)+ —u-sin2y,

c

where £ is the size of the blank in the direction perpendicu-
lar to the machined surface, m;
o,, is the yield stress of the blank material in the defor-
mation zone, Pa;
E. is the elastic modulus of the blank material in the zone of
contact of the plate (tooth) with the blank, determined de-
pending on the temperature in this zone, Pa.

The size of the wear area /, is related to the radial wear
h, by the dependence:

l,=h, -(ctgoc —tgy).

Since the parameters being the arguments of this de-
pendence depend to a small extent on the T time of contact
of the tooth with the blank, we assume that the friction
force F, also does not depend on t. This assumption is con-
firmed by the results of subsequent numerical modelling.

The yield stress of the blank material in the deformation
zone o, is calculated using the formula [17] depending on
the temperature 7, in this zone and the melting temperature
T,,.e1 of the blank material.

The heat generation density in the chip formation
zone with a uniform law of heat source power distribu-
tion [15]:

_ Wy(1)-sin®

(1) ¥

E
m

where O is the shear angle, deg.

We assume that the power of the heat source in
the contact zone of the chip with the front surface of
the cutter tooth is distributed according to a combined
law, which is a combination of two laws — uniform and
exponential [15], and the maximum density of the heat
source with this law is:

1.5 Wir ()
)=———=.
¢ (7) b1, (%)
The size (length) of the zone of contact of the cutting
plate with the chip is a variable value on the trajectory of
contact of the plate with the blank and can be determined

using the formula obtained by transforming the depend-
ence [20]:

L(v)=a, (1) kf,)'] -[kc .(1 - tgy)+ secy].

Heat release density in the section located at a dis-
tance x,; from the section with the maximum heat release
density:

%T(xulvr): @17 (1) - exp |__ ko 'xulj >

where ky, is the coefficient, m .

Heat release density (maximum) in the zone of con-
tact of the plate with the blank for an asymmetric normal
law of the heat release source power distribution [15]:

ooy 2@k
T b etk |

where £k is the coefficient;

erf is a function depending on the kj and /, parameters.
Heat release density in the section located at a dis-

tance x, from the section with the maximum heat release

density [16]:

QZT(xuaT):‘hT(T)'eXP[_ko xﬁJ

When machining with a cutter equipped with a replace-
able multi-faceted plate, the heat conductivity equations for
the blank 1, chip 2, plate 3, and cutter body 4 (Fig. 2) are as
follows:

Oh 1 O0f M oh ) of M Oh)l_y oh.
ot ox\c,-py Ox ) oyle-py Oy ox
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L |0 M L), Of M 0L | _
ot Ox\c -p; Ox oy\e-pp Oy
o7,

—I/I'COS'Y%—I/I'S]'H"{

y
L |0 A 0L, 0f & L))
ot Ox\cy-p; Ox v\eyps oy )|’

Oy |0 * 0L, Of Ay 0Ly
ot Ox\cy-py Ox ovles-py )|

where Ay, A3, A4 are the coefficients of thermal conductivity
of the materials of the blanks (chips), cutting plate and cut-
ter body, respectively, W/(m-K);

c1, €3, C45 P1, P3, P4 are the heat capacities (J/(kg-K)) and
densities (kg/m®) of the materials of these objects;

T\, T», T3, T, are the temperatures of the blanks, chips, plate
and cutter body, respectively, K.

We assume that the thermophysical characteristics of the
chips are equal to the corresponding characteristics of the
blank (cy=c1, ps=p1, M=M).

When machining with a cutter without a plate,
the thermophysical characteristics of the cutter body are
equal to the corresponding characteristics of the cutter
tooth (c4=c3, ps=p3, As=A3), then the last equation will
have the form:

or, o 0 an), o 2 on,
ot | oxlespy ox ) ovleps Oy )|

This form of recording differential equations of thermal
conductivity assumes that the physical characteristics of
the materials of the blank, cutter body and plate (cutter
tooth) depend on temperature.

Initial condition: the temperature of all objects at
the initial moment of time T(x, y, 0)=T,, where T, is
the ambient temperature (air and/or coolant).

Within the contact zone EV; of blank 1 and plate (tooth) 3,
the thermal interaction is expressed by the boundary condi-
tion of the 2™ type [16]:

ﬂ__qéT(xu) . %__q”ZT(xu) .

(1)

v mE)w
Ty =Ts 5 q'ZT(xu)-’-qu(xu):(’IZT(xu)a

where ¢{;(x,;), qir(x,;) are the heat flows directed to

blank 1 and plate (cutter tooth) 3, respectively, at a distance
x,1 from the section with the maximum heat release density,
W/m?;
T\, Ts, are the temperatures on the surfaces of blank 1 and
plate (cutter tooth) 3 within their contact zone, K.

Similar boundary conditions of the 2nd type can ex-
press thermal interaction within the contact zone DE of
blank 1 with chip 2 and within the contact zone EN of

chip 2 with plate (tooth) 3 in the section with maximum
heat generation density.

Boundary condition of the 2™ type within the zone EN
in the section with variable heat generation density:

o dirlxg). 0T _ qr (%)
M(0)

on M) on

TZkl(xul): T3kl(xul); ‘I{T(xm)*' ql”T(xul): qlT(xul)s

where ¢j7(x,;), qir(x,) are heat flows directed to chip 2

and plate (cutter tooth) 3, respectively, at a distance x,; from
the section with maximum heat generation density, W/m?;
T 2kl(xul), T 3k1(xul) are temperatures on the surfaces of

chip 2 and plate (cutter tooth) 3 within the zone of their
contact at a distance of x,; from the section with the maxi-
mum heat release density, K.

We assume that at the junction of plate 3 with cutter
body 4, the thermal resistance is insignificant, therefore
the temperatures of the contacting surfaces of the plate T3,
and body T} are equal (boundary condition of the 4™ type):
T30=Ti.

Heat transfer from the surfaces of the objects participat-
ing in heat exchange — the cutting plate, cutter body, chip
and blank contacting with the environment (cutting fluid or
air) is expressed by the Newton—Richmann law (boundary
conditions of the 3™ type) [16]. One of the arguments of
the dependence describing this law is the coefficient of heat
transfer from the surface. The heat transfer coefficients to
the environment (cutting fluid and air) depend on the tem-
peratures of these surfaces, which are not known in ad-
vance. Therefore, if a preliminary calculation of the coeffi-
cients is performed without taking into account the actual
surface temperatures, unreliable results can be obtained.

When solving analogues of differential heat conduction
equations using the numerical finite element method,
the calculation of heat transfer coefficients is performed in
parallel with the calculation of heat conduction equations.
When calculations are performed using this method,
the time, during which the heat exchange process is consid-
ered, is divided into finite small intervals At. The tempera-
tures of objects determined at the previous moment in time
are used to calculate heat transfer coefficients at the current
moment, and the obtained values of the coefficients are
used to calculate the temperature field at the next moment.

If the surface temperature of the object exchanging heat
with the cutting fluid (NK, V>,V and VL of the plate (tooth), MD
and MN of the chip, CD, V3F, BC and FF; of the blank, KQ
and LS of the cutter body (Fig. 2)) is lower than its boiling
point, then the heat transfer coefficient in the cutting fluid is

g Y ’

X

a

where Nuyis the Nusselt criterion;

Agr is the thermal conductivity coefficient of the cutting flu-
id, W/(m-K);

£, is the characteristic surface size, m.
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As a characteristic size, we can take: for chips — their
thickness a., for a blank — the size of the contact trajectory
FB of the plate (cutter tooth) with the blank, and for
the plate (cutter tooth) — the size / (Fig. 2).

The Nuy criterion is calculated using the equation:

Nuf:C'Re}n'Pr;’(P”jf/Prw)k,

where C, m, n, k are coefficients whose values are deter-
mined by the surface shape and the coolant flow mode
(laminar, transitional, turbulent);

the Prandtl number Pr and Reynolds number Re:

P},f:ug/'.cgf .
vV, -t

Ref: £ X 5
Veor

where 1, is the dynamic viscosity of the cutting fluid, Pa-s;
¢, is the specific heat capacity of the cutting fluid, J/(kg-K);
Vv, is kinematic viscosity of the cutting fluid, m?/s;

V, is the speed of the cutting fluid movement, which can be
calculated in cut-up milling as

Vo=V +V,

where V,; is the speed of the cutting fluid flow from
the nozzle used to supply it, m/s.

Parameters with f index in their designations are deter-
mined based on the temperature of the cutting fluid at
the nozzle outlet; if w index is used in the parameter desig-
nation, it is determined depending on the average tempera-
ture of the corresponding surface.

In most cases, a mixture of cutting fluid and air is pre-
sent in the cutting zone; therefore, the calculations use
the reduced heat transfer coefficients, which depend on
the percentage of air in the air-liquid mixture.

If the surface temperature of the object participating
in the heat exchange exceeds the boiling point of the liquid,
the calculations use the reduced heat transfer coefficient,
the value of which depends on the heat transfer coefficient
during coolant boiling oy.

To calculate the oy, coefficient, you can use the equation

Nu, =C, -Re}" - P33,

where Cy and m are coefficients;

Nuk = ak 'lxl /7\/g1 N

Rey =wy -1y /vg;

Pry =vgy /ag,

where A, v, are physical parameters of the cutting fluid at
the saturation temperature;

wy is conventional boiling speed of cutting fluid vapor, m/s;

ag is thermal diffusivity coefficient of the cutting fluid at
the saturation temperature, m?/s;

£, is characteristic size of the surface whose temperature
exceeds the cutting fluid saturation temperature, m.
Coefficient of heat transfer to air is

(xb g

>
X

where A, is thermal conductivity coefficient of air,
W/(m-K);

Nuy, is Nusselt criterion calculated using dependencies
similar to those for calculating Nu,.

When applying ultrasonic vibrations, the depth of
the plate (tooth) penetration into the blank changes. If
the vibration amplitude 4, exceeds the depth of the plate
(tooth) penetration into the blank, the plate may come out
of contact with the blank. During the absence of contact
between the tooth surface and the blank, which were sub-
ject to the above boundary conditions of the 2™ type during
cutting, heat will be exchanged with the environment (cut-
ting fluid or air), and the boundary conditions will change.

For the surfaces of the blank and the cutter tooth,
the boundary conditions of the 3™ type will take the form:

M0 '%:al '(Tlf_TW);

_k3(73)‘66_T;:a3 ‘(T3f _Tw)’

where o; and o3 are the coefficients of heat transfer to
the environment from the surfaces of the blank and
the plate (cutter tooth), respectively, W/(m*K);

T, is the temperature of the environment (cutting fluid or
air), K;

Ty, Ty is the temperature of the flow surface of the blank
and the plate (tooth), respectively, K.

To solve the equations of thermal conductivity of
the objects participating in the heat exchange, the numerical
finite element method is used.

Discrete analogues of differential equations of heat con-
ductivity are obtained based on the fact that the sum of all
heat flows entering and leaving the element under consider-
ation over a time interval At is equal to the change in
the enthalpy of this element (finite volume). To ensure the
stability of the numerical solution of discrete analogues of
differential equations of heat conductivity, expressions are
obtained for calculating the limitations per a step of the
difference grid.

The temperature of the deformable layer is used in
the programme when calculating the yield stress of the blank
material in the chip formation area.

The adequacy of the above method for calculating
the temperature field was assessed by comparing the calcu-
lated value of the average temperature in the surface layer
of the blank with the results of its measurement by a semi-
artificial thermocouple. The difference between the calcu-
lated and experimental values does not exceed 12 %, which
indicates the possibility of using the proposed method.

Using the developed software, the process of milling
polycarbonate blanks was simulated at a cutting speed of
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V=8 m/s using ultrasonic vibrations with a frequency of
18,600 Hz and an amplitude of A=10 um. The imposition of
vibrations in the direction perpendicular to the blank sur-
face being machined was simulated.

The maximum depth of tooth penetration into the blank
depends on the elements of the milling mode — the cutting
depth ¢ and the feed per tooth S;. Consequently, with a fixed
ultrasonic vibration amplitude, different ratios A/a,,.. can
be achieved by varying these elements of the mode.

When machining without ultrasonic vibrations with
a cutting depth of /=0.5 mm and a feed per tooth of
§.=0.12 mm/tooth, the maximum depth of tooth penetration
into the blank is @,,,,,=36 pm, and when applying ultrason-
ic vibrations, the ratio A/a,u. 1s 0.27. In this case,
the tooth comes out of contact only during the initial period
of its contact with the blank. With further movement of
the tooth along the contact trajectory, the application of
vibrations leads to a change in the depth of tooth penetra-
tion, both decreasing and increasing. Therefore, changing
the kinematics of the milling process due to the use of vi-
brations at small values of the ratio 4/a,,,, does not have
a noticeable effect on the efficiency of the process.

In the mode of =0.1 mm and S,=0.05 mm/tooth, when
machining without ultrasonic vibrations, the value of a,,,q
is 7.6 um, i.e. less than the vibration amplitude, the ratio
Ala@yma 1 1.3. In this case, when vibrations are applied,
the contact of the tooth with the blank is interrupted
throughout the entire trajectory of the tooth movement rela-
tive to the surface being machined. When machining with
ultrasonic vibrations in a mode with the ratio 4/a,,,,=1.3,
compared to machining without vibrations, the force P,
decreased by 45 %, and the temperatures in the contact
zones of the tooth with the chips and the blank decreased by
15 %. At lower ratios A/a,..., these parameters decreased
to a lesser extent.

DISCUSSION

The developed set of mathematical models and depend-
encies for calculating the main component of cutting force
and temperatures during milling has the following differ-
ences from the dependencies given in works [6; 15].

1. The change in the depth of tooth (cutting plate) pene-
tration into the blank is taken into account when using ul-
trasonic vibrations.

2. The change in the boundary conditions on the surfac-
es of the tooth and the blank is taken into account if, when
using ultrasonic vibrations, the plate comes out of contact
with the blank. In work [6], heat transfer from the surfaces
of objects participating in heat exchange is not taken into
account.

3. The models allow taking into account the dependence of
the thermophysical properties of objects (milling cutter, blank
and chips) on temperature and the effect of the temperature of
the deformed layer of the blank material on the deformation
stresses and cutting forces of individual milling cutter teeth.

The proposed method for numerically solving analogues
of differential equations of heat conductivity with general
boundary conditions in the contact zone of objects allows
determining the distribution densities of heat flows between
the contacting objects (milling cutter, chips and blank).

The developed method and software make it possible to
take into account the influence of a larger number of factors
on the temperature field than, for example, in [6]: the di-
mensions of the blank and the milling cutter, including
the tooth angles (cutting plate); wear of the milling cutter;
thermophysical characteristics of the materials of the blank
and the milling cutter (cutting plate); yield strength of
the blank material; friction coefficients; elements of the
milling mode (cutting depth, cutting speed and feed);
thermophysical characteristics of the external environment
(cutting fluid and air); the rate of cutting fluid flow through
the nozzle for its supply; the number of successively work-
ing teeth of the milling cutter, etc., and also to determine
both the temperature in the surface layers of the blank and
the temperatures in the contact zones of the tooth with
the chips and the blank and the temperature of the chips.

The assumption that the effect of using ultrasonic vibra-
tions during milling is higher at higher values of the 4/a,,;,4x
ratio was confirmed. Previously conducted studies have
found a decrease in cutting forces during turning [7] and
grinding [8] with an increase in the vibration amplitude.
In [9], it is noted that the efficiency of using ultrasonic vi-
brations during gear milling increases with an increase in
the amplitude. Consequently, the results of numerical mod-
elling indicating a decrease in the thermal and force stress
of the milling process correlate with studies conducted us-
ing other processing methods.

One of the reasons for the decrease in forces and tem-
peratures is a change in the kinematic parameters of
the milling process with an increase in the ultrasonic vibra-
tion amplitude, as it has been found in other studies [7; 9].

In the present study, it was found that the use of ultra-
sonic vibrations during milling leads to a decrease in
the milling force to a greater extent (by 45 %) than in tem-
peratures (by 15 %). The obtained result coincides with
the study [9], which also recorded that temperatures de-
crease to a lesser extent than cutting forces.

CONCLUSIONS

1. Analytical studies of the temperature field were
performed and software was developed that allows estab-
lishing the influence of ultrasonic vibrations on the pa-
rameters of the milling process at different ratios of
the vibration amplitude to the depth of tooth penetration
into the blank.

2. It was found that changing the kinematics of the mill-
ing process using ultrasonic vibrations has a more signifi-
cant effect on the process parameters at a cutting mode that
provides a greater ratio of the vibration amplitude to
the depth of penetration.

3. The results of the studies will allow predicting the ef-
ficiency of the milling process with ultrasonic vibrations at
different processing modes.
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HOCTSIX PEXKYIIeH TUIACTUHBI W 3aroToBkH Npu HanmoxkeHnun Y3K. Korma mracTrHa HaXOmWTCS B KOHTaKTE C 3arOTOBKOM,
B 3arOTOBKY, CTPY>KKY M 3y0 (pe3bl HarpaBiIeHbI TEIUIOBBIE OTOKH, a YCIOBHUS TEIJIOBOTO B3aMMOJICHCTBHUS B IpeAesax
30H KOHTAKTa IUIACTUHBI CO CTPYXKKOHM M 3arOTOBKOI ONMCBHIBAIOTCSI TPAHUYHBIMH YCJIOBHSAME 2-r0 pona. Korga mimactuna
npu HajgokeHnH Y3K BBIXOIUT M3 KOHTAKTa C 3arOTOBKOHM M IIPOIECC CTPYKKOOOpa30BaHMS HMPEKPAINAETCs, TO HA BCEX
MIOBEPXHOCTSX 3y0a (IJIACTHHBI) U 3aTOTOBKH, KOHTAKTUPYIOIINX C OKPYKarome cpenoil (CMa3ouHO-0XJIaXIatoen Ku-
KOCTBIO MJIM BO3AYXOM), KOHBEKTHBHBIN TEINI0OOMEH OIMChIBaeTCs 3akoHOM HpioToHa — PuxmaHna (rpaHWYHBIC yCIOBHSA 3-
ro poxna). IlpuBeneHs! pe3ynbTaThl YUCICHHOTO MOJEIHPOBAHNUS, MOATBEPANBIINE MPEINOIOKEHNE, YTO 3GPEKT OT MpH-
mereHus1 Y 3K Belle npu 6onbmnX 3HaYEHUSIX OTHOLIEHUsT aMILIuTyasl Y 3K k riryOuHe BHenpeHus 3y0a B 3ar0TOBKY.

Knrwouegvie cnosa: ynstpasByk; KonebaHus; ppe3epoBaHie; TEIUIO0OMEH; YUCICHHOE MOJICIIUPOBaHHE.
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Abstract: The service life of oil pipelines has recently decreased significantly due to severe operating conditions
and the increased aggressiveness of the environment, caused by the simultaneous presence of dissolved hydrogen
sulfide, carbon dioxide, chlorides, and a high water phase content. Conventional corrosion mitigation methods typi-
cally address only one of these factors and therefore fail to provide adequate protection under such combined condi-
tions. This limitation necessitates the use of multiple complementary approaches for corrosion control. This paper
proposes microalloying systems for low-carbon steels of grades 10KhB, 10F, 10B, and 15KhF (with chromium con-
tent up to 1 %) for seamless pipes, along with optimized heat treatment regimes that provide increased strength, cold
resistance, and corrosion resistance in CO,- and H,S-containing environments. Mechanical testing after heat treat-
ment demonstrated that the proposed chemical compositions ensure strength classes K52—K56, while also providing
high low-temperature toughness. The morphology of carbides in the microstructure depends on the chemical comp o-
sition and determines the steel’s strength, though it does not affect corrosion resistance. The investigated steels
showed high resistance to hydrogen-induced cracking (HIC) and sulfide stress cracking (SSC). After exposure to
CO,—H,S media, a protective iron sulfide film formed on the surface, indicating uniform sulfide corrosion. The cor-
rosion rate and mechanism were found to be governed by the medium composition and the kinetics of iron sulfide
film formation. The obtained results allow expanding the scope of application of the proposed steels in multicomp o-
nent aggressive environments regardless of the type of microalloying.

Keywords: low-carbon microalloyed steel; heat treatment; corrosion-resistant seamless pipe; CO,- and H,S-containing
environment; sulfide corrosion of steel; fine-grained structure; oilfield pipelines.
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INTRODUCTION

Metal corrosion resulting from the transported medium
is the main cause of failures in oil field pipelines. Accord-
ing to [1; 2], the presence of simultaneously dissolved hy-
drogen sulfide (H,S) and carbon dioxide (CO,), even in
small concentrations, significantly accelerates corrosion
processes, leading to premature wear of equipment, re-
duced reliability and emergency situations. The partial
pressure of gases pH,S and pCO, affects the rate of
chemical and electrochemical reactions, the degree of
hydrogenation of steel and the likelihood of stress corro-
sion cracking.

Aggressive environments typical for oil and gas produc-
tion contain water, dissolved salts, carbon dioxide, hydro-
gen sulfide and organic acids that actively destroy metal.
There are several types of corrosion, the most common of
which are general, pitting, crevice, sulfide, and stress corro-
sion cracking. An integrated approach, including several
areas, is required to protect effectively equipment from cor-
rosion. Firstly, it is important to choose the right materials
that are resistant to specific operating conditions. Stainless
steels and alloys, polymeric materials are widely used in
the manufacture of pipes, fittings, tanks and other equip-
ment. Secondly, the use of corrosion inhibitors is an effec-
tive way to slow down corrosion processes by forming
a protective layer that prevents metal from coming into con-
tact with the environment [3; 4]. In oil and gas fields, the
production environments are multicomponent [5; 6], and
a mixed corrosion mechanism occurs. The proposed divi-
sion by corrosion types does not take into account the syn-
ergistic effect of the presence of several dissolved gases in
the environment. The use of expensive materials or several
corrosion protection methods significantly increases
the cost of pipeline operation.

Based on the corrosion mechanism, a protection method
is selected, for example, the material of oil field pipes. Ac-
cording to [7-9], the chemical composition of steel has
a significant effect on the process and rate of corrosion:
the presence of various alloying elements in steel can both
provoke and slow down its destruction under the influence
of an aggressive environment. Depending on the composi-
tion of the transported medium and the corrosion mecha-
nism, among the materials used, there are chromium-
containing steels [10] resistant to pitting carbon dioxide
corrosion and steels resistant to stress-corrosion cracking in
H,S-containing environments [11]. The choice of specific

corrosion-resistant steel depends on factors such as temper-
ature, pressure, concentration of aggressive substances,
and the level of mechanical properties. Steels with the addi-
tion of chromium, which provides resistance to carbon di-
oxide corrosion and high strength, are often used for trans-
porting oil and gas.

The behaviour of chromium-containing steel grades in
H,S-containing environments and the effect of micro-
alloying additives on corrosion resistance have been poorly
studied. The significance of the influence of the level of
strength properties and the type of microstructure of low-
alloy steels on corrosion resistance in environments with
CO; and H,S is unknown.

Taking into account all the above-mentioned opera-
tional features and corrosion protection methods, when
developing new steels with increased operational relia-
bility, it is necessary to take into account the effect of
the complex impact of a multicomponent corrosive envi-
ronment [12—14], and the behaviour of steels in these
environments over time.

The purpose of the work is to determine the influence
of the chemical composition, microstructure, and level of
mechanical properties of 10KhB, 10F, 10B, 15KhF steels
used for linear oil field pipelines on corrosion resistance
in complex aggressive environments containing both
C02 and HQS

METHODS

Research materials

The objects of the study were 10KhB, 10F, 10B, and
15KhF steels (Table 1) after volumetric heat treatment in
modes ensuring strength properties at the level of K52—
K56. The studied steels are characterised by the presence of
chromium in the composition in the range of 0.41-0.64 %,
which corresponds to the composition of oil and gas pipes
resistant to carbon dioxide corrosion. 10KhB steel is addi-
tionally microalloyed with niobium, titanium; 10B steel — with
niobium; 10F and 15KhF steels — with vanadium.

The steels were smelted under laboratory conditions in
a vacuum induction furnace with a capacity of 60 kg.
Commercially pure iron (ARMCO), charge blank and fer-
roalloys were used as charge materials. After melting and
casting, cylindrical ingots with a diameter of 150—160 mm
and a length of 300-350 mm were subjected to hot

Table 1. Content of main alloying elements of experimental pipe steels, mass fraction, %
Tabnuya 1. Cooeporcaniue 0CHOBHBIX T2UPYIOUUX ITEMEHIN08 ONbIMHBIX MPYOHbIX cmarell, Maccogas 001, %

Steel grade C Cr Nb \Y% Ti
10KhB 0.07 0.64 0.031 0.002 0.011
10B 0.08 0.42 0.029 0.002 0.007
10F 0.07 0.41 0.005 0.070 0.002
I5KhF 0.15 0.54 0.004 0.050 0.006
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deformation in the temperature range of 900-1200 °C on
a MISIS-130D two-roll piercing mill (Russia) and on
a DUO-210 universal longitudinal rolling mill (Russia) to
obtain strips with a thickness of 12 mm. Hot-rolled blanks
were heated in a laboratory furnace, quenched from
a temperature of 910 °C in water, and then tempered
at 550-680 °C (duration 30 min).

Table 2 shows the strength, impact toughness and ductil-
ity properties of the samples of the studied steels after la-
boratory heat treatment.

Methods

Samples for mechanical tests were cut along the rolling
direction. Uniaxial tensile tests were performed on
an Instron 150 LX universal testing machine (USA) on
cylindrical samples with a diameter of 5 mm. Impact
bending tests were carried out at a temperature of —60 °C
on Charpy samples with a V-shaped notch and a cross
section of 10x10 mm using an Instron SI-1M pendulum
impact tester (USA).

The structure of the steels was studied by optical mi-
croscopy using a ZEISS Axiovert 40 MAT microscope
(Germany); corrosion products were analysed using scan-
ning electron microscopy (SEM) on a Tescan Vega SBH3
electron microscope (Czech Republic). X-ray phase analy-
sis of the corrosion products was carried out on
a DRON-3 diffractometer (USSR) in K,—Co radiation.

The steel samples after heat treatment were subjected to
corrosion tests, including evaluation of hydrogen-induced
cracking resistance according to the NACE TMO0284 standard,
and sulfide stress-corrosion cracking resistance according
to Method 4 of the NACE TMO0177 standard. To evaluate
the general corrosion rate, unloaded samples were kept in
a model CO,- and H,S-containing solution for 240 h.
The model environment was a solution containing
a 5 % NaCl solution of distilled water saturated with a gas
cylinder mixture of CO, and H,S (P 0of CO, was 0.9 atm
and Py of H,S was 0.1 atm), the test temperature was
20 °C. The pH of the solution during the holding varied in
the range of 4.3-5.0, and the H,S concentration was 93—
104 mg/1. The corrosion rate was calculated gravimetrically

by weight loss. The type of corrosion and the form of corro-
sion damage to the metal were determined using
a metallographic method.

RESULTS

Metallographic analysis and mechanical properties

The microstructure of the studied 10KhB, 10B, 10F and
15KHhF steels after heat treatment according to the “quench-
ing followed by tempering” mode has noticeable differ-
ences. This allows evaluating the influence of the chemical
composition, namely microalloying additives, on the micro-
structure parameters and their combined effect on the me-
chanical properties and corrosion resistance of steel.

From Fig. 1 a, it is evident that the structure of 10KhB
steel after heat treatment according to the “quenching +
tempering 550 °C” mode is nonequilibrium and is repre-
sented by a mixture of ferrite grains of complex shape with
tortuous irregular boundaries and lath bainite grains.
The proportion of the carbide component is small.
The precipitated carbides are finely dispersed and form
chains along the boundaries of bainite laths. This type of
structure determines the high level of strength properties of
steel, corresponding to K56 strength class. The precipitation
of a small amount of second phases preserves the alloying
elements in the matrix solid solution, therefore, it has
a positive effect on the resistance to carbon dioxide corro-
sion. An increase in the tempering temperature to 600 °C
causes a number of structural transformations both in
the ferrite matrix and in the carbide component. The struc-
ture of the steel after high-temperature tempering at 600 °C
is represented by a homogeneous fine-grained ferrite-
carbide mixture (Fig. 1 b). The shape of the ferrite grains is
preserved from the bainitic structure after hardening and
changes slightly as a result of tempering. The carbide
component of the structure is uniformly distributed
throughout the volume of the metal and includes finely
dispersed precipitates of the cementite type of a rounded
shape. Inside the ferrite grains, the carbides form chains
along the boundaries of the former bainitic laths.

Table 2. Mechanical properties of experimental steels after quenching from 910 °C and tempering at 550—680 °C
Taonuya 2. Mexanuueckue ceoticmea onvbimHuulx cmaneu nocie 3axkaaku om memnepamypul 910 °C u omnycxa 550—680 °C

Steel grade Tempering temperature, °C Gy MPa o, MPa 05, % KCV®, J/em?
550 587 476 214 373
10KhB
600 554 449 20.5 421
550 578 478 223 390
10B
600 541 440 20.7 397
600 533 433 22.5 383
10F
680 537 465 20.3 409
15KhF 680 578 476 20.9 326
Frontier Materials & Technologies. 2025. No. 3 103
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Fig. 1. Microstructure of the studied steels:

a — 10KhB (quenching + tempering 550 °C); b — 10KhB (quenching + tempering 600 °C);
¢ — 10B (quenching + tempering 550 °C),; d — 10B (quenching + tempering 600 °C)
Puc. 1. Muxpocmpyxmypa ucciedyemvix cmaneii:

a — 10Xb (zaxanxa + omnyck 550 °C); b — 10Xb (3axanxa + omnyck 600 °C);
¢ — 105 (3axanxa + omnyck 550 °C); d — 105 (3axanxa + omnyck 600 °C)

The revealed structural changes reduced the values of
the strength properties from the K56 to K54 level. Based on
the results of metallographic analysis of the structure of
10KhB steel, it can be assumed that the dispersed cementite
carbides formed during tempering at 600 °C partially contain
chromium in their composition, however, the remaining chro-
mium in the ferrite matrix should be sufficient to ensure corro-
sion resistance in CO,- and H,S-containing environments.

The structure of 10B and 10F steels, shown in Fig. 1 ¢, d
and 2 a, b, respectively, differs from that of 10KhB steel and
includes a combination of equiaxed excess ferrite grains and
grains with a ferrite-carbide mixture. At the same time, if we
compare the morphology of the carbide component for
10KhB, 10F and 10B steels after tempering at 600 °C,
a difference in shape and size is noticeable. Carbides
in 10KhB steel are dispersed and rounded (Fig. 1 b), while
in 10B and 10F steels, they are finely dispersed and have
an elongated ellipsoid shape (Fig. 1 d, 2 a).

A comparative analysis of the strength properties and
microstructure of 10B steel showed that with an increase in
the tempering temperature from 550 to 600 °C, the strength
decreases, while no noticeable changes in the structure were
detected. Consequently, during tempering, transformations
occur in the ferrite matrix at the dislocation level and
carbonitride precipitates of microalloying elements are
formed. Chromium is retained in the ferrite matrix.

An increase in the tempering temperature of 10F steel to
680 °C had the strongest effect on the shape of the carbide
component. Due to the processes of spheroidisation and
coagulation, cementite-type carbides acquired a larger and
rounded shape. In Fig. 2 b, the result of the process of
spheroidisation of carbides along grain boundaries is espe-
cially noticeable.

According to the results of uniaxial tensile tests,
an increase in the tempering temperature from 600 to
680 °C of 10F steel led to a growth in strength properties.
This effect is caused by dispersion strengthening during
the precipitation of finely dispersed vanadium carbides.
The binding of carbon by vanadium retains most of the chro-
mium in solid solution.

The structure of 15KhF steel differs significantly from
other studied steels. The ferrite-carbide structure shown in
Fig. 2 ¢ is characterised by a large number of rounded ce-
mentite-type precipitates uniformly distributed throughout
the volume of the ferrite matrix. Chromium can be part of
cementite, therefore, the formed type of microstructure of
15KhF steel reduces corrosion resistance in a CO,-containing
environment.

Despite the revealed difference in the type of micro-
structure and the level of strength properties, laboratory
corrosion tests in an H,S-containing environment using
NACE TM0284 and NACE TMO0177 standardised methods
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Fig. 2. Microstructure of the studied steels:
a — 10F (quenching + tempering 600 °C); b — 10F (quenching + tempering 680 °C);
¢ — 15KhF (quenching + tempering 680 °C)
Puc. 2. Muxpocmpykmypa ucciedyemvix cmaneii:
a — 10D (zaxanxa + omnyck 600 °C); b — 10D (3axanxa + omnyck 680 °C);
¢ — 15X® (3axanka + omnyck 680 °C)

showed that the metal of all the steels studied, regardless of
microalloying and strength class, has increased resistance to
hydrogen cracking (CLR 0% and CTR 0 %) and
a threshold stress of more than 80 %.

Corrosion properties

The results of corrosion tests of the steel samples in
a multicomponent environment containing CO, and H,S
presented in Table 3 indicate an insignificant difference in
the corrosion resistance of the steels. The obtained values of
the general corrosion rate are in the range of 0.11-

0.14 mm/year. 15KhF steel is characterised by the highest
values of the general corrosion rate. Probably, the high den-
sity and large size of the alloyed cementite precipitates ad-
versely affect the corrosion resistance.

A visual analysis of the steel samples after exposure in
a model environment for 240 h showed that all samples
were subjected to uniform corrosion. No pitting corrosion,
microcracks or blisterings were detected. Consequently,
the main mechanism of corrosion of the low-carbon low-
alloy steels in a multicomponent CO,- and H,S-containing
environment is uniform corrosion.

Table 3. Results of the assessment of the general corrosion rate in a multicomponent environment depending

on the tempering mode of the quenched steels under study

Tabnuya 3. Pesynomamul oyenku ckopocmu oowell Koppo3ui 8 MHO2OKOMNOHEHMHOU cpede
8 3aBUCUMOCTIU OM PEICUMA OMNYCKA 3AKATCHHBIX UCCTIeOyeMbIX caell

10KhB 10B 10F 15KhF
Test objects Tempering | Tempering | Tempering | Tempering | Tempering | Tempering | Tempering
550 °C 600 °C 550 °C 600 °C 600 °C 680 °C 680 °C
Corrosion rate,
year* 0.12 0.12 0.12 0.12 0.12 0.11 0.14
Note. * The measurement error is equal to the numerical uncertainty and is £0.01 mm/year.
Tpumeuanue. * [Toepewinocms usmepenuil pagna yucienno Heonpeoerennocmu u cocmagisiem +0,01 mm/200.
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As a result of X-ray phase analysis of corrosion prod-
ucts formed on the surface of the samples, it was found that
iron sulfide FeS is the main component of the corrosion
products formed during exposure to CO,- and H,S-
containing environments. In the X-ray diffraction patterns
of all the tested samples, lines corresponding to the sample
metal matrix were identified — K-lines of the a-Fe phase
(BCC lattice) and a low-intensity peak corresponding to
FeS sulfide — mackinawite (Fig. 3).

Despite the fact that the gas mixture contains only
10 % of H,S, its effect on the metal prevails over 90 %
of CO, and determines the leading corrosion mecha-
nism. The dominance of H,S in a multicomponent me-
dium is caused by its greater solubility in an aqueous
solution under the studied conditions. The content of
H,S in the solution is significantly higher than of CO,.
The product of the interaction of the metal with dis-
solved H,S is sulfide FeS, which is less soluble than
FeCOj; and forms a film on the surface of the samples.
Dissolved in the model CO, solution also interacts with
the metal, but the reaction of carbonate formation is
slower than that of sulfides.

The appearance of the corrosion products formed on
the surface of all the steel samples studied during
the holding time of 240 h indicates the unevenness of
the layer (Fig. 4). Comparative analysis of the surface layer
does not allow establishing the dependence of the thickness
and composition of the corrosion products on the structural
state and chemical composition of the steels. The uneven
nature of the sulfide film distribution on the surface of
samples made of 10B and 10F steels is similar to that of
10KhB steel (Fig. 4 b, ¢, Table 3). Therefore, the proposed

variants of microalloying systems make it possible to
achieve an equally high level of corrosion resistance for
the studied low-carbon steels in an environment containing
H,S and CO,. The surface of the samples has an etched
relief in which structural elements appear, which indi-
cates the dissolution of iron and the occurrence of corro-
sion. The etching of the metal by the environment occurs
along certain crystallographic planes.

The corrosion products on the surface of 10KhB steel
samples after heat treatment using the “quenching and tem-
pering 550 °C” and “quenching and tempering 600 °C”
modes are represented by an uneven thin film of iron sul-
fide. Fig. 5 shows that an increase in the tempering temper-
ature leads to an increase in the number of point corrosion
lesions and an increase in the thickness of the corrosion
product layer from 2 to 5 um. When examining the sections
of 10KhB steel samples, an uneven distribution of the sur-
face film of sulfides of non-uniform thickness was found.
Single corrosion lesions up to 5-7 pum deep filled with
dense deposits were revealed. The corrosion products are
characterised by an increased Cr content of up to 1.5 wt. %,
which is 2 times higher than the Cr content in the metal.
The concentration of S in the corrosion products does not
exceed 1 wt. %.

The uniform corrosion mechanism prevails over
the pitting one. The main reasons for the formation of
local point lesions are a decrease in the strength of the ma-
trix and the formation of large carbide precipitates of
the cementite type. The carbide and ferrite matrix form
a local galvanic couple, where the carbide has lower
solubility and acts as a cathode, and the ferrite acts
as an anode.

Fe — Iron 6-696
FeS — Mackinawite 15-37 o
, 5
%) | NS
| 35,000 =
£ | o) S
= 30,000 =+
2 f < & S
® 25,000 z > T
i X kot
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Fig. 3. Results of X-ray phase analysis from the surface of samples
after testing in CO,- and H,S-containing environment
Puc. 3. Pesynomamol peHmeeHo(hasz08020 AHANU3A ¢ NOBEPXHOCHIU 0OPA3Y08
nocne ucnoimanuii 8 CO,- u H,S-codepoicaweii cpede
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No. (0] Si Cr Mn Fe
1 11.34 0.43 13.86 1.18 0.69 The rest
2 3.37 0.56 0.92 0.76 1.14 The rest
3 15.98 0.82 3.78 1.04 1.03 The rest
4 3.62 0.53 0.52 0.60 1.30 The rest
5 20.53 0.48 2.90 0.44 0.63 The rest
6 3.48 0.38 0.44 0.57 1.03 The rest

Fig. 4. Appearance and composition of corrosion products on the surface of the studied samples:
a is 10KhB (quenching + tempering 550 °C); b is 10B (quenching + tempering 600 °C);
c is 10F (quenching + tempering 680 °C); d is chemical composition of corrosion products
Puc. 4. Buo u cocmas npodykmog Kopposuu Ha NOBEPXHOCIMU UCCLe0YeMbIX 00PA3Y08:
a — 10Xb (3axanxa + omnyck 550 °C); b — 105 (3axanxa + omnyck 600 °C);
¢ — 10® (3akanxa + omnyck 680 °C); d — xumuueckuti cocmas npoOyKmos Koppo3uu

DISCUSSION

The comparative analysis of the nature of corrosion
damage and the composition of corrosion products on
the samples of the studied steels showed that during holding
in an environment containing CO, (Pco,=0.9 atm) and H,S
(Pips=0.1 atm), the predominant mechanism is uniform
sulfide corrosion. Regardless of the composition of the
studied steels and strength properties, uniform dissolution

of the metal occurs, as evidenced by the formation of
an etched surface relief. A thin iron sulfide film is formed
on the surface of the samples, which serves as a barrier to
further interaction of the metal with the environment and
slows down the corrosion process. For comparison: in [15],
the rate of general corrosion after holding in a CO,-
containing environment without the addition of H,S was
studied. The obtained values of the rate of general corrosion
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No (o] S Cl Cr Mn Fe
1 10.86 | 1.31 | 0.46 | 0.96 | 0.85 | Base
2 6.85 - - 1.42 0.97 Base

a

No (0] Si S Cr Mn Fe
1 6.94 0.37 | 0.88 | 1.46 | 1.10 | Base
2 3.41 0.40 | 0.40 1,06 1.03 Base

b

Fig. 5. Cross-section of corrosion products of the studied samples:
a — 10KhB (quenching + tempering 550 °C); b — 10KhB (quenching + tempering 600 °C)
Puc. 5. Ceuenue npooykmog Koppo3uu uccieoyemuvix 00pasyos:
a — 10Xb (3axanxa + omnyck 550 °C); b — 10XF (3axanxa + omnyck 600 °C)

in a CO,-containing environment for low-carbon micro-
alloyed steels in some cases are 2 times higher than the cor-
rosion rates obtained in the presented work. In [16], it is
shown that the rate of corrosion developing by
the sulfide mechanism is lower than the rate of carbon diox-
ide corrosion. Accordingly, it will be interesting to assess
the effect of different concentrations of CO, and H,S on
the corrosion rate. It is important to understand at what H,S
concentrations in a multicomponent environment the transi-
tion to the predominant formation of carbonates and the CO,
corrosion predominance is possible, since there is still no
unambiguous opinion in the literature on the influence of
H,S additives on the rate of general corrosion and the pre-
dominant mechanism.

The low dependence of the rate of general sulfide corro-
sion on the chemical composition of steels is confirmed by
the obtained values of corrosion rates, which are 0.11—
0.14 mm/year. It was found that a decrease in the concen-
tration of carbon in steel reduces the corrosion rate.
The revealed dependence is associated with the release of
a small amount of carbides, which retain the main alloying
elements in the matrix. Moreover, in a corrosive environ-
ment, carbides form a galvanic couple with the ferrite matrix
accelerating the corrosion of the matrix. At the same time,
the influence of microalloying of the studied steels, as well
as the tempering mode, which determines the amount of
carbonitride precipitation in the structure, on the level of
the general corrosion rate of microalloyed steels was not re-
vealed. Consequently, for steel of the same chemical compo-
sition, varying the tempering temperature mode and changing
the composition of the carbide phase, it is possible to regulate
the level of strength properties, maintaining a low corrosion
rate. In the works [17-20] dealing with the study of corrosion
in environments containing CO, and H,S, only an option for
increasing corrosion resistance by introducing microalloying
additives is proposed.

Structural transformations occurring in the ferrite matrix
during tempering did not affect the rate of general corrosion.
Only at the local level by the formation of point lesions with
a depth of 5-7 um was it possible to assess the role of
the structural factor in the process of sulfide corrosion.
The weak intensity of local corrosion development does not

allow a quantitative comparative assessment of the corrosion
resistance of samples with different carbide components.
Consequently, at low concentrations of dissolved H,S and
the presence of CO, in the environment, the corrosion rate of
low-carbon low-alloy steels weakly depends on the structure
and properties of the steel and does not exceed 0.14 mm/year,
since it is determined by the rate of formation of the surface
iron sulfide film.

The studies showed as well that, regardless of the micro-
alloying additives and the strength level achieved due to dif-
ferent tempering temperatures, high resistance to hydrogen
cracking and hydrogen sulfide stress cracking can be
achieved in low-carbon steels. It is worth noting that various
chemical compositions are used to achieve different levels of
strength, cold resistance and resistance to hydrogen sulfide
cracking in steels obtained by controlled rolling. Manu-
facturers are forced to simultaneously support several tech-
nologies for the production of rolled products, often using
complex expensive combinations of microalloying: niobium
and titanium or niobium, vanadium and titanium [20]. More-
over, when manufacturing rolled products using controlled
rolling methods, achieving a combination of high cold re-
sistance to —60 °C and resistance to hydrogen cracking is
only possible with a carbon content of no more than 0.07 %,
which requires additional expensive alloying [20]. During
unstable supplies of niobium to the Russian market, it is ad-
vantageous and advisable to have technologies and concepts
of chemical compositions that allow switching to various
microalloying systems without losing any properties of
the final product, from strength to corrosion resistance in vari-
ous environments. In addition, the ability to obtain different
strength classes with all other equal pipe manufacturing op-
tions is important for pipeline components that are produced in
small quantities for the construction of special pipelines.

CONCLUSIONS

For the developed steel compositions, appropriate
tempering regimes ensure both strength classes K52—
K56 and high Charpy impact toughness at —60 °C, de-
spite microstructural variations resulting from different
alloying systems.
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Corrosion tests in accordance with NACE TM0284 and
NACE TMO0177 confirmed that all studied steels, regardless
of alloying system or strength class, exhibited excellent
resistance to hydrogen cracking (CLR 0 %, CTR 0 %) and
SSC (threshold stress >80 %).

In a model CO,—H,S environment, the general corrosion
rate of the steels was 0.11-0.14 mm/year, independent of
alloying system, strength class, or microstructure. In all
cases, the dominant corrosion mechanism was uniform H,S
corrosion, even though the CO, partial pressure was signifi-
cantly higher than that of H,S.
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Annomayun: OCIOXHEHNE YCIOBHH IKCIUTyaTalllH, 3aKIIOYAlOIIEecs] B IOBBIIICHNN arpecCUBHOCTH Cpel 3a CYeT
MIPUCYTCTBHUSI OJHOBPEMEHHO PACTBOPEHHOTO CEPOBONOPOAA, YIVIEKHUCIIOTO ras3a, XJOPHIOB, YBEIWYCHUS COACPKaHMS
BOJHOH (ha3bl, MPUBOAUT K 3HAYNTEIFHOMY COKPAIICHUIO IPOIODKUTEIBHOCTH Oe3aBapuiHON paboThl TPyOOIPOBOIOB.
OrpaHM4eHHOCTh CITIOCOOOB 3aIIUTHI BHIHY)KJAE€T HCIOJIb30BaTh OJHOBPEMEHHO HECKOIBKO AHTHKOPPO3HOHHBIX MEpO-
NPUATHHA U1 TpyOOIIPOBOJOB CO CIOXXHBIMHU cpefamu. B paboTe mpeioxKeHbl CHCTEMBI MUKPOJIETHPOBAaHHUS HU3KOYT-
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TEpMHUYECKoi 00pabOTKHM, MO3BOJISIONINE JIOCTUYh OJHOBPEMEHHO MOBBILICHHYIO MPOYHOCTD, XJIQJO0CTOHKOCTh U KOPp O-
3HMOHHYIO CTOHKOCTh B cpernax, coxepxkammx CO, u H,S. Ilo pesynpraTaMm MexaHHYeCKHMX HCHBITAHUI cTanei mocie
TepMHUYECKON 00pabOTKH YCTAaHOBICHO, YTO MPEI0KEHHBIE BAPUAHTHI MUKPOJIETUPOBAHUS TapaHTUPYIOT MPOYHOCTHEIE
cBoiicTBa knaccoB npouHoctd K52—K56 u xmagoctoidkocTs oJHOBpeMeHHO. Mopdosorus KapOuaHOH cocTaBistoeit
CTPYKTYPHI 3aBHUCHUT OT MHKPOJETHUPYIOIIETO 3JI€MEHTa U ONpeAeisieT YPOBEHb NMPOYHOCTH CTalM, HO HE OKAa3bIBaeT
BIMSIHUSI Ha KOPPO3MOHHYIO cTOMKOoCTh. Mccrnemyemble cTamu 001a1alOT MOBBIIIEHHON CTOWKOCTBIO K BOJOPOJHOMY
PacTpEeCKUBAHUIO U CYIb(OUAHOMY KOPPO3HOHHOMY PACTPECKMBAHHIO IO/ HampspKeHHEeM. [lociie BBIIEPXKKH B MHOTO-
komnoneHTHo# CO,- u H,S-conepxamieii cpene GpopMupyercsi IOBEpXHOCTHAS IUICHKA CyIb(HAA Kene3a, CBUAETEIbCT-
ByIOIIast O MPOTEKaHNH PABHOMEPHOI Cynb(puIHON KOppo3uH. CKOPOCTh KOPPO3HH MCCIEAYEMbIX CTael U THII KOPp O-
3UM OIPENEISIOTCS COCTaBOM arpeCcCUBHOM Cpelbl U CKOPOCThIO ()OPMHPOBaHMS NMOBEPXHOCTHOW IUICHKH cynbduiaa
xene3a. [losydeHHbIe pe3ynbTaThl MO3BOJSIOT PACIIMPUTH 00IaCTh MPUMEHEHHMS NIPEAIaraeMbIX cTajeld B MHOTOKOMIIO-
HEHTHBIX arpeCCUBHBIX CPEAaX HE3aBHCHMO OT BHAAa MUKDPOJIETHPOBAHHS.

Knrouesvie cnoga: HU3KOYIIEPOIUCTas MHUKPOJIETHPOBAHHAS CTallb; TepMUUecKas 00paboTKa; KOPPO3MOHHO-CTOMKAS
oecmoBHas TpyOa; CO,- n H,S-conepxamas cpena; cynbumaHas KOppO3usi CTall; MEITKO3EpHUCTAsl CTPYKTypa; HedTe-
MIPOMBICIIOBBIEC TPYOOIIPOBOIBI.
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Abstract: Copper alloys based on the Cu—Zn system, in particular L68 brass, are promising structural materials.
However, to improve their reliability and expand the scope of application, it is necessary to enhance their strength
characteristics. In this work, the influence of a combination of rotary swaging (RS) and subsequent annealing on
the structure, strength and ductility of L68 brass was studied. For this purpose, the alloy microstructure was studied
in the quenched and deformed states, mechanical tests for uniaxial tension, a Brinell hardness study, and an assess-
ment of structural and phase transitions using differential scanning calorimetry were carried out. It was found that
during rotary swaging, both a-phase grains elongated along the deformation direction and an ultrafine-grained struc-
ture inside them consisting of subgrains, deformation twins and shear bands are formed. Subsequent annealing
at 450 °C leads to an increase in the grain size to 3—5 pm due to static recrystallization. After rotary swaging, an in-
crease in the offset yield strength (o) and ultimate tensile stress limit (o) by ~10 and ~3.5 times, respectively, is
observed with a decrease in the relative elongation value by more than 6 times. Subsequent annealing at 450 °C,
which caused the formation of a recrystallised structure, led to a decrease in the strength characteristics of L68 brass
relative to the deformed state with a simultaneous increase in the relative elongation value compared to both the de-
formed and the initial state of the alloy. However, it is worth noting that 6, and og of L68 brass after rotary swaging
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and subsequent annealing at 450 °C exceed the values for the quenched alloy by an average of ~2.5 and ~1.7 times,
respectively, and exceed the values regulated by GOST 494-90, GOST 1066-2015, GOST 931-90, and GOST 5362-78.
Keywords: 168 brass; rotary swaging; ultrafine-grained structure; recrystallization; strength; ductility.
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INTRODUCTION

Copper and its alloys are widely used in the electrical
industry due to their excellent electrical conductivity [1].
However, copper alloys, in particular alloys of the Cu—Zn
system, are also used as structural materials in shipbuild-
ing and aircraft construction, the petrochemical industry,
in the production of pipes and plumbing products, as well
as refrigeration equipment and military products [2]. This
use of brasses is caused by their high corrosion resistance,
non-magnetic nature and good formability, as well as by
a balance of strength and ductility [3]. Brass with a zinc
content of up to 37 % is single-phase and is an a-solid
solution with a face-centered cubic lattice [4]. Single-
phase o-brass with a low zinc content is more resistant to
corrosion and dezincification processes compared to two-
phase (a+p)-brasses [5; 6]. However, the main disadvan-
tage of single-phase brasses is their low strength charac-
teristics. Precipitation hardening and grain refinement by
deformation treatment can improve the mechanical prop-
erties and, consequently, expand the scope of application
of brass. In this case, by refining the microstructure to
an ultrafine-grained (UFG) and/or nanosized structure, it
is possible to achieve a significant increase in the strength
of copper alloys. Nano- and UFG structures in metals and
alloys can be formed by the severe plastic deformation
(SPD) methods [7]. The most popular SPD methods ap-
plied to copper alloys are high-pressure torsion [8], equal-
channel angular pressing (ECAP) [9], multi-axial forging
[10], etc. Thus, in [11], the authors managed to achieve
a combination of relatively high strength and ductility in
the Cu—30Zn alloy treated with ECAP. In this case, the ul-
timate tensile stress limit of the alloy was 565 MPa,
the yield strength was 250 MPa, and the relative elonga-
tion was 20 %. In another work, after ECAP, it was pos-
sible to achieve significant strengthening of the Cu—30Zn
alloy (0(,=542 MPa, op=692 MPa) accompanied by
a strong drop in ductility (up to 6=5.6 %) [11]. However,
despite the advantages of SPD methods for strengthening
metals and alloys, their application in industry is still hin-
dered. Therefore, the development of processing modes
that allow obtaining a UFG structure in copper alloys
without using SPD methods is an urgent task.

In copper alloys, it is possible to obtain a UFG struc-
ture by using traditional deformation methods. For ex-
ample, in work [12], a UFG structure was obtained in
Cu-30Zn brass using cryogenic rolling followed by re-
crystallization annealing. In this case, a decrease in
the average grain size to 0.5 um with a proportion of high-
angle boundaries equal to 90 % made it possible to double
the strength of the original alloy. Another traditional de-

formation method successfully used to improve the physi-
cal and mechanical properties of materials by creating
a UFG structure is rotary swaging (RS). Traditionally, this
method is used to manufacture hollow and solid, cylindri-
cal and stepped shafts and axles with a round and faceted
cross-section, therefore, its manufacturing application is
not difficult, unlike SPD methods [13]. Currently, rotary
swaging is successfully used to refine the structure of
structural titanium [14; 15] and aluminium [16] alloys,
steels [17] and other materials. Previously, we have al-
ready demonstrated the potential of rotary swaging for
producing a UFG structure in copper alloys: thus, studies
were conducted on the influence of rotary swaging on
the microstructure, mechanical properties and electrical
conductivity of Cu—0.8%Hf [18], Cu—0.77%Cr—0.86%Hf
[19] and Cu—0.5%Cr—0.08%Zr [20; 21] alloys. In these
alloys, due to the formed UFG structure, as well as the de-
position of particles rich in Cr, Zr and Hf, the strength and
electrical conductivity increase significantly with a simul-
taneous decrease in ductility.

The aim of the work is to study the influence of rotary
swaging and subsequent annealing on the structure and me-
chanical properties of single-phase L68 brass. It is expected
that the combination of rotary swaging and subsequent an-
nealing will allow producing an alloy with improved
strength and ductility.

METHODS

The material of the study was L68 grade brass. For
smelting the studied alloy, MOb grade copper and TsO grade
zinc were used as charge materials. The alloy was smelted
in an induction furnace; casting was carried out in a water-
cooled cast-iron mold with a diameter of 52 mm and
a height of 200 mm. The chemical composition was deter-
mined using X-ray fluorescence analysis on a BRUKER S8
Tiger (series 2, Germany) sequential X-ray fluorescence
wave-dispersive spectrometer in a vacuum according to the
standard technique using the QUANT-EXPRESS software
(Bruker, Germany). According to the analysis, the studied
alloy consisted of 68+0.21 wt. % of Cu and 32+0.13 wt. %
of Zn. Then, the resulting ingot was subjected to hot press-
ing at a temperature of 630 °C to a final diameter of 20 mm.
Then, the rod was annealed at 800 °C for 2 h, followed by
quenching in water.

Rotary swaging was performed at room temperature us-
ing an RKM 2129.02 two-die rotary swaging machine. Be-
fore rotary swaging, the rod was mechanically turned to
19 mm (initial diameter). Rotary swaging was performed in
10 passes with an intermediate reduction in the rod diame-
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ter from 0.6 to 1.5 mm, depending on the stage of deforma-
tion to a final diameter of 6 mm.
The degree of deformation (¢) was determined by
the formula
=0
Ay
where A, is the initial cross-sectional area of the blank;
Ay is the final cross-sectional area of the blank.

Therefore, the degree of deformation corresponding to
the final diameter of the rod of 6 mm was equal to 2.31.

The microstructure before and after rotary swaging
was studied at low magnifications using an ADF 1350
optical microscope (ADF OPTICS Co. LTD, China).
The microstructure after rotary swaging was analysed in
the longitudinal section of the rod, parallel to the defor-
mation direction. The microstructure after rotary swag-
ing was studied using transmission electron microscopy
(TEM). TEM analysis was performed using a JEOL JEM
2100 microscope (Japan) at an accelerating voltage of
200 kV. Samples for transmission microscopy were pre-
pared by electrolytic polishing on a TenuPol 5 installa-
tion (Denmark) using an electrolyte containing HNO;
and CH;0H at a voltage of 19.5 V and a temperature of
—25 °C. The size of the structural components was de-
termined by the random linear intercept method in
the Digimizer software environment.

The structural phase transitions were studied by differ-
ential scanning calorimetry (DSC) on a NETZSCH DSC
404 F3 Pegasus device (NETZSCH, Germany) with linear
heating in the temperature range of 150—700 °C in a pro-
tective argon atmosphere at a rate of 10 K/min in corun-
dum crucibles. To understand better the reactions occur-
ring during heating of the studied samples, overlapping
peaks were separated. The obtained experimental data
were described as a superposition of Gaussian peaks, or
Gaussians, meaning the addition of several Gaussian func-
tions. Origin Pro 2021 software was used to perform peak
separation analysis. The resulting function was obtained,

a

which had several maxima describing the transformations
occurring during heating.

For uniaxial tensile tests, flat samples with a working
part length of 5.75 mm, a width of 2 mm and a thickness of
1 mm were prepared. Mechanical tests were carried out at
room temperature on an Instron 3382 testing machine (UK)
at a constant loading rate of 1 mm/min. At least three sam-
ples were tested for each alloy state. Hardness was meas-
ured by the Brinell method on an IT 5010-01 testing ma-
chine (Russia) with a steel indenter diameter of 2.5 mm
under a load of 62.5 kg, holding time of 30 s.

RESULTS

Fig. 1 shows that the structure of L68 brass in
the quenched state consists of large a-phase grains 500—
600 pm in size and annealing twins 10 to 70 um in size.
The microstructure is significantly transformed during ro-
tary swaging. After rotary swaging, bands about 45 um
wide elongated along the swaging direction are formed.

After rotary swaging, a UFG structure is formed inside
the elongated a-phase grains (Fig. 2 a). This UFG structure
consists of deformation twins from several tens to 200 nm
in width (Fig.2b), subgrains 300—400nm in size,
the boundaries of which are lined up with wide dislocation
walls (Fig. 2 ¢), and shear bands 400-500 nm in width
(Fig. 2 a). It should also be noted that the formation of sub-
grains occurs mostly inside the shear bands (Fig. 2 a).

Fig. 3 combines the original experimental data, the indi-
vidual obtained approximation peaks for the studied alloys,
and a new resulting line (cumulative curve) of the approxi-
mation of overlapping peaks based on the estimated values.
One can see that the new fitted profile is almost identical to
the experimental one (Fig. 3), which reflects the accuracy
of the peak separation procedure used in this analysis.

The DSC analysis of the alloy curve revealed the pres-
ence of five heat absorption peaks: two small peaks corre-
sponding to temperatures of ~213 and ~301 °C, the maxi-
mum peak at ~433 °C, and peaks at ~560 and ~626 °C

Fig. 1. Microstructure of L68 brass in the quenched state (a) and after rotary swaging at room temperature (b)
Puc. 1. Muxpocmpyxkmypa namynu JI68 6 3axanennom cocmoanuu (a)
U nociie pomayuoHHOU KO8KuU npu Komuamuoi memnepamype (b)
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Fig. 2. TEM images of L68 brass after rotary swaging:
alloy structure at magnifications of x25,000 (a), 50,000 (b) and x100,000 (c)
Puc. 2. [IDM-uzobpasxcenus namynu JI6S nocie pomayuonHo KoKu:
cmpykmypa cnaasa npu ysenudenusx x25 000 (a), x50 000 (b) u x100 000 (c)

2.0x10"4

1,5x10™"

mW/mg

Experimental curve
"1.0x10™" 4 ~—— Approximation peaks
—-— Resulting cumulative curve

5.0x1072

Heat flow

0.0+

' 2(I)0 | 3(I)0 ' 4(|)O | 5(I)0 l 6(|)O | 7(I)0 l
Temperature, °C

Fig. 3. Dependence of heat flow on heating temperature for L68 brass after rotary swaging
Puc. 3. 3asucumocms mennogozo nomoka om memnepamypbl Hazpesa 01 namyhu JI68 nocie pomayuonnou koxu
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(Fig. 3). Based on the obtained results, the temperature
regimes of 450, 500, and 550 °C were determined for
subsequent annealing of L68 brass after rotary swaging.
The choice of temperatures was based on the fact that
structural and phase transformations should already oc-
cur at these temperatures. In this case, temperatures
above 550 °C were not taken into account to avoid rapid
grain growth.

It can be seen from Fig. 4 that additional annealing of
the alloy after rotary swaging leads to a decrease in hard-
ness, the higher the heating temperature. At the same time,
in the range of 30—240 min, the holding time does not have
a significant effect on the hardness values.

2000
o 1800
a .
< 1600-
) i
A 1400
i)
€ 1200-
©
© 1000
I ]
800+
600+

After quenching, the alloy demonstrates high ductility
values with relatively low strength properties (Fig. 5). Car-
rying out rotary swaging with a degree of deformation of
2.31 significantly increases the values of strength character-
istics, while the elongation decreases. After additional an-
nealing, the strength characteristics decrease compared to
the values after rotary swaging, but relative to the quenched
state, the ultimate tensile stress limit, offset yield strength
and elongation increase.

Table 1 shows that rotary swaging at e=2.31 resulted in
a significant increase in strength with an increase in
the values of 6y, and oz by more than 10 and 3 times, re-
spectively, while & decreased by more than 6 times.

100

150 200 250

Holding time, min

Fig. 4. Dependence of the hardness of L68 brass after rotary swaging on the temperature and heating time
Puc. 4. 3asucumocmv meepoocmu ramynu JI68 nocie pomayuoHHol KOBKYU Om memnepamypul U 6pemMenu Hazpesa

800
] Quenching
700—_ RS
@ 6004 —— RS + annealing at 450 °C (30 min)
o 1 —— RS + annealing at 450 °C (120 min)
S 500+
B 400-
9 4
300+
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200
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Fig. 5. Stress-strain curves of L68 brass in different states
Puc. 5. Kpusvie pacmsidicenus aamynu JI68 6 paznuunvix cocmosusx
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Table 1. Mechanical properties of L68 brass in different states

Taonuua 1. Mexanuueckue ceoticmea namynu JI68 6 paznuunvix cocmoanusax

State Gy, MPa o, MPa 0, %
Quenching 7244 222+13 39.9+3.8
before heating 75445 775+6 6.3£0.4
Rotary swaging 450 °C (30 min) 18042 38244 49.1+1.4
ate=2.31
450 °C (2 h) 172+3 37444 49.942.8

Additional annealing at 450 °C for 30 and 120 min after
rotary swaging contributed to a decrease in strength proper-
ties and an increase in ductility. However, relative to
the initial state (after quenching), the offset yield strength
increased on average by ~2.5 times, the ultimate tensile
stress limit by ~1.7 times, and the elongation increased by
10. The properties after annealing for 30 and 120 min were
approximately equal.

The structure of L68 brass after rotary swaging and
additional annealing consists predominantly of fine equi-
axed grains (Fig. 5). After annealing for 30 min, the av-
erage size is 3.1+£0.4 pm; with an increase in the heating
duration to 120 min, the grains increase slightly to
4.5+0.8 pm. It should also be noted that individual twins
no more than 1 um wide are formed inside the recrystal-
lized grains (Fig. 6).

DISCUSSION

The study of the influence of cold rotary swaging and
subsequent annealing on the structure and mechanical prop-
erties of L68 brass showed that rotary swaging leads to
the formation of a microstructure in the alloy, which is
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elongated along the direction of deformation (Fig. 1), as
well as to the formation of a UFG microstructure inside
the elongated grains and a significant increase in the density
of crystal lattice defects (Fig. 2). Such a change in the mi-
crostructure leads to a significant increase in the strength of
the alloy (yield strength and ultimate tensile stress limit
increase by ~10 and ~3.5 times, respectively), but greatly
reduces its ductility (6 decreases from 39.9+3.8
to 6.3+0.4 %).

The conducted DSC analysis showed that all the iden-
tified transformations occur with energy absorption
(Fig. 3). Thus, the first peaks on swaged brass (~213 and
~301 °C) probably correspond to the ongoing processes
of polygonisation and recovery. Similar results were ob-
tained during the DSC analysis of cold-formed wire
made of LS59-1 lead brass, where the authors revealed
the occurrence of these processes in the temperature
range of 115-235 °C [22]. The next peak on the curve
for the swaged alloy, corresponding to ~433 °C, is
probably associated with the onset of recrystallization
processes. It is known that in deformed pure copper,
the recrystallization process begins to occur at 250—
350 °C [23; 24]. The recrystallisation onset temperature

Fig. 6. Microstructure of L68 brass after rotary swaging at room temperature
and subsequent annealing for 30 min (a) and 2 h (b). Arrows indicate twins
Puc. 6. Muxpocmpyxkmypa namynu JI68 nocie pomayuonnou Ko8Ku npu KOMHAMHOU memnepamype
u nocneoyowe2o omacuza 6 mewerue 30 mun (a) u 2 u (b). Cmpenxu ykazolearom Ha 080UHUKU
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in this case depends on the purity of copper, the degree
of deformation and the heating rate of the samples dur-
ing the study. The addition of alloying elements in-
creases the recrystallization temperature, in this case to
~433 °C. The fact that recrystallization occurs at this
temperature is also confirmed by microstructural studies
(Fig. 6). Thus, annealing of the alloy at 450 °C causes
the formation of small equiaxed grains with individual
twins. In this case, increasing the annealing time from
30 min to 2 h has little effect on the size of the forming
grain, causing only a slight increase from 3.1+0.4
to 4.5+0.8 um. In this case, the peaks corresponding
to ~560 and ~626 °C are apparently associated either with
the further course of primary recrystallisation, or with
the onset of collective and secondary recrystallization.

The formation of a recrystallised structure after anneal-
ing caused a significant decrease in the strength of L68
brass relative to the swaged state (Fig. 5, Table 1). Thus, the
modulus of rapture in this case decreased by ~4.2 times and
the ultimate tensile stress limit — by ~2 times. However, it is
worth noting that the obtained values of the strength charac-
teristics significantly exceed the values obtained for the
quenched alloy: by ~2.5 and ~1.7 times for o, and op, re-
spectively. In this case, the relative elongation values in-
crease both in comparison with the swaged state (by ~7.9
times) and with respect to the quenched state (by ~10 %). It
is worthy of note that the mechanical properties of L68
brass annealed for 30 min and 2 h are practically the same.
The increase in the alloy strength after rotary swaging is
largely related to the refinement of the alloy microstructure
and an increase in the dislocation density.

As is known, the increase in the strength of metals
and alloys is mainly influenced by such factors as grain
size, the presence of second-phase particles, an increase
in the density of crystal lattice defects, in particular dis-
locations, and the formation of a solid solution [25].
In the study, the presence of second-phase particles was
not detected in any of the alloy states, so the contribution
of this mechanism can be neglected. On the other hand,
the alloy contains 32+0.13 wt. % of Zn, which is com-
pletely dissolved in the copper matrix, forming a solid
solution. The presence of zinc increases the strength
characteristics of pure copper. However, as was said
above, the alloy structure in all three states (quenched,
swaged and annealed) consists of grains of a solid solu-

tion of zinc in copper of different sizes. This means that
the contribution of the solid-solution mechanism to
strengthening has a similar value for different states of
the alloy. At the same time, rotary swaging leads to
a significant grain refinement relative to the quenched
state. Moreover, rotary swaging, like any deformation
treatment, causes an increase in the dislocation density.
For example, in [26] it was shown that during rotary
swaging of the Cu-3.11Cr copper alloy, an increase in
the dislocation density was observed from 3.87x10"' m™?
in the quenched state to 1.22x10"° m > after rotary swag-
ing. Therefore, a significant increase in the dislocation
density should also be expected in this experiment. Sub-
sequent annealing at 450 °C leads both to an increase in
the grain size to 3-5 um due to the recrystallization
and to a decrease in the dislocation density. In [26], the
dislocation density of the Cu-3.11Cr alloy after rotary
swaging with subsequent aging in the temperature range
from 400 to 550 °C was also calculated. It was shown
that heating in this temperature range leads to a slight
decrease in the dislocation density to 9.41x10' m™.
Grain growth and a decrease in dislocation density lead
to a decrease in the contribution of these mechanisms to
strengthening, which results in a decrease in the strength
characteristics. At the same time, the formation of small,
recrystallized grains and a decrease in dislocation den-
sity lead to a significant improvement in the ductility of
the alloy. A similar picture was observed in [27] during
annealing at various temperatures of the Cu—4.5 wt. % Al
alloy subjected to rotary swaging. The authors showed
that an increase in the temperature and duration of an-
nealing leads to grain growth due to recrystallization,
which has a positive effect on ductility.

Summarizing the obtained data, one can conclude that
rotary swaging significantly increases the strength charac-
teristics of L68 brass with a decrease in its ductility, while
subsequent annealing allows obtaining a state with im-
proved strength and ductility values relative to the
quenched state. At the same time, both swaged and an-
nealed alloys can be successfully used in the national econ-
omy to solve various tasks, since the mechanical character-
istics obtained in the work are not inferior to the values
regulated by GOST 494-90, GOST 1066-2015, GOST 931-
90 and GOST 5362-78 or even exceed them (Table 2).
For example, brass after rotary swaging can be used in

Table 2. Comparison of the requirements for processed L68 brass with the data obtained in the work
Taonuya 2. Cpasnenue mpebosanuil, npedvAgiaeMvix K oopadbomannou ramynu J168, ¢ nonyuennvimu 6 pabome OaHHbIMU

Application / processing technique op, MPa 9, % Source
Soft wire (diameter 0.18-0.75 mm) 340 25 GOST 1066-2015
Hard-drawn wire (diameter 0.18—0.75 mm) 690-930 - GOST 1066-2015
Cold-rolled hard band 430-540 10 GOST 931-90
Cold-rolled band 290-370 42 GOST 931-90
Cold-rolled band 290-340 50 GOST 5362-78
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Table 2 continued
IIpooonsicenue mabauyor 2

Application / processing technique o, MPa 9, % Source
Soft pipe 290 40 GOST 494-90
Half-hard pipe 340 35 GOST 494-90
Rotary swaging (e=2.31) 775+6 6.3+0.4 Current study
Rotary swaging (¢=2.31) + heating 450 °C (30 min) 382+4 49.1+1.4 Current study

the manufacture of products that require high strength
indicators, for example, those operating under abrasion
conditions. L68 brass annealed after rotary swaging can
be used in the manufacture of products for which a com-
bination of strength and ductility is important, for ex-
ample, plumbing products. Moreover, rotary swaging
processing can be easily combined with other deforma-
tion methods, for example, with drawing. It is assumed
that such a combination can lead to an additional im-
provement in mechanical characteristics.

CONCLUSIONS

1. Rotary swaging of L68 brass leads to the formation of
a-phase grains elongated along the deformation direction,
within which a UFG structure is formed consisting of sub-
grains 300—-400 nm in size, deformation twins from several
tens to 200 nm in width, and shear bands 400-500 nm in
width.

2. After annealing at 450 °C, a recrystallised microstruc-
ture with a grain size of 3.1+0.4 and 4.5+£0.8 pm is formed
for 30 min and 2 h of holding, respectively.

3. The formation of a UFG structure after rotary swag-
ing leads to an increase in 6y, and o by ~10 and ~3.5
times, respectively, with a decrease in ductility from
39.943.8 to 6.3+0.4 %. Subsequent annealing at 450 °C
resulted in a decrease in the strength characteristics of L68
brass due to recrystallization with a simultaneous increase
in the relative elongation value to ~49 %.

4. The duration of annealing at 450 °C did not affect the
value of the mechanical characteristics of the alloy.
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Annomayun: MenHble ciuiaBbl Ha 0OCHOBe cucteMbl Cu—Zn, B YaCTHOCTH JaTyHb JI68, SBIAIOTCS MEpCIEKTUBHBIMHU
KOHCTPYKIIMOHHBIMHA MaTepuanamu. OIHAKO JIJIs TOBBIIICHUS WX HAIC)KHOCTH M PacIIUpEHHs 001acTH MPHUMEHEHUS
HE0OXOIUMO IMOBBIIIATH WX NMPOYHOCTHBIE XapaKTePUCTUKH. B paboTe M3ydanoch BIHAHME KOMOMHAIIMK POTAIMOHHOM
xoBkHd (PK) u mocnenyromero oTkura Ha CTPYKTYpY, IPOYHOCTh H IDIACTHIHOCTD JaTyHH JI68. [t 3TOro mpoBeaeHsI
HCCIIEIOBAaHNUS MHUKPOCTPYKTYPHI CIIaBa B 3aKaJICHHOM U I¢(OPMHUPOBAHHOM COCTOSHHSX, MEXaHUYCCKUE HCIIBITAHUI
Ha OJIHOOCHOE pACTSIKCHHUE, MUCCIIeIOBaHNE TBEPIOCTH 10 MeToay bpuHess, a Takke OLEHKa CTPYKTYypHO-(a30BbIX
MepeX0/I0B METOIOM AuddhepeHIInaTbHON CKAaHUPYIOIIEH KaJopuMeTpUU. YCTaHOBIICHO, 4TO B mpomnecce PK mpowucxo-
JUT (POPMHUPOBAHUE HE TOJIHKO BHITSHYTBHIX BIOJIb HAIlpaBieHUs JedopManny 3epeH o-(haszbl, HO M yIbTPaMeNIKO3epHH-
CTOH CTPYKTYpHl BHYTPH HHX, COCTOSIICH W3 cyO3epeH, NIBOWHUKOB AedhopManuu u monoc capura. [locaemyronmii oT-
xur 1pu 450 °C npuBOAXT K POCTY pa3Mepa 3epHa A0 3—5 MKM 3a CH4eT IPOTEKaHMs CTAaTHYECKOW PEKPHCTAUIN3AINN.
ITocne PK nHaGmogaercst pocT yCIOBHOIO IIpejienia TeKy4ecTH (Gg,) U npeaena npoyHocty (op) B ~10 u ~3,5 pasa coot-
BETCTBEHHO IIPHM CHIDKCHWH 3HAYCHHMS OTHOCHTEJILHOTO yHIMHEHHs Ooiee yeMm B 6 pas. [locnenyrommii oTxuUr npu
450 °C, BpI3BaBIINH (POPMUPOBAHNE PEKPUCTAIIIN3OBAHHON CTPYKTYPBI, IPHUBET K CHIKEHHIO NMPOYHOCTHBIX XapakTe-
puctuk jnarynu JI68 oTHOCHTENbHO Ne(OPMUPOBAHHOTO COCTOSIHHS IIPU OJTHOBPEMEHHOM POCTE 3HAYECHUSI OTHOCHUTEINIb-
HOTO YUIMHEHUS 110 CPaBHEHHIO KaK ¢ JAe()OPMUPOBAHHBIM, TaK M C UCXOAHBIM COCTOSIHMEM ciutaBa. OIHAKO CTOWT OT-
METHTh, UTO G, U op JaTyHu JI68 mocne PK u mocnenyromero orxura npu 450 °C npeBbIIIAlOT 3HAYEHUS JUIA 3aKa-
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Abstract: Ultrasonic welding of metals is an energy-efficient, environmentally friendly technology that allows produc-
ing solid-state joints between thin blanks. The widespread use of this technology is hampered by the low strength of
the resulting joints and the instability of their properties. One of the ways to improve strength characteristics is to develop
a welding tool that ensures stable transmission of ultrasonic vibration energy to the joint zone. For this purpose, a relief
with teeth or pyramids of different shapes and heights is applied to the surface of the welding tip and anvil. This paper
presents data on the fracture load and fracture energy of lap joints produced by ultrasonic spot welding of copper plates
using tools with a tooth height of 0.1 and 0.4 mm. Ultrasonic welding was carried out with a frequency of 20 kHz and
a vibration amplitude of 18—20 um, the welding duration was 2 and 3 s, the clamping force was 2.5 kN. The paper consid-
ers the features of the fracture of the produced joints and the distribution of normal strains in the weld spot, and re-
sults of calculation of stress intensity factors in its vicinity. It is shown that after ultrasonic welding for 3 s,
the strength characteristics of the joints produced with different tools reach the highest values, they are close in mag-
nitude, but the experimental data scatter is half as much after welding with a tool with small teeth. The joints pro-
duced with such a tool fractured along the interface of the joint, and after welding with a tool with large teeth,
the fracture developed with nugget pull-out, which is explained by an increase in the stress intensity factor at the tip
of the concentrator surrounding the weld spot.

Keywords: copper; ultrasonic welding of metals; solid-state joint; joint strength; welding tool relief; stress inten-
sity factor.
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INTRODUCTION

Ultrasonic welding (USW) of metals is an energy-
efficient, environmentally friendly technology used
primarily to produce electrical contacts in the automo-
tive and electrical industries [1]. Currently, the USW
method is used to produce joints of metal blanks made
of sheets, tapes, foils, and wires with a cross-section of
up to 3 mm.

Despite a number of advantages, the widespread use of
ultrasonic welding of metals is limited due to the low
strength of the resulting joints and the wide scatter of me-
chanical test results [2; 3]. This is largely associated with

The distribution and magnitude of strain depend on
the temperature in the joint zone, the thickness of
the welded blanks, their thermophysical and mechanical
properties, and conditions of USW, primarily, the input
welding energy, which is proportional to the time of
USW, and the compressive pressure [6—8]. At the select-
ed pressure at initial stages of ultrasonic welding,
the upper plate should slide over the lower one, ensuring
the removal of oxide films and contaminants from con-
tacting surfaces, as well as their heating due to friction.
At final stages of the process, the same pressure should
be sufficient to heal discontinuities in the joint zone of

the small magnitude and uneven distribution of strains over
the area of the weld spot, which are necessary to form and
increase the area of microwelds [4; 5].

© Shayakhmetova E.R., 2025

metals heated to 0.4—0.8 of melting temperature [1; 3].
To transmit the ultrasonic vibration energy from
the sonotrode to the joining zone, knurls of different shapes
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and depths are applied to the surface of the welding tip and
anvil [1; 9-11]. A relief formed by pyramids or teeth,
the height and periodicity of which amount fractions of
a millimeter, is created on the tool surface. The penetration
of teeth/pyramids into the blanks to be joined ensures their
contact with the tool, but is accompanied by extrusion of
the metal into the valleys on the tool surface. As a result,
the distribution of strains in the weld spot areca becomes
periodic [1; 5; 11].

In [5], a clear correlation was found between the distri-
bution of normal strains in the central cross section of
the weld spot and the linear weld density. In the described
experiments, a satisfactory density of at least 70 % was
observed in those areas where the sample was subjected to
compression by 15 % or more. At the same time, in neigh-
bouring areas, where the metal was extruded into the tool
valleys, tensile strains were recorded, and the linear weld
density decreased to 5 %. Compressive strains sufficient for
healing defects can be achieved after the tool teeth com-
pletely penetrated into the surface of the plates being joined
and the valleys are completely filled with metal [4], which
can lead to an increase in the strength of the joints. One can
expect that with a decrease in the height of the teeth, their
penetration into the surface of the plates will occur faster,
and, all other conditions being equal, the USW sample in
the weld spot will experience compressive strains sufficient
to form high-strength welded joints.

The aim of this work is to analyse the reasons for
changes in the fracture load and the fracture mode of cop-

per lap joints produced by ultrasonic spot welding using
a tool with different tooth heights.

METHODS

The experiments were performed on copper plates
with dimensions 50x20 mm” cut from 0.8 mm thick
sheets manufactured by LLC Degtyarsk Metallurgical
Plant, Yekaterinburg (Russia). The chemical composi-
tion of the sheets, specified in the manufacturer’s certifi-
cate, is presented in Table 1.

Before welding, the plates were ground on abrasive
paper of P240 grit at an angle of 45° to the long side of
the plate and degreased with alcohol and acetone. Such
preparation allows distinguishing reliably traces of slid-
ing that occur during ultrasonic welding and scratches
that appear during mechanical tests on the fracture sur-
faces from traces of preliminary surface treatment of
the plates.

Ultrasonic welding was performed on a laboratory facil-
ity manufactured at the Institute for Metals Superplasticity
Problems of the Russian Academy of Sciences (Russia) and
successfully used in welding titanium [12], nickel [13], and
copper [14] plates. Welding tips with identical sizes,
6%6 mmz, and a relief in the form of teeth of different
heights were used: H=0.4 mm and AH=0.1 mm (Fig. 1).
The relief of the anvil corresponded to the relief of the tip.
Hereinafter in the text, the tool with a tooth height of
H=0.1 mm is called the tool with small teeth or fine ones,

Table 1. Chemical composition of the investigated material according to GOST 859-2014, wt. %
Taobnuya 1. Xumuueckuti cocmas uccneoogannozo mamepuana no I'OCT 859-2014, mac. %

Zn Fe

Pb S Ni Others

99.96 0.02 0.004 0.003

0.003 0.002 0.001 <0.03

Fig. 1. Photograph of welding tips used in ultrasonic welding:
on the left — a tip with teeth of H=0.1 mm, on the right — with teeth of H=0.4 mm
Puc. 1. Domozpaghus ceapounvix HaKOHEUHUKOS, UCNONb308aHHbIX npu Y3C:
cnesa — Hakoneunux ¢ 3yoyamu H=0,1 mm, cnpasa — ¢ 3yoyamu H=0,4 mm
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and the tool with a tooth height of A=0.4 mm is called
the tool with large teeth or coarse ones.

Ultrasonic welding was performed with a frequency of
20 kHz and a vibration amplitude of the sonotrode of 18—
20 um. The direction of vibrations was parallel to the short
side of the plates. The clamping force was 2.5 kN, the time
of ultrasound exposure was 2 and 3 s.

The strength properties of the joints were assessed based
on the results of tensile lap shear tests in accordance with
the recommendations of GOST 6996-66. The tests were
carried out on an Instron 5982 universal testing machine
(England) at room temperature with a crosshead speed of
1 mm/min. During the tests, the crosshead displacement
(I, mm) and the corresponding loading force (£, N) were re-
corded. The maximum (peak) value F=F,,, was considered
the sample fracture load. The area under the F(/) curve lim-
ited by the Fp.x value was taken as the fracture energy of
the joints (4, J). The average values of fracture load (Fin.)
and the fracture energy (4) of joints produced by ultrasonic
welding with different tools for each mode were obtained
based on the test results of at least 4 samples. The standard
deviation was taken as the value of statistical error.

The fracture surfaces of the tested samples were exam-
ined on a TESCAN MIRA 3 LMH FEG scanning electron
microscope (Czech Republic) in the secondary electron
mode at magnifications from x20 to x2000.

The depth of penetration of the tip teeth was meas-
ured on an instrumental microscope in the central section
of the weld spot parallel to the direction of vibration of
the tip. When performing the measurements, the coordi-
nates of the centre of the imprint of each tooth and
the tip valley (x;; v;), as well as the thickness of the weld-
ed sample at this point (%;) were recorded. The magnitude of
the normal strain of the sample (e,;, %) at each point was
calculated as e,=100x(h—h,)/hy, where h, is the thick-
ness of the two initial plates. Based on the calculation
results, distributions of normal strains and the depth of
penetration of the tool teeth in the central section of
the welded sample were constructed. The technique for

these measurements and the construction of distributions
of normal strains of the sample is described in detail and
illustrated in [5]. Additionally, the depth of penetration
of the teeth was measured in the peripheral sections of
the weld spots, as well as by the imprints of the tips on
the welded samples, recording the change in the focal
length when focusing on the surface of the plate and
the bottom of the imprint of each tooth. The measure-
ments performed showed that the depth of penetration of
the teeth decreased equally in the directions parallel and
perpendicular to the tip vibration.

RESULTS

Mechanical tests

Changing the height of the tool teeth does not signifi-
cantly affect the fracture load and fracture energy of
the joints produced under the same USW conditions
(Table 2). However, the scatter of experimental values of
Frax and 4 is twice as large after welding with the coarse
tool. All samples produced by USW for 2 s fractured
along the interface of the joint (Fig.2 a). Increasing
the welding time from 2 to 3 s did not change the type
(mode) of fracture of the samples produced with the tool
with small teeth, but caused an increase in the values of
Fax and 4 (Table 2).

In contrast, increasing the time of welding with the tool
with large teeth did not affect F,, and A of the joints, but
led to a change in their fracture mode, which occurred with
a partial nugget pull-out of the weld spot (Fig.2b, c).
The crack initiated on the side of the weld spot perpendicu-
lar to the direction of the tensile force and propagated along
this side. Further fracture of the samples occurred in differ-
ent ways. In some cases, the crack extended beyond
the weld spot and grew in the plate, opening under the ac-
tion of the tensile load (Fig. 2 b). In this case, the free edges
of the plates were bent around the weld spot. In other cases,
the crack continued to propagate along the sides of the spot,

Table 2. Properties of joints of copper plates produced by ultrasonic welding with a tool with different tooth heights
Taonuuya 2. Ceoticmea coeounenutl niacmut meou, noayuernvlx ¥Y3C uncmpymenmom ¢ pasHoil 6blcomoti 3y6406

Teeth height (H); USW time (?)
Properties of joints H=0.1 mm; H=0.1 mm; H=0.4 mm; H=0.4 mm;
=2 =3s =2 =3s
Frow N 1593+101 2075+100 18142294 1918+241
ke, % 6 5 16 12
4,1 0.46+0.18 1.76+0.61 0.99+0.64 1.91£1.06
k4, % 39 34 64 66
Fracture mode Interface fracture Nugget pull-out

Note. F,,, is average values of fracture load; kg is a coefficient of variation of experimental F,,,, values;
A is average values of fracture energy; k, is a coefficient of variation of experimental A values.

Ipumeuanue. F,,, — cpednue snavenus ycunuti paspywenuss; kr — koagguyuenm eapuayu 5KCnepuMeHmanshblX 3HaAUeHull F,q.;
A — cpednue snauenus pabomor paspywenus, ky — kospguyuenm eapuayuu SKChepuMeHmarbHulx snavenuti A.
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Fig. 2. Photographs of samples after testing:
a — interfacial fracture; b, ¢ — partial nugget pull-out fracture
Puc. 2. Domozpapuu 0bpazyoe nocie uChblManuiL:
a — paspyuienue no NOBEPXHOCIuU coeOuHenus, b, ¢ — paspywenue ¢ uacmuuHbiM OmMpblEOM CEAPHOU MOUKU

parallel to the tensile force. However, the closure of the
cracks growing towards each other was not observed. It was
preceded by bending of the free edges of the plates and
fracture along the interface of the joint (Fig. 2 c).

Fractographic analysis

In all cases, the fracture surface had a wavy macrorelief
created by the teeth of the welding tool (Fig.3 a, ¢ and
4 a, c). The features of the microrelief under the tooth im-
prints and between them depended on the USW time and
the height of the teeth.

On the fracture surfaces of the samples welded with
a tool with small teeth (H=0.1 mm) for 2 s, a uniform
microrelief is observed, the height of the irregularities of
which is comparable to the depth of the scratches from
preliminary grinding (Fig. 3 b). Both under the tooth
imprints and between them, small dimples are observed,
slightly elongated in the direction of the tip vibration.
On the fracture surfaces of these samples, neither micro-
welds with a developed dimple microrelief nor areas
with smoothed tops of scratches from preliminary grind-
ing are observed, which indicates tight contact of
the plates during ultrasonic welding. After welding with
the same tool for 3 s, under the imprints of all the teeth
there are microwelds consisting of many dimples elon-
gated in the direction of shear (Fig. 3 d).

The microrelief on the fracture surfaces of samples pro-
duced with the tool with a tooth height of H=0.4 mm is very
heterogeneous. After welding for 2 s, numerous microwelds
are observed under the tooth imprints, while traces of pre-
liminary grinding are observed between them (Fig. 4 b).
In these areas, the tops of the scratches from preliminary
grinding are crushed (smoothed), and there are almost no
areas with small dimples. Increasing the USW time to 3 s
leads to a significant expansion of the areas occupied by
microwelds and to the appearance of a microrelief with
small dimples between the tooth imprints in the areas where
traces of preliminary grinding are preserved (Fig. 4 d).

Results of measuring normal strains

The noted features of the location of microwelds on
the fracture surfaces are associated with different distribu-
tions of strains in the weld spots, which, in turn, largely
depend on the penetration of the tool teeth into the joined
plates. The tip teeth with a height of H#=0.1 mm penetrated
into the welded plate relatively uniformly over the entire
area of the weld spot to a depth of 0.07-0.08 mm after
USW for 2 s (Fig. 5 a). After USW for 3 s, the relief height
on the plate surface reached 0.1 mm, and the size of
the weld spot reached the size of the welding tip (Fig. 5 a, c).
Along the entire cross-section of the weld spot, compres-
sive strains were observed, the value of which reached
12 % under the tooth imprints and decreased to 3 % under
the tip valleys (Fig.5b, blue line). It is evident that
the normal strains of the sample varied according to a peri-
odic law. The period value is uniquely determined by
the distance between the tool tooth tops and is 0.6 mm for
a tool with A=0.1 mm.

The depth of penetration of the coarse tip teeth
(H=0.4 mm) was noticeably greater in the centre of the weld
spot and decreased toward its periphery (Fig. 5 a, d, e). After
ultrasonic welding for 2 and 3 s, the greatest penetration
depth in the centre of the weld spot was 0.25 and 0.37 mm,
respectively, and the smallest one at the periphery of
the spot was 0.17 and 0.28 mm. Since the tip teeth were not
completely penetrated into the plate surface, the weld spot
size remained smaller than the size of the welding tip.
The period of change in normal strains of the samples
welded with the tool with a tooth height of H=0.4 mm was
0.9 mm, which corresponds to the distance between the tool
tooth tops. In this case, periodically changing compressive
strains of 7-14 % across the entire cross-section of the weld
spot (Fig. 5 b, red solid line) were observed if the tip teeth
were located above the anvil valleys, as shown in Fig. 5 d.
With any other relative position of the tool teeth and valleys
(Fig. 5 ), compressive strains were replaced by tensile
strains (red dotted line in Fig. 5 b). In the absence of control
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c

Fig. 3. Typical images of fracture surfaces of samples produced by ultrasonic welding
with a tool with a tooth height of H=0.1 mm:

a, b—welding time of 2 s; ¢, d — welding time of 3 s, a, ¢ — macrorelief; b, d — microrelief
Puc. 3. Tunuunvle uzobpadicenus nOGePXHOCMell paspyuieHus oopasyos,
nonyuennvix Y3C uncmpymenmom c evicomoti 3y6yoe H=0,1 mm:

a, b — spems so30eticmsus yiompassyka 2 ¢; ¢, d — epemsa go3delicmeust yivbmpasgyka 3 ¢,
a, ¢ — makpopenvedh, b, d — muxpopenveg

over the relative position of the 0.4 mm high tool teeth, the
distribution of strains in the samples produced under
the same welding conditions differed significantly, which
caused a significant scatter in the fracture load value.

DISCUSSION

Tensile shear tests are the simplest and therefore the
most common method for assessing the quality of spot
welded joints. The value of Fy,, characterises the load-
bearing capacity of welded samples, and the value of 4
characterises their ability to resist elastic and plastic defor-
mations [1]. At the same time, the question of the sufficien-
cy of these data for assessing the performance of joints and
the possibility of comparing strength characteristics re-
mains debatable.

It follows from the data obtained that under the selected
USW conditions, the use of a welding tool with a tooth height
of 0.1 and 0.4 mm allows producing joints of copper plates

with a thickness of 0.8 mm, which demonstrate the same
(within the statistical error) values of fracture load and fracture
energy. In this case, the scatter of experimental data is half as
much after welding with a tool with 0.1 mm high teeth.

During ultrasonic welding, teeth with a height of
H=0.1 mm completely penetrate into the joined plates,
which ensures 1) the occurrence of normal compressive
strains at the weld spot; 2) equality of the weld spot dimen-
sions to the dimensions of the welding tip; 3) reduction in
the thickness of the plates at the weld spot periphery by no
more than 0.1 mm.

With an uncontrolled mutual arrangement of the teeth of
the welding tip and anvil with a height of H=0.4 mm, their
incomplete/partial penetration into the plate caused
1) the occurrence of both compressive and tensile normal
strains at the weld spot, which is consistent with the results
of work [5]; 2) the formation of a weld spot whose size is
smaller than the tip size; 3) a reduction in the thickness of
the plates at the weld spot periphery by 0.17-0.28 mm.
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c

Fig. 4. Typical images of fracture surfaces of samples produced by ultrasonic welding
with a tool with a tooth height of H=0.4 mm:

a, b—welding time of 2 s; ¢, d — welding time of 3 s, a, ¢ — macrorelief; b, d — microrelief
Puc. 4. Tunuunsie uzo6padicenusi nosepxHocmeti paspyuierusi 06paszyos, noryienuvix ¥Y3C
uHcmpymenmom ¢ gvicomoti 3y6y06 H=0,4 mm:

a, b — epems 6030eticmsus yrompassyka 2 c; ¢, d — apemsa go3oelicmaus yivbmpasgyka 3 ¢;
a, ¢ — makpopenvegh; b, d — muxpopenveg

Due to the difference in the sizes of the weld spots
(Fig. 5), the comparison of the F,, values (Table 2) be-
comes not entirely correct. The results of assessment of the
weld joint strength o as the ratio of Fl. to the weld spot
area S measured by the tooth imprints (Fig. 5 a) showed
that o is somewhat higher after ultrasonic welding with
a coarse tool (Table 3). However, these results are difficult
to interpret unambiguously, since during tensile shear tests
the weld spot is in a complex stress-strain state [15-17].
Under the action of the tensile force F, shear stresses arise
in the plane of the joint, which are balanced by two bending
moments. In this case, maximum tensile and compressive
stresses arise on the opposite edges (sides) of the weld spot
perpendicular to the direction of tension, as shown in Fig. 6.
Moreover, a narrow gap — a sharp concentrator located
along the perimeter of the weld spot always remains be-
tween the overlap-welded plates (Fig. 5 d, e). Attempts are
made to take into account the influence of the concentrator
on the properties of welded joints, for example, by estimat-

ing the value of the critical equivalent stress intensity fac-
tor. The results of such an assessment are important in pre-
dicting the performance of spot welded joints and structures
under the action of cyclic alternating loads and allow par-
tially replacing labour-intensive tests [15; 16]. However, no
generally accepted methodology for such assessments has
been proposed; different approaches are used [18].

In [15], simple equations were proposed for calculating
the critical equivalent stress intensity factor K., at the tip of
a sharp concentrator of spot welded joints—produced by re-

sistance spot welding:
] 19F,
KI K][ 19 —

2nd \/_
where K; and Kj; are the stress intensity factors near the tips
of the tensile and transverse shear cracks, respectively;
K., is the critical equivalent stress intensity factor in tensile
shear tests;
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Fig. 5. Influence of the height of the welding tool teeth on the deformation at the weld spot:
a — depth of teeth penetration into the plates being joined;
b — distribution of normal deformations of the samples along the joint lines.
Cross-sections of samples produced by the ultrasonic welding
using the tool with the height of the teeth: ¢ — H=0.1 mm, d, e — H=0.4 mm
Puc. 5. Buusnue eblcombi 3y04068 C8APOUHO20 UHCMPYMEHMA HA 0ephopMayuio 8 C6apHoil mouke:
a — 21y6uHa GHeOPeHUs HAKOHEYHUKA @ COeOUHsIeMble NLACTUHbL,
b — pacnpeoenenue Hopmanvuvix deghopmayuii 06pazy06 6001b TUHUL COCOUHEHUIL.
Ilonepeunvie ceuenus obpaszyos, nonyuennvix Y3C uncmpymenmom c evicomotii 3voyo08: ¢ — H=0,1 mm; d, e — H=0,4 mm

F .., 1s the maximum loading forces in such tests;
d is the diameter of the weld spot;
h is the thickness of the plates.

This approach has been successfully used to calcu-
late the stress intensity factors arising during testing of
joints produced by friction stir spot welding [19; 20]

and ultrasonic welding [18; 21-24]. In the latter case,
d=d’ is the equivalent diameter of a circle whose area is
equal to the area of the weld spot formed by a rectangu-

lar welding tip. Obviously, d*:,[4sn , where S is

the area of the weld spot. When performing assessments,
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Fig. 6. Welded sampe in wedge grips of the testing machine during tensile lap shear tests.
Scheme of maximum stress distributions near of the welded spot according to [15]
Puc. 6. Ceaproii obpasey 8 KIUHOBLIX 3AX8ANAX MAULUHBL 80 8PEMA UCNBIMAHULL HA CO8US PACMANHCEHUEM.
Cxema pacnpeoenenust MaKCUMAIbHBIX HANPSIJCeHUl 60U3U CAPHOU MOouKU no 0anHvim [15]

Table 3. Initial data and results of the assessment of the critical equivalent stress intensity factor and strength of joints
Tabnuua 3. Hcxoowvie OanHble u pe3yibmanvl OYeHKU KPUMUYECKO20 IKGUSALEHMHO20 KO3 duyuenma

UHMeEeHCUBHOCMuU Hanpﬂ.?lceﬂuﬁ Uu npodHocmu coeouHenutl

Teeth height (H); USW time (?)
Characteristics of joints H=0.1 mm; H=0.1 mm; H=0.4 mm; H=0.4 mm;

=2s =3s =2s =3s
S, mm? 35.21 35.99 24.53 27.03
h, mm 0.71 0.69 0.62 0.49
Foao N 1593 2075 1814 1918
K., MPavm 6.2 8.1 9.1 10.3

o, MPa 45 58 74 71

Note. S, mm’ is a weld spot area;h, mm is the thickness of plates around the weld spot perimeter;
Fa is average values of fracture load; K., is an equivalent stress intensity factor, o is the strength of welded joint.
Tpumeyanue. S, mm’ — niouwads ceaproti moukis; h, My — MOnWUHA NAACMUI RO NEPUMEMDY CEAPHOT MOUK;
Fax — cpeonue 3uavenus ycunuii paspyuwenus; K, — skeusanenmmuviii Kooghgpuyuenm uHmeHcu6HOCM HANPAICEHULL,

O — NPOYHOCMb C6APHO20 coeouHeHus..

the authors of [21-24] did not take into account the effect
of the ultrasonic welding conditions on the size of the weld
spot and the change in the plate thickness, taking the area of
the spot S to be equal to the area of the welding tip, and
the thickness of the plates of the welded sample % to be
equal to the thickness of the initial sheet.

Unlike [21-24], in this work, K, was calculated taking
into account changes in S and 4, which are caused by
the use of a tool with different tooth heights and different
USW durations (Table 3). This approach allowed showing
that an increase in the welding time with a tool with small
and large teeth leads to an increase in the K, values by ap-

proximately 30 and 13 %, respectively. In the first case,
the increase in K,, is associated with an increase in Fip,,
and in the second — with a decrease in the size of the weld
spot S and the thickness of the plates 4 along its edges.
A decrease in these geometric dimensions of the samples is
accompanied by a rapid decrease in fatigue life [18], de-
spite the increase in critical stresses in the vicinity of
the crack tip, causing its rapid propagation. A decrease in /4
also leads to a change in the fracture mode of the samples,
which develops not along the interface of the joint
(Fig. 2 a), but with a nugget pull-out (Fig.2b, c), and
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the crack initiates and grows in the area of action of maxi-
mum tensile stresses (Fig. 6).

It is often believed [4; 17] that fracture with nugget pull-
out is typical for high-quality joints, since the resistance to
the applied load of the welded joint is higher than the cross-
section of the plate along its edge. However, even in this
case, the microwelds with a developed dimple relief do not
cover the entire fracture surface and are located mainly un-
der the tooth imprints (Fig. 4 c). Consequently, the quality
of the joints can be improved by optimising the ultrasonic
welding parameters and improving the tool relief. For ex-
ample, some increase in Fy,y, 4 and K,, can occur after
increasing the clamping force and/or the welding time when
welding with a tool with small teeth. However, this will
inevitably lead to its accelerated wear. Such measures are
not advisable when welding with a tool with large teeth,
since they will cause thinning of the plates along the perim-
eter of the spot. Therefore, improving the relief of
the welding tool, taking into account the height of
the knurls and the thickness of the plates being joined,
seems to be a promising direction for further research.

CONCLUSIONS

The results of a comparative study of joints of 0.8 mm
thick copper plates produced by ultrasonic welding at
a frequency of 20 kHz and a vibration amplitude of 18—
20 um for 2 and 3 s under the action of a clamping force of
2.5kN by a tool with a tooth height of 0.1 and 0.4 mm
showed that an increase in the ultrasonic welding time to
3 s leads to an increase in the fracture load and fracture
energy of the produced joints. The height of the tool teeth
did not have a significant effect on the average values of
these magnitudes, while the variation coefficient of the ex-
perimental values was two times smaller if the ultrasonic
welding was performed with a tool with small teeth. There-
fore, to improve the stability of the properties of welded
joints, it is advisable to use a welding tool with a tooth
height of 0.1 mm. After ultrasonic welding with this tool,
the weld spot area is larger, and the thinning of the plates is
less than after using a tool with 0.4 mm teeth. This can in-
crease the fatigue life, despite the lower values of strength
and critical stress intensity factor. However, under the se-
lected USW conditions, its capabilities are not fully real-
ised. To improve the properties of joints and their stability,
work is required to further optimise the tool relief and ultra-
sonic welding modes.

REFERENCES

1. De Leon M., Shin H.S. Review of the advancements in
aluminum and copper ultrasonic welding in electric vehi-
cles and superconductor applications. Journal of Materials
Processing Technology, 2022, vol. 307, article number
117691. DOI: 10.1016/j.jmatprotec.2022.117691.

2. Miiller FEW., Mirz C., Schiebahn A., Reisgen U. Influ-
ence of quality features, disturbances, sensor data, and
measurement time on quality prediction for ultrasonic
metal welding. Welding in the World, 2025, vol. 69,
pp- 1961-1989. DOI: 10.1007/s40194-025-01959-x.

3. Yang Jingwei, Xie Chuhao, Zhang Jie, Qiao Jian. De-
sign strategies for enhancing strength and toughness in
ultrasonic welding of dissimilar metals: A review. Mate-
rials Today Communications, 2025, vol.42, article
number 111502. DOI: 10.1016/j.mtcomm.2025.111502.

4. Yang Jingwei, Cao Diao, Lu Qinghua. The effect of welding
energy on the microstructural and mechanical properties of
ultrasonic-welded copper joints. Materials, 2017, vol. 10,
no. 2, article number 193. DOI: 10.3390/mal10020193.

5. Murzinova M.A., Shayakhmetova E.R., Mukhametga-
lina A.A., Sarkeeva A.A., Nazarov A.A. Local plastic de-
formation and quality of Cu—Cu joints obtained by ultra-
sonic welding. Metals, 2023, vol. 13, no. 10, article num-
ber 1661. DOI: 10.3390/met13101661.

6. Chen Kunkun, Zhang Yansong, Wang Hongze. Study of
plastic deformation and interface friction process for ul-
trasonic welding. Science and Technology of Welding
and Joining, 2016, vol.22, no.3, pp.208-216.
DOI: 10.1080/13621718.2016.1218601.

7. Huang Hui, Chen Jian, Lim Yong Chae, Hu Xiaohua,
Cheng Jiahao, Feng Zhili, Sun Xin. Heat generation and de-
formation in ultrasonic welding of magnesium alloy AZ31.
Journal of Materials Processing Technology, 2019, vol. 272,
pp. 125-136. DOI: 10.1016/j.jmatprotec.2019.05.016.

8. Jedrasiak P., Shercliff H.R. Finite element analysis of
heat generation in dissimilar alloy ultrasonic welding.
Materials & Design, 2018, vol. 158, pp. 184-197.
DOI: 10.1016/j.matdes.2018.07.041.

9. Kim Jisun, Kim Jeawoong, Kim Inju. Analysis of
welding properties using various horn-tip patterns in
the ultrasonic metal welding process. Mechanics
& Industry, 2020, vol. 21, no. 1, article number 102.
DOI: 10.1051/meca/2019078.

10.Du Pengfei, Chen Weishan, Deng Jie, Li Kai,
Liu Yingxiang. Effects of knurl tooth angle on mechani-
cal and thermal behaviors of aluminum ultrasonic weld-
ing. Ultrasonics, 2020, vol. 108, article number 106207.
DOI: 10.1016/j.ultras.2020.106207.

11.Ni ZL.,, Li B.H,, Liu Y., Huang L., Nazarov A., Wang X.X.,
Yuan Z.P., Ye F.X. Numerical analysis of ultrasonic spot
welding of metal sheets: A review. Science and Tech-
nology of Welding and Joining, 2023, vol. 28, no. 9,
pp- 841-864. DOI: 10.1080/13621718.2023.2260625.

12. Mukhametgalina A.A., Murzinova M.A., Nazarov A.A.
Microstructure of a titanium sample produced by ultrasonic
consolidation. Letters on materials, 2022, vol. 12, no. 2,
pp- 153-157. DOI: 10.22226/2410-3535-2022-2-153-157.

13. Shayakhmetova E.R., Murzinova M.A., Mukhamet-
galina A.A., Nazarov A.A. Structure evolution in ul-
trafine-grained nickel induced by ultrasonic welding. Let-
ters on materials, 2024, vol. 14, no.1, pp.91-96.
DOI: 10.48612/letters/2024-1-91-96.

14. Mukhametgalina A.A., Shayakhmetova E.R., Murzino-
va M.A., Nazarov A.A., Sarkeeva A.A. Effect of surface
state on the quality of copper joints produced by ultrasonic
welding. Letters on materials, 2024, vol. 14, no. 3,
pp- 190-197. DOI: 10.48612/letters/2024-3-190-197.

15.Zhang Shicheng. Stress intensities at spot welds. /nter-
national Journal of Fracture, 1997, vol. 88, pp. 167—
185. DOI: 10.1023/A:1007461430066.

Frontier Materials & Technologies. 2025. No. 3

133


https://doi.org/10.1016/j.jmatprotec.2022.117691
https://doi.org/10.1007/s40194-025-01959-x
https://doi.org/10.1016/j.mtcomm.2025.111502
https://doi.org/10.3390/ma10020193
https://doi.org/10.3390/met13101661
https://doi.org/10.1080/13621718.2016.1218601
https://doi.org/10.1016/j.jmatprotec.2019.05.016
https://doi.org/10.1016/j.matdes.2018.07.041
https://doi.org/10.1051/meca/2019078
https://doi.org/10.1016/j.ultras.2020.106207
https://doi.org/10.1080/13621718.2023.2260625
https://doi.org/10.22226/2410-3535-2022-2-153-157
https://doi.org/10.48612/letters/2024-1-91-96
https://doi.org/10.48612/letters/2024-3-190-197
https://doi.org/10.1023/A:1007461430066

Shayakhmetova E.R. “Strength of joints produced by ultrasonic spot welding of copper plates using tools with different tooth heights”

16. Zhang Shicheng. Stress intensities derived from stresses
around a spot weld. International Journal of Fracture, 1999,
vol. 99, pp. 239-257. DOI: 10.1023/A:1018608615567.

17.Radakovic D.J., Tumuluru M. Predicting resistance spot
weld failure modes in shear tension tests of advanced
high-strength automotive steels. Welding Journal, 2008,
vol. 87, pp. 96s—105s.

18.Patel V.K., Bhole S.D., Chen D.L. Fatigue life esti-
mation of ultrasonic spot welded Mg alloy joints.
Materials & Design, 2014, vol. 62, pp. 124-132.
DOI: 10.1016/j.matdes.2014.05.008.

19.Rosendo T., Tier M., Mazzaferro J., Mazzaferro C.,
Strohaecker T.R., Dos Santos J.F. Mechanical perfor-
mance of AA6181 refill friction spot welds under lap
shear tensile loading. Fatigue & Fracture of Engineer-
ing Materials & Structures, 2015, vol. 38, no. 12,
pp. 1443-1455. DOI: 10.1111/ffe.12312.

20. Zou Yangfan, Li Wenya, Yang Xiawei et al. Characteri-
zations of dissimilar refill friction stir spot welding 2219
aluminum alloy joints of unequal thickness. Journal of
Manufacturing Processes, 2022, vol. 79, pp.91-101.
DOI: 10.1016/j.jmapro.2022.04.062.

21.Peng He, Chen Daolun, Jiang Xianguan. Microstructure
and mechanical properties of an ultrasonic spot welded
aluminum alloy: the effect of welding energy. Materials,
2017, wvol.10, no.5, article number 449.
DOI: 10.3390/ma10050449.

22.Mohammed S.M.A.K., Dash S.S., Jiang Xianquan,
Li Dongyang, Chen Daolun. Ultrasonic spot welding
of 5182 aluminum alloy: evolution of microstructure
and mechanical properties. Materials Science and
Engineering: A, 2019, vol. 56, pp.417-429.
DOI: 10.1016/j.msea.2019.04.059.

23.Ma Qiuchen, Ma Jingyuan, Zhou Jianli, Ji Hongjun.
Intrinsic dependence of welding quality and recrystalli-
zation on the surface-contacted micro-asperity scale
during ultrasonic welding of Cu—Cu joints. Journal of
Materials Research and Technology, 2022, vol. 17.
pp- 353-364. DOI: 10.1016/j.jmrt.2022.01.011.

24.Bajaj D., Mehavarnam R., Fang Xingfan, Ma Ninshu Xu,
Li Dongyang, Chen Daolun. Achieving superior alumi-
num-steel dissimilar joining via ultrasonic spot welding:
microstructure and fracture behavior. Materials Science
and Engineering: A, 2025, vol. 919, article number
147489. DOI: 10.1016/j.msea.2024.147489.

CIIUCOK JIMTEPATYPBI

1. De Leon M., Shin H.S. Review of the advancements in alu-
minum and copper ultrasonic welding in electric vehicles
and superconductor applications // Journal of Materials Pro-
cessing Technology. 2022. Vol.307. Article number
117691. DOI: 10.1016/j.jmatprotec.2022.117691.

2. Miiller FEW., Mirz C., Schiebahn A., Reisgen U. Influ-
ence of quality features, disturbances, sensor data, and
measurement time on quality prediction for ultrasonic
metal welding // Welding in the World. 2025. Vol. 69.
P. 1961-1989. DOI: 10.1007/s40194-025-01959-x.

3. Yang Jingwei, Xie Chuhao, Zhang Jie, Qiao Jian. De-
sign strategies for enhancing strength and toughness in
ultrasonic welding of dissimilar metals: A review // Ma-

terials Today Communications. 2025. Vol. 42. Article
number 111502. DOI: 10.1016/j.mtcomm.2025.111502.

4. Yang Jingwei, Cao Diao, Lu Qinghua. The effect of
welding energy on the microstructural and mechanical
properties of ultrasonic-welded copper joints // Materi-
als. 2017. Vol.10. Ne2. Article number 193.
DOI: 10.3390/ma10020193.

5. Murzinova M.A., Shayakhmetova E.R., Mukhametga-
lina A.A., Sarkeeva A.A., Nazarov A.A. Local plastic
deformation and quality of Cu—Cu joints obtained by ul-
trasonic welding // Metals. 2023. Vol. 13. Ne 10. Article
number 1661. DOI: 10.3390/met13101661.

6. Chen Kunkun, Zhang Yansong, Wang Hongze. Study of
plastic deformation and interface friction process for ul-
trasonic welding // Science and Technology of Welding
and Joining. 2016. Vol.22. Ne3. P.208-216.
DOI: 10.1080/13621718.2016.1218601.

7. Huang Hui, Chen Jian, Lim Yong Chae, Hu Xiaohua,
Cheng Jiahao, Feng Zhili, Sun Xin. Heat generation
and deformation in ultrasonic welding of magnesi-
um alloy AZ31 // Journal of Materials Processing
Technology. 2019. Vol. 272. P. 125-136.
DOI: 10.1016/j.jmatprotec.2019.05.016.

8. Jedrasiak P., Shercliff H.R. Finite element analysis of
heat generation in dissimilar alloy ultrasonic welding //
Materials & Design. 2018. Vol. 158. P. 184-197.
DOI: 10.1016/j.matdes.2018.07.041.

9. Kim Jisun, Kim Jeawoong, Kim Inju. Analysis of
welding properties using various horn-tip patterns in
the ultrasonic metal welding process // Mechanics
& Industry. 2020. Vol. 21. Ne 1. Article number 102.
DOI: 10.1051/meca/2019078.

10.Du Pengfei, Chen Weishan, Deng Jie, Li Kai,
Liu Yingxiang. Effects of knurl tooth angle on mechani-
cal and thermal behaviors of aluminum ultrasonic weld-
ing // Ultrasonics. 2020. Vol. 108. Article number
106207. DOI: 10.1016/j.ultras.2020.106207.

11.Ni ZL., Li B.H,, Liu Y., Huang L., Nazarov A., Wang X.X,
Yuan Z.P., Ye F.X. Numerical analysis of ultrasonic spot
welding of metal sheets: A review // Science and Tech-
nology of Welding and Joining. 2023. Vol. 28. Ne 9.
P. 841-864. DOI: 10.1080/13621718.2023.2260625.

12. Mukhametgalina A.A., Murzinova M.A., Nazarov A.A.
Microstructure of a titanium sample produced by ultra-
sonic consolidation // Letters on materials. 2022.
Vol. 12. Ne 2. P. 153-157. DOI: 10.22226/2410-3535-
2022-2-153-157.

13. Shayakhmetova E.R., Murzinova M.A., Mukhametga-
lina A.A., Nazarov A.A. Structure evolution in ultrafine-
grained nickel induced by ultrasonic welding // Let-
ters on materials. 2024. Vol. 14. Ne 1. P. 91-96.
DOI: 10.48612/letters/2024-1-91-96.

14. Mukhametgalina A.A., Shayakhmetova E.R., Murzino-
va M.A., Nazarov A.A., Sarkeeva A.A. Effect of surface
state on the quality of copper joints produced by ultrasonic
welding // Letters on materials. 2024. Vol. 14. Ne3.
P. 190-197. DOLI: 10.48612/letters/2024-3-190-197.

15. Zhang Shicheng. Stress intensities at spot welds // Inter-
national Journal of Fracture. 1997. Vol. 88. P. 167—185.
DOI: 10.1023/A:1007461430066.

16.Zhang Shicheng. Stress intensities derived from
stresses around a spot weld // International Journal

134

Frontier Materials & Technologies. 2025. No. 3


https://doi.org/10.1023/A:1018608615567
https://doi.org/10.1016/j.matdes.2014.05.008
https://doi.org/10.1111/ffe.12312
https://doi.org/10.1016/j.jmapro.2022.04.062
https://doi.org/10.3390/ma10050449
https://doi.org/10.1016/j.msea.2019.04.059
https://doi.org/10.1016/j.jmrt.2022.01.011
https://doi.org/10.1016/j.msea.2024.147489
https://doi.org/10.1016/j.jmatprotec.2022.117691
https://doi.org/10.1007/s40194-025-01959-x
https://doi.org/10.1016/j.mtcomm.2025.111502
https://doi.org/10.3390/ma10020193
https://doi.org/10.3390/met13101661
https://doi.org/10.1080/13621718.2016.1218601
https://doi.org/10.1016/j.jmatprotec.2019.05.016
https://doi.org/10.1016/j.matdes.2018.07.041
https://doi.org/10.1051/meca/2019078
https://doi.org/10.1016/j.ultras.2020.106207
https://doi.org/10.1080/13621718.2023.2260625
https://doi.org/10.22226/2410-3535-2022-2-153-157
https://doi.org/10.22226/2410-3535-2022-2-153-157
https://doi.org/10.48612/letters/2024-1-91-96
https://doi.org/10.48612/letters/2024-3-190-197
https://doi.org/10.1023/A:1007461430066

Shayakhmetova E.R. “Strength of joints produced by ultrasonic spot welding of copper plates using tools with different tooth heights”

of  Fracture. 1999. Vol. 99.
DOI: 10.1023/A:1018608615567.

17.Radakovic D.J., Tumuluru M. Predicting resistance spot
weld failure modes in shear tension tests of advanced
high-strength automotive steels // Welding Journal.
2008. Vol. 87. P. 96s—105s.

18. Patel V.K., Bhole S.D., Chen D.L. Fatigue life estima-
tion of ultrasonic spot welded Mg alloy joints / Materi-
als &  Design. 2014. Vol.62. P. 124-132.
DOI: 10.1016/j.matdes.2014.05.008.

19.Rosendo T., Tier M., Mazzaferro J., Mazzaferro C.,
Strohaecker T.R., Dos Santos J.F. Mechanical perfor-
mance of AA6181 refill friction spot welds under lap
shear tensile loading // Fatigue & Fracture of Engineer-
ing Materials & Structures. 2015. Vol. 38. Ne 12.
P. 1443-1455. DOI: 10.1111/ffe.12312.

20. Zou Yangfan, Li Wenya, Yang Xiawei et al. Characteri-
zations of dissimilar refill friction stir spot welding 2219
aluminum alloy joints of unequal thickness // Journal of
Manufacturing Processes. 2022. Vol. 79. P.91-101.

P. 239-257.

aluminum alloy: the effect of welding energy // Materi-
als. 2017. Vol.10. Ne5. Article number 449.
DOI: 10.3390/ma10050449.

22.Mohammed S.M.AK., Dash S.S., Jiang Xianquan,
Li Dongyang, Chen Daolun. Ultrasonic spot welding
of 5182 aluminum alloy: evolution of microstructure
and mechanical properties // Materials Science and
Engineering: A. 2019. Vol. 56. P.417-429.
DOI: 10.1016/j.msea.2019.04.059.

23.Ma Qiuchen, Ma Jingyuan, Zhou Jianli, Ji Hongjun.
Intrinsic dependence of welding quality and recrystalli-
zation on the surface-contacted micro-asperity scale
during ultrasonic welding of Cu—Cu joints // Journal of
Materials Research and Technology. 2022. Vol. 17.
P. 353-364. DOI: 10.1016/j.jmrt.2022.01.011.

24.Bajaj D., Mehavarnam R., Fang Xingfan, Ma Ninshu Xu,
Li Dongyang, Chen Daolun. Achieving superior alumi-
num-steel dissimilar joining via ultrasonic spot welding:
microstructure and fracture behavior // Materials Sci-
ence and Engineering: A. 2025. Vol. 919. Article num-

DOI: 10.1016/j.jmapro.2022.04.062.
21.Peng He, Chen Daolun, Jiang Xianguan. Microstructure
and mechanical properties of an ultrasonic spot welded

ber 147489. DOI: 10.1016/j.msea.2024.147489.

VK 534-8; 621.791.16
doi: 10.18323/2782-4039-2025-3-73-10

IIpoyHOCTH COeAMHEHMH TVIACTUH MEIH, MOJTYYeHHbIX
TOYEYHOM YJBTPAa3BYKOBOM CBAPKOU
HHCTPYMEHTOM € Pa3HOM BbICOTOI 3y0OLI0B

Hlaaxmemoea Inveuna Pagpumosena, Mnaamii HaydHbIH COTPYIHUK
Hnemumym npobnem ceepxniacmuunocmu memannos PAH, Y¢ha (Poccus)

E-mail: elvinar@imsp.ru ORCID: https://orcid.org/0000-0002-1659-9922

Hocmynuna 6 pedaxyuro 30.06.2025 Ilepecmompena 21.07.2025 Ipunsma x nyoauxayuu 12.08.2025

Annomayusn: Ynerpassykosas cBapka (Y3C) MeTa/uIOB MO3BOJISET MOAYYaTh TBEPAO(A3HbIC COSTUHEHUS MEXKITY TOH-
KAMH 3arOTOBKaMH U OTHOCHUTCSI K 3HEPro3((eKTUBHBIM 3KOJOTUUECKH YUCTHIM TexHosorusM. llupokoe ncnonb3oBanue
9TOHW TEXHOJIOTUH CAEP’KMBACT HEBBICOKAs MPOYHOCTH ITOJIYYAaEMbIX COCIMHEHUH M HECTaOMIBHOCTh MX CBOHUCTB. OJHNM
13 COCOOOB MOBBIMIEHUS POYHOCTHBIX XapaKTEPUCTHK SIBISETCS pa3paboTKa CBApOYHOIO MHCTPYMEHTa, 00eCIednBaro-
IIETO CTaOMIIBHYIO Tepeady SHEpPTUH YIbTPa3BYKOBBIX KOJeOaHUIl B 30HY coeTuHEHHUA. /|11 3TOro Ha MOBEPXHOCTH CBa-
POYHOTO HAKOHEYHMKA M HAKOBAJIBHU HAHOCAT pelibed ¢ 3yOIaMu Wil MUpaMHUAKaMH pa3Hoii popMbl 1 BEICOTHL. B pabote
IIPE/ICTABIICHBI JaHHBIE 00 YCHIMAX W paboTe paspylIeHHs HaxJICCTOYHBIX COCJUHEHHH, NMOTYUYEHHBIX TOYEYHON YIbTpa-
3BYKOBOW CBapKOHW IUIACTUH MEJIU MHCTpPYMEHTOM ¢ BbIcoTOH 3yOroB 0,1 u 0,4 mm. Y3C mpoBoamnu ¢ yactotoit 20 k1
U aMIUMTygou koneOaHmit 18—20 MKM, JIMTENEHOCTH CBapKH COCTaBISIA 2 W 3 ¢, BENMYMHA COKAMAIOIIEH Harpy3KH
2,5 kH. B pabote paccMOTpeHBI 0OCOOCHHOCTH pa3pyLICHHs MOJTYYCHHBIX COCAMHEHHWH M paclpeesieHns: HOPMaJIbHBIX
nedopMmanuii B cBapHON TOUKe, paccuuTaHbl K03()()UIMEHThl HHTEHCHBHOCTH HAINPSDKEHUI B € OKpecTHOCTsIX. [lokasaHo,
yro nocie Y3C B TeueHue 3 ¢ MOKa3zaTeId MNPOYHOCTU COEIUHEHUH, MOITYYEHHBIX PAa3HBIM HHCTPYMEHTOM, JOCTUTAIOT
HauOOJNBIINX 3HAYEHHH, OHU OJNM3KHM 110 BEJIMYHHE, OIHAKO pa30poc SKCIEPUMEHTABHBIX JAHHBIX BIBOE MEHBLIE IIOCIIE
CBapKH WHCTPYMEHTOM C MENKUMH 3yOriamMu. CoequHEHNS, ITOTydYeHHbIE TAKUM HHCTPYMEHTOM, Pa3pyIIaioTCs MO MOBEPX-
HOCTH COEIMHEHUs, a MOCIe CBAPKHA HHCTPYMEHTOM C KPYIHBIMH 3yOLIaMHi — C OTPBIBOM CBApPHOM TOYKH, YTO OOBSICHACTCS
yBeIMYeHneM KodpduIeHTa HHTEHCUBHOCTH HANPSDKEHUH B BEPIIMHE KOHIIEHTPATOPa, OKPYKArOIIETO CBAPHYIO TOUKY.

Knrwouesvie cnoea: menp; yasTpa3ByKOBas CBapka METAJUIOB; TBepAO(ha3HOE COEAWHEHHE; NMPOYHOCTH COCTUHEHUH;
penbed CBapOYHOTO HHCTPYMEHTA; KOA((UIIMEHT HHTCHCUBHOCTH HANPSDKEHHUH.

Bnazooapnocmu: ViccnenoBanue BBINOJHEHO B paMKkax rocynapcrseHHoro 3axanus MIICM PAH (perucrpannoHHbII
HoMep 124022900006-2). YacTb 3KCcIEpUMEHTAIbHBIX JaHHBIX HONIy4eHa npu BbiNoaHeHUH rpanta PH® Ne 22-19-00617

Frontier Materials & Technologies. 2025. No. 3 135


https://doi.org/10.1023/A:1018608615567
https://doi.org/10.1016/j.matdes.2014.05.008
https://doi.org/10.1111/ffe.12312
https://doi.org/10.1016/j.jmapro.2022.04.062
https://doi.org/10.3390/ma10050449
https://doi.org/10.1016/j.msea.2019.04.059
https://doi.org/10.1016/j.jmrt.2022.01.011
https://doi.org/10.1016/j.msea.2024.147489
mailto:elvinar@imsp.ru
https://orcid.org/0000-0002-1659-9922

Shayakhmetova E.R. “Strength of joints produced by ultrasonic spot welding of copper plates using tools with different tooth heights”

(https://rsctf.ru/project/22-19-00617/). MukpoCTpyKTypHBIE HCcliefoBaHus TpoBomwinch Ha 0Oaze [IKIT MIICM PAH
«CTpyKTypHBIE ¥ (PU3UKO-MEXaHUIECKUE UCCIIEOBAHUS MAaTEPUAIOBY.

ABTOp BBIpaxkaet IiTyOOKyto OiaronapHocTh K.T.H. M.A. Myp3uHoBoi u 1.¢.-M.H. A.A. HazapoBy 3a OMOIIIb MPH MPO-
BEJICHUH HCCIICIOBAaHUN M 00CYK/ICHHE TTOIYyIECHHbBIX PE3YIbTaTOB.

Crarbs TIOATOTOBIICHA 110 MaTepHasaM J0KJIaaoB ydacTHUKoB XII MexnyHapoaHoi mkossl «Pu3ndeckoe Marepuano-
Bepenue» (LLIOM-2025), TompsttH, 15-19 centsaodps 2025 roxa.

JIna yumuposanua: Nasxmeroa O.P. [IpogHOCTs COeAMHEHMI TIIACTHH MEAH, ITOTYYCHHBIX TOYEYHOH YIIBTPa3ByKO-
BOW CBapKoil MHCTPYMEHTOM C pa3HOW BbicoToM 3yOuoB // Frontier Materials & Technologies. 2025. Ne 3. C. 125-136.
DOI: 10.18323/2782-4039-2025-3-73-10.

136 Frontier Materials & Technologies. 2025. No. 3



OUR AUTHORS

Andreev Vladimir Aleksandrovich, PhD (Engineering),

leading researcher at the Laboratory of Plastic Deformation of Metallic Materials.
Address: A.A. Baikov Institute of Metallurgy and Materials Science of the RAS,
119334, Russia, Moscow, Leninskiy Prospekt, 49.

E-mail: vandreev(@imet.ac.ru

Belonogov Savely Olegovich, engineer

of the Laboratory of Destructive Inspection Methods.

Address: LLC Middle Volga Certification and Diagnostic Center “Delta”,
445009, Russia, Togliatti, Pobedy Street, 22/1.

E-mail: savelij.belonogov.2001@mail.ru

Bochkarev Aleksandr Gennadievich, PhD (Engineering),

assistant professor of Chair “Welding, Pressure Material Treatment and Related Processes”.

Address: Togliatti State University,
445020, Russia, Togliatti, Belorusskaya Street, 14.
E-mail: a.bochkarev5@tltsu.ru

Bodyakova Anna Igorevna, PhD (Physics and Mathematics),
researcher of the Laboratory of Mechanical Properties

of Nanostructured Materials and Superalloys.

Address: Belgorod State University,

308015, Russia, Belgorod, Pobedy Street, 85.

E-mail: morozova_ai@bsuedu.ru

Bushueva Natalia Igorevna, postgraduate student,

research engineer of scientific laboratory “Metal Forming”.

Address: Ural Federal University named after the first President of Russia B.N. Yeltsin,
620002, Russia, Yekaterinburg, Mira Street, 19.

E-mail: n.i.bushueva@urfu.ru

Chervonniy Aleksey Vladimirovich, PhD (Engineering),
Head of Research and Development Department.
Address: JSC Vyksa Metallurgical Plant,

607061, Russia, Vyksa, Bratyev Batashyovykh Street, 45.
E-mail: chervonnyj av@vsw.ru

Chistopoltseva Elena Aleksandrovna, PhD (Engineering),
Head of Department of Special Materials Science.

Address: LLC IT Service,

443001, Russia, Samara, Yarmarochnaya Street, 52/55.
E-mail: chistopolceva@its-samara.com

Chistyukhina Eleonora Ivanovna, research engineer

at the Laboratory of Physical Metallurgy of Non-Ferrous

and Light Metals named by Academician A.A. Bochvar,

graduate student of Chair of Metal Science and Physics of Strength.

Address 1: A.A. Baikov Institute of Metallurgy and Materials Science of the RAS,
119334, Russia, Moscow, Leninskiy Prospekt, 49.

Address 2: University of Science and Technology “MISIS”,

119049, Russia, Moscow, Leninskiy Prospekt, 4.

E-mail: e.chistyuhina@mail.ru

Chudnov Aleksandr Vladimirovich, postgraduate student.
Address: Ulyanovsk State Technical University,

432027, Russia, Ulyanovsk, Severny Venets Street, 32.
E-mail: chudnov73ru@gmail.com

Frontier Materials & Technologies. 2025. No. 3

137



AUTHORS

Dimukhametov Ilnaz Zeferovich, postgraduate student.
Address: Ulyanovsk State Technical University,

432027, Russia, Ulyanovsk, Severny Venets Street, 32.
E-mail: iln-d@yandex.ru

Dobatkin Sergey Vladimirovich, Doctor of Science (Engineering), Professor,
Head of the Laboratory of Physical Metallurgy of Non-Ferrous

and Light Metals named by Academician A.A. Bochvar.

Address: A.A. Baikov Institute of Metallurgy and Materials Science of the RAS,
119334, Russia, Moscow, Leninskiy Prospekt, 49.

E-mail: dobatkin.sergey@gmail.com

Dolgach Egor Dmitrievich, scientific project engineer.
Address: MISIS University of Science and Technology,
119049, Russia, Moscow, Leninsky Prospekt, 4.
E-mail: edolgach@gmail.com

Gorbenko Artem Dmitrievich, research engineer

at the Laboratory of Strength and Plasticity of Metallic

and Composite Materials and Nanomaterials.

Address: A.A. Baikov Institute of Metallurgy and Materials Science of the RAS,
119334, Russia, Moscow, Leninskiy Prospekt, 49.

E-mail: artemgorbenk@yandex.ru

Kalinenko Aleksandr Andreevich, PhD (Physics and Mathematics),
junior researcher of the Laboratory of Mechanical Properties

of Nanostructured Materials and Superalloys.

Address: Belgorod State University,

308015, Russia, Belgorod, Pobedy Street, 85.

E-mail: kalinenko@bsuedu.ru

Khokhlov Yuri Yurievich, Head of the Laboratory

of Chair “Welding, Pressure Material Treatment and Related Processes”.
Address: Togliatti State University,

445020, Russia, Togliatti, Belorusskaya Street, 14.

E-mail: y.y.khokhlov@rambler.ru

Komissarov Aleksandr Aleksandrovich, PhD (Engineering),
Head of Hybrid Nanostructured Materials Laboratory.
Address: MISIS University of Science and Technology,
119049, Russia, Moscow, Leninsky Prospekt, 4.

E-mail: komissarov@misis.ru

Kovtunov Aleksandr Ivanovich, Doctor of Sciences (Engineering),

professor of Chair “Welding, Pressure Material Treatment and Related Processes”.
Address: Togliatti State University,

445020, Russia, Togliatti, Belorusskaya Street, 14.

E-mail: akovtunov@rambler.ru

Kudashov Dmitry Viktorovich, PhD (Engineering), Director.

Address: Vyksa branch of MISIS University of Science and Technology,
607036, Russia, Vyksa, Shimorskoe workers settlement, Kalinin Street, 206.
E-mail: kudja@mail.ru

Lebedev Yuri Anatolyevich, PhD (Physics and Mathematics),
senior researcher.

Address: Institute of Physics of Molecules and Crystals

of Ufa Federal Research Center of RAS,

450054, Russia, Ufa, Prospekt Oktyabrya, 71.

E-mail: lebedev@anrb.ru

138

Frontier Materials & Technologies. 2025. No. 3



AUTHORS

Levashkin Denis Gennadyevich, PhD (Engineering), Associate Professor,

assistant professor of Chair “Equipment and Technologies of Machinery Production”.
Address: Togliatti State University,

445020, Russia, Togliatti, Belorusskaya Street, 14.

E-mail: denis.levden@yandex.ru

Loginov Yury Nikolaevich, Doctor of Science (Engineering),
professor of Chair of Metal Forming.

Address: Ural Federal University

named after the first President of Russia B.N. Yeltsin,
620002, Russia, Yekaterinburg, Mira Street, 19.

E-mail: j.n.loginov@urfu.ru

Lukyanova Elena Aleksandrovna, PhD (Engineering),

senior researcher at the Laboratory of Physical Metallurgy of Non-Ferrous

and Light Metals named by Academician A.A. Bochvar.

Address: A.A. Baikov Institute of Metallurgy and Materials Science of the RAS,
119334, Russia, Moscow, Leninskiy Prospekt, 49.

E-mail: helenelukyanova@gmail.com

Malinin Andrey Vladimirovich, PhD (Engineering),
Deputy General Director for Research.

Address: LLC RN-BashNIPIneft,

450006, Russia, Ufa, Lenin Street, 86/1.

E-mail: MalininAV @bnipi.rosneft.ru

Malopheyev Sergey Sergeevich, PhD (Engineering),

senior researcher of the Laboratory of Mechanical Properties
of Nanostructured Materials and Superalloys.

Address: Belgorod State University,

308015, Russia, Belgorod, Pobedy Street, 85.

E-mail: malofeev@bsuedu.ru

Martynenko Natalia Sergeevna, PhD (Engineering),

senior researcher at the Laboratory of Physical Metallurgy of Non-Ferrous

and Light Metals named by Academician A.A. Bochvar.

Address: A.A. Baikov Institute of Metallurgy and Materials Science of the RAS,
119334, Russia, Moscow, Leninskiy Prospekt, 49.

E-mail: nata_roug@mail.ru

Mironov Sergey Yurievich, Doctor of Sciences (Physics and Mathematics),
leading researcher of the Laboratory of Mechanical Properties

of Nanostructured Materials and Superalloys.

Address: Belgorod State University,

308015, Russia, Belgorod, Pobedy Street, 85.

E-mail: mironov@bsuedu.ru

Muntin Aleksandr Vadimovich, PhD (Engineering),
Director of Engineering and Technology Center.
Address: JSC Vyksa Metallurgical Plant,

607061, Russia, Vyksa, Bratyev Batashyovykh Street, 45.
E-mail: muntin_av@omk.ru

Nikitin Ivan Sergeevich, PhD (Engineering),

junior researcher of the Laboratory of Mechanical Properties
of Nanostructured Materials and Superalloys.

Address: Belgorod State University,

308015, Russia, Belgorod, Pobedy Street, 85.

E-mail: nikitin_i@bsuedu.ru

Frontier Materials & Technologies. 2025. No. 3

139



AUTHORS

Plakhotny Denis Ivanovich, senior lecturer

of Chair “Welding, Pressure Material Treatment and Related Processes”.
Address: Togliatti State University,

445020, Russia, Togliatti, Belorusskaya Street, 14.

E-mail: d01125@mail.ru

Rastorguev Dmitry Aleksandrovich, PhD (Engineering), Associate Professor,
assistant professor of Chair “Equipment and Technologies of Machinery Production”.
Address: Togliatti State University,

445020, Russia, Togliatti, Belorusskaya Street, 14.

E-mail: rast_73@mail.ru

Rybalchenko Olga Vladislavovna, PhD (Engineering),

leading researcher at the Laboratory of Physical Metallurgy of Non-Ferrous

and Light Metals named by Academician A.A. Bochvar.

Address: A.A. Baikov Institute of Metallurgy and Materials Science of the RAS,
119334, Russia, Moscow, Leninskiy Prospekt, 49.

E-mail: rybalch@mail.ru

Salishchev Gennady Alekseevich, Doctor of Sciences (Engineering), Professor,
Head of the Laboratory of Bulk Nanostructured Materials.

Address: Belgorod State University,

308015, Russia, Belgorod, Pobedy Street, 85.

E-mail: salishchev_g@bsuedu.ru

Shayakhmetova Elvina Rafitovna, junior researcher.
Address: Institute for Metals Superplasticity Problems of RAS,
450001, Russia, Ufa, Stepan Khalturin Street, 39.

E-mail: elvinar@imsp.ru

Sitdikov Vil Dayanovich, Doctor of Sciences (Physics and Mathematics),
senior expert.

Address: LLC RN-BashNIPIneft,

450006, Russia, Ufa, Lenin Street, 86/1.

E-mail: SitdikovVD@bnipi.rosneft.ru

Sokolovskiy Vitaly Sergeevich, PhD (Engineering),
researcher of the Laboratory of Bulk Nanostructured Materials.
Address: Belgorod State University,

308015, Russia, Belgorod, Pobedy Street, 85.

E-mail: sokolovskiy@bsuedu.ru

Straumal Petr Borisovich, PhD (Physics and Mathematics),

senior researcher at the Laboratory of Physical Metallurgy of Non-Ferrous

and Light Metals named by Academician A.A. Bochvar.

Address: A.A. Baikov Institute of Metallurgy and Materials Science of the RAS,
119334, Russia, Moscow, Leninskiy Prospekt, 49.

E-mail: straumal.peter@yandex.ru

Temralieva Diana Rivovna, research engineer

at the Laboratory of Physical Metallurgy of Non-Ferrous

and Light Metals named by Academician A.A. Bochvar.

Address: A.A. Baikov Institute of Metallurgy and Materials Science of the RAS,
119334, Russia, Moscow, Leninskiy Prospekt, 49.

E-mail: diana4-64@mail.ru

Unyanin Aleksandr Nikolaevich, Doctor of Sciences (Engineering), Professor,
professor of Chair “Innovative Technologies in Machine Building”.

Address: Ulyanovsk State Technical University,

432027, Russia, Ulyanovsk, Severny Venets Street, 32.

E-mail: a_un@mail.ru

140 Frontier Materials & Technologies. 2025. No. 3



AUTHORS

Vedeneev Ivan Vyacheslavovich, engineer

of the Laboratory of Non-Destructive Inspection.

Address: LLC Middle Volga Certification and Diagnostic Center “Delta”,
445009, Russia, Togliatti, Pobedy Street, 22/1.

E-mail: cool.vedeneev@inbox.ru

Voronov Roman Dmitrievich, teacher

of Chair “Equipment and Technologies of Machinery Production”.
Address: Togliatti State University,

445020, Russia, Togliatti, Belorusskaya Street, 14.

E-mail: smr.rom@yandex.ru

Yushchuk Vyacheslav Vasilievich, scientific project engineer.
Address: MISIS University of Science and Technology,
119049, Russia, Moscow, Leninsky Prospekt, 4.

E-mail: slava_yushchuk@mail.ru

Frontier Materials & Technologies. 2025. No. 3

141



AUTHORS

HAIIIX ABTOPBI

AnapeeB Baaaumup AjiekcaHapoBHY, KAaHAUIAT TEXHUUYECKUX HAYK,
BEIYLIUI HayYHBIH COTPYIHUK

nabopaTopuy IIIACTHIECKON AepopMaIiii METaJUIMIECKIX MaTepHAIIOB.
Anpec: HCTUTYT MeTaulypruu u MatepuaioBeneHus uM. A.A. baiikosa PAH,
119334, Poccus, . Mocksa, JIeHnHCcKHid mp-T, 49.

E-mail: vandreev@imet.ac.ru

Besionoros Cagsenuii OneroBu4, HHXeHep

nabopaToOpuH pa3pymIaOIIUX METOIOB KOHTPOJISL.

Anpec: OO0 «CpenHeBOMKCKUN cepTHHUKAIMOHHO-THATHOCTHYCCKUI LeHTp «Jlembray,
445009, Poccus, 1. TomesatTH, yi. [Tobensr, 22/1.

E-mail: savelij.belonogov.2001@mail.ru

BonsikoBa Anna UropeBHa, kKanauaat GU3NKO-MaTeMaTHIECKUX HAYK,

Hay9IHBIH COTPYIHHUK JIAOOPAaTOPHN MEXaHWIECKUX CBOMCTB HAHOCTPYKTYPHBIX

¥ KapOIPOIHBIX MaTEPHAIIOB.

Anpec: benroponckuii rocynapcTBeHHbIH HAIlMOHAIBHBIN HCCIIEI0BATEIbCKUI YHUBEPCUTET,
308015, Poccus, . benropon, yi. [Tobensr, 85.

E-mail: morozova_ai@bsuedu.ru

Boukapes Anexcanap I'eHHagbeBHY, KaHAUIAT TEXHUIECKUX HAYK,
JoneHT Kagenpsl «Capka, 00pabOTKa MaTepHaIoB JaBICHUEM

Y POZICTBEHHBIC MIPOLIECCHI.

Anpec: TonbATTUHCKUI TOCYAapCTBEHHBIM YHUBEPCUTET,

445020, Poccus, r. TonbarTy, ya. benopycckas, 14.

E-mail: a.bochkarev5@tltsu.ru

Bbymyesa Harauabst UropeBHa, aciupaHT,

WH)KEHEeP-HCCIIeIoBaTeNb HayYHO laboparopun «O0paboTka METaIIOB JaBJICHUEM ».
Anpec: Ypanbckuii (eepanbHblii yHUBEPCUTET

nmenu nepsoro IIpesunenta Poccun b.H. Enbnuna,

620002, Poccus, r. EkatepunOypr, ya. Mupa, 19.

E-mail: n.i.bushueva@urfu.ru

BeneneeB llBan BsueciaBoBHY, HHXSHEP JTA00paTOPUN HEPa3PYIIAIOIIETO KOHTPOJIS.
Anpec: OO0 «CpenHeBOIKCKAH cepTHHUKAITMOHHO-THATHOCTHIECKUI IeHTp «Jlempray,
445009, Poccus, . TomesattH, yi. [Tobensr, 22/1.

E-mail: cool.vedeneev@inbox.ru

Boponos Poman /IMmuTpueBuy, npenojasareib

kadeapsl «O0OPYIOBaHNE U TEXHOJIOTUH MAIIMHOCTPOUTEILHOTO MPOU3BOJICTBAY.
Anpec: ToTpITTHHCKHI TOCYIapCTBEHHBIA YHUBEPCHUTET,

445020, Poccus, . TonbsitTH, yi. benopycckas, 14.

E-mail: smr.rom@yandex.ru

T'opOenko Aprem IMUTpHEBUY, HHXEHEP-UCCIIEA0BATENb

71a00paTOpUH TIPOYHOCTH U ITACTHIHOCTH METAJUINIECKUX

¥ KOMITIO3UIIMOHHBIX MaTepHaIoB 1 HAHOMaTepHAJIOB.

Anpec: HcTUTYT MeTaulypru 1 MatepuaioBeneHus uM. A.A. baiikosa PAH,
119334, Poccus, . Mocksa, JIeHnHCKH Tp-T, 49.

E-mail: artemgorbenk@yandex.ru

JumyxameroB MiHa3 3edepoBu4, aciupaHT.

Anpec: YIbsTHOBCKHIT TOCYNapCTBEHHBIN TEXHUYECKUH YHUBEPCHUTET,
432027, Poccus, . YibsiHOBCK, yia. CeBepHblii Benerr, 32.

E-mail: iln-d@yandex.ru

142 Frontier Materials & Technologies. 2025. No. 3



AUTHORS

Job6arkun Cepreii BraguMupoBu4, TOKTOp TEXHHYECKHUX HAYK, Mpodeccop,
3aBeNyIONIHIA JTabopaTopueii MeTaIOBEACHHSI IIBETHBIX

1 JICTKAX METAJUIOB UM. akajeMuka A.A. bouapa.

Anpec: MHCTUTYT MeTaltypruu 1 MatepuanoBeneHust uM. A.A. baiikoa PAH,
119334, Poccus, . Mocksa, JIeHWHCKMIT mp-T, 49.

E-mail: dobatkin.sergey@gmail.com

Joarau Erop /IMmuTpueBuy, MH)XEHEp HAYYHOTO MPOEKTA.
Anpec: YHUBepcUTeT Hayku U TexHoaoruid MUCHUC,
119049, Poccus, r. Mocksa, JIeHuHCcKkHii mp-T, 4.

E-mail: edolgach@gmail.com

Kanunenko AjiekcaHap AHApeeBHY, KaHAUAT (HU3UKO-MAaTEMaTHYECKUX HAYK,
MJIaIIAH HAYIHBIH COTPYIHHUK Ja00paTOpHH MEXaHNUECKHUX CBOMCTB
HAHOCTPYKTYPHBIX M KapOMPOYHBIX MATEPHAIIOB.

Anpec: benropoackuii rocyniapcTBeHHBIH

HallMOHAJIbHBIN UCCIIEN0BATEILCKUN YHUBEPCUTET,

308015, Poccus, . benropon, yi. IToGernsr, 85.

E-mail: kalinenko@bsuedu.ru

KoBTyHnoB Anexcanap UBaHOBHY, JOKTOP TEXHUYECKHX HAyK,
npodeccop kadenpst «Cpapka, 00paboTKa MaTCpHAIIOB JaBICHHEM
U POACTBEHHBIE MTPOLIECCHI.

Anpec: TonbITTHHCKUI TOCYJapCTBEHHBIH YHUBEPCUTET,

445020, Poccus, r. TonbsatTy, ya. benopycckas, 14.

E-mail: akovtunov@rambler.ru

KoMmuccapoB Anexcanap AjnekcaHAPOBUY, KaHAWAT TEXHUYECKUX HAYK,
3aBemyromuii 1aboparopueil « mOpuIHBIE HAHOCTPYKTYPHBIE MAaTEPHAIIBI».
Anpec: YauBepcuteT Hayku U TexHosoruid MUCHUC,

119049, Poccus, r. Mocksa, JIeHUHCKHIA Tp-T, 4.

E-mail: komissarov@misis.ru

Kynamos IMmutpuii BUKTOpPOBHY, KAaHIUAAT TEXHUIECKUX HAYK, JUPEKTOP.
Anpec: BeikcyHckuit pummnan HUTY «MUCHUCy,

607036, Poccus, 1. Brikca, p. n. [llumopckoe, yn. Kanununa, 206.

E-mail: kudja@mail.ru

JleoeneB FOpuii AHaTOIbEBHY, KAHAUAAT (PH3UKO-MATEMAaTHICCKUX HAYK,
CTapllMi HayYHBIH COTPYIHHUK.

Anpec: UIHCTUTYT QU3HKH MOJICKYT M KPHCTAJLIOB

Ydumckoro ¢penepaabHOTO UCCIIEA0BATENbECKOTO IeHTpa PAH,

450054, Poccus, 1. Y da, np-t Oxrsiopst, 71.

E-mail: lebedev@anrb.ru

JlepamikuH lennc I'eHHaAbeBUY, KaHIUAT TEXHUYECKUX HAyK, JOLEHT,

noteHT kadeapsr «O00pyI0BaHHE U TEXHOJIOTHH MAIIMHOCTPOUTEIILHOTO TIPOU3BOICTRAY.

Anpec: TonpSITTUHCKUI rOCYJapCTBEHHBIN YHUBEPCUTET,
445020, Poccus, r. Tonbarty, ya. benopycckas, 14.
E-mail: denis.levden@yandex.ru

JlorunoB Opuii Huko/siaeBu4, JOKTOp TEXHUYECKUX HAYK,
npogeccop kadeapsr 00padOTKH METAIIIOB TaBJICHUAEM.
Anpec: Ypanbckuii GpenepanbHbIA yHUBEPCUTET

nMeHu nepsoro [Ipesunenrta Poccun b.H. Enblinga,
620002, Poccus, . EkatepunOypr, yi. Mupa, 19.

E-mail: j.n.loginov@urfu.ru

JlykbsiHoBa EnleHa AjlekcaHApOBHA, KaHIUJAT TEXHUYECKUX HAYK,

CTapIIii HAYYHBIH COTPYAHHUK JIAOOPaTOPUU METAJUIOBEACHHS [IBETHBIX

U JIETKUX METaJIoB UM. akageMmuka A.A. bousapa.

Anpec: MHcTuTyT MeTannypruu u marepuanoseneHus uM. A.A. baiikosa PAH,
119334, Poccus, . Mocksa, JIenHnHckuii mp-T, 49.

E-mail: helenelukyanova@gmail.com

Frontier Materials & Technologies. 2025. No. 3

143



AUTHORS

Maaunnn Auapeil BiaagumMupoBuy, KaHAUIAT TEXHUUYECKUX HAYK,
3aMeCTUTEIh TeHEPATFHOTO TUPEKTOPA IO UCCIICAOBAHMSM.

Anpec: OO0 «PH-bamtHUTTHEDTEY,

450006, Poccus, T. Ya, yin. Jlenuna, 86/1.

E-mail: MalininAV @bnipi.rosneft.ru

Maigodeen Cepreii CepreeBnd, KaHIunaT TEXHUUECKUX HayK,

CTapIINi HAY4YHBIHA COTPYAHUK JIaAOOPATOPUU MEXaHUIECKUX CBOMCTB

HAHOCTPYKTYPHBIX H )KapOIPOYHBIX MaTepHaJIOB.

Anpec: benropozackuii rocyaapcTBeHHBIN HAIIMOHAIBHBIN HCCIIEI0BATENECKUH YHUBEPCUTET,
308015, Poccus, . benropon, yi. [Tobensr, 85.

E-mail: malofeev@bsuedu.ru

MapTtsinenko Hatanbsa CepreeBHa, KaHINAAT TEXHUICCKUX HaAYK,

CTapIInil HAYIHBIH COTPYIHHK J1a00paTOPHH METAIJIOBEACHHUS IIBETHBIX

1 JIETKUX METAJUIOB UM. akazeMuka A.A. bousapa.

Anpec: HCTUTYT MeTaulypru 1 MatepuaioBeneHus uM. A.A. baiikosa PAH,
119334, Poccus, . MockBa, JleHuHCKMiA Tp-T, 49.

E-mail: nata_roug@mail.ru

MuponoB Cepreii FOpseBn4, TOKTOp (HPU3HKO-MaTEMaTHUECKUX HaYK,

BEJYIIUI HAYYHBIA COTPYIHUK JTa00paTOpuN MEXaHMUECKUX CBOICTB

HaHOCTPYKTYPHBIX U ’KapOIIPOUHBIX MaT€pPHAaJIOB.

Anpec: benropoackuii rocy1apcTBEHHbIN HallMOHAJIBHBIN HCCIEI0BaTENbCKUN YHUBEPCUTET,
308015, Poccus, r. Benropon, yi. [To6exsr, 85.

E-mail: mironov@bsuedu.ru

MyHTHH Anexcanap BagumoBu4, KaHIUJaT TEXHUYECKUX HAYK,
TUPEKTOP WHKEHEPHO-TEXHOJIOTHIECKOTO [ICHTpA.

Anpec: AO «BBIKCYHCKHI METaJUTyprHYecKuil 3aBoa»,

607061, Poccus, 1. Beikca, yn. bpareeB baramésnix, 45.

E-mail: muntin_av@omk.ru

Huxutrnn UBan CepreeBny, KaHIuIaT TEXHUUECKUX HAYK,

MJIaIIINI HayYHBIA COTPYIHUK Ja00paTOpUN MEXaHHUECKIX CBOMCTB

HaHOCTPYKTYPHBIX H ’KapOIMPOYHBIX MaTepPHaIOB.

Anpec: benropoackuii rocy1apcTBeHHbIN HallMOHAJIBHBIN HCCEI0BaTEIbCKUNA YHUBEPCUTET,
308015, Poccus, . Benropon, yi. [Tobensr, 85.

E-mail: nikitin_i@bsuedu.ru

Inaxornbiii Jenuc UBaHoBUY, cTapinii penoaaBaTelib
kadenpst «CBapka, 00paboTKa MaTepPHAJIOB JAaBJICHUEM

U POJICTBEHHBIE TIPOLIECCHI».

Anpec: ToTpITTHHCKHI TOCYapCTBEHHBIA YHUBEPCHUTET,
445020, Poccus, r. Tonbsarty, ya. benopycckas, 14.
E-mail: d01125@mail.ru

Pacropryes IMuTpuii AjlekcaHIAPOBHY, KaHMIAaT TEXHUYECKUX HAYK, JOLEHT,

JoneHT kadenpsl «O60pynoBaHUE M TEXHOJIOTHH MAIIHHOCTPOUTEIBHOTO ITPOM3BOJICTBAY.
Anpec: TonbSITTUHCKUI rOCYIapCTBEHHBIH YHUBEPCHUTET,

445020, Poccus, r. TonbstTH, yin. benopycckas, 14.

E-mail: rast 73@mail.ru

Prioanbuenko Ogbra BaaguciiaBoBHa, KaHIUIAT TEXHUUYECKUX HAYK,
BEJYIIUI HAYYHBIH COTPYIHUK JTaOOPATOPHUH METAIIIOBEICHUS IIBETHBIX

Y JIETKUX METAJJIOB UM. akajemuka A.A. bouBapa.

Anpec: IHCTUTYT MeTaILTypruu 1 MatepuanoBeneHust uM. A.A. baiikoBa PAH,
119334, Poccus, T. Mocksa, JIeHnHCKHIA Tp-T, 49.

E-mail: rybalch@mail.ru

144 Frontier Materials & Technologies. 2025. No. 3



AUTHORS

Canumen I'ennaauii AjiekceeBHY, JOKTOpP TEXHUIECKUX Hayk, mpodeccop,

3aBeNyIOMHui TabopaTopueil 00beMHBIX HAHOCTPYKTYPHBIX MaTepPHAIIOB.

Anpec: benropoackuii rocyqapCTBEHHBIN HAITMOHAIBHBIA HUCCIIE0OBATEIbCKUN YHUBEPCUTET,
308015, Poccus, . benropon, yi. IToGensr, 85.

E-mail: salishchev_g@bsuedu.ru

CutnukoB Buiab lasHoBHY, TOKTOp (PU3MKO-MaTeMaTHYECKHX HayK,
CTaplIui 3KCIEPT.

Anpec: OO0 «PH-bamtHUITINHeTHY,

4500006, Poccus, . Yoa, yn. Jlenuna, 86/1.

E-mail: SitdikovVD@bnipi.rosneft.ru

CoxonoBckuii Butanuii CepreeBuy, KaHINIAT TEXHHYSCKUX HAyK,

Hay4IHbIH COTPYIHHK JJAOOpaTOpHH 0OBEMHBIX HAHOCTPYKTYPHBIX MAaTEPUAIIOB.

Anpec: benropoackuil rocyiapcTBEHHbIN HalMOHAJIBHBIN HCCIIEN0BaTEIbCKUN YHUBEPCUTET,
308015, Poccus, . benropon, yi. IToGensr, 85.

E-mail: sokolovskiy@bsuedu.ru

Crpaymau Ilerp BopucoBuny, kannuaar GpU3HKO-MaTeMaTHYEeCKUX Hayk,
CTapILUMii HAYYHBIH COTPYAHHUK JIAOOPATOPUU METAIIOBEACHHS 1IBETHBIX

U JIETKUX METaJJIOB UM. akajeMuka A.A. bouBapa.

Anpec: IHCTUTYT MeTaJUTypruu U MatepuanoeneHus uMm. A.A. baiikoBa PAH,
119334, Poccus, . Mocksa, JIeHnHckuii mp-T, 49.

E-mail: straumal.peter@yandex.ru

Tempanuesa Iluana PuBoBHa, HH)XEHEP-UCCIEN0BATED

71ab0paTOPUH METAIIOBEICHNS IBETHBIX M JISTKUX METAJJIOB MM. akaaemuka A.A. bousapa.
Anpec: UHcTUTYT MeTaulypruu 1 MarepuanoBeneHus uM. A.A. baiikosa PAH,

119334, Poccus, . Mocksa, JIeHnHCKu# mp-T, 49.

E-mail: diana4-64@mail.ru

YusinnH Anexkcanap HukonaeBr4, J0KTOp TEXHHYCCKUX HayK, nmpodeccop,
npodeccop kadpenpsl «THHOBAIOHHBIE TEXHOJIOTUH B MAIIMHOCTPOCHUM.
Anpec: YAbSHOBCKHUH roCy1apCTBEHHBIN TEXHUUECKUN YHUBEPCHUTET,
432027, Poccus, . YnbsiHOBCK, yi1. CeBepHbIil Benerr, 32.

E-mail: a_un@mail.ru

Xoxaos IOpuii FOpbeBn4, 3aBeqyromniuii 1adboparopuei

kadenps! «CBapka, 00paboTKa MaTepHaloB IaBICHHEM H POJCTBEHHBIE IPOLIECCHI».
Anpec: TonpSITTUHCKUI rOCyJapCTBEHHBIN YHUBEPCUTET,

445020, Poccus, r. TonbstTh, ya. benopycckas, 14.

E-mail: y.y.khokhlov@rambler.ru

YepBoHHbIil Aekcell BraguMupoBuy, KaHIUaT TEXHUYECKUX HAYK,
HavaJIHUK OT/IeNa 0 UCCIeOBaHUAM U pa3paboTKam.

Anpec: AO «BBIKCYHCKHI METaJUTyprHIECKHUI 3aBOI»,

607061, Poccus, 1. Beikca, yn. bpareeB baraménix, 45.

E-mail: chervonnyj av@vsw.ru

Yucronoabuesa Enena AnekcaHApoBHA, KAHAUIAT TEXHUYECKHUX HAyK,
PYKOBOIUTEIH IeTapTaMEHTAa CIICI[AIbHOTO MaTepHaIOBEICHUS.

Anpec: OO0 «UT-Cepsucy,

443001, Poccus, r. Camapa, ya. SApmapounas, 1. 52/55.

E-mail: chistopolceva@its-samara.com

YucrtioxuHa JjeoHopa UBaHOBHA, HHXXCHEP-NUCCIIEIOBATEID,

mabopaTopuy METAIJIOBEACHNS IBETHBIX M JIETKMX METAJUIOB UM. akajgemuka A.A. bousapa,
MarucTpaHT Kad)eApsl METAJUIOBEACHHS U (PU3UKH MPOYHOCTH.

Anpec 1: MHCTUTYT MeTamTypruu u MarepuanoBeneHus uM. A.A. baiixosa PAH,

119334, Poccus, . Mocksa, JIeHnHckuii mp-T, 49.

Anpec 2: YauBepcureT Hayku u TexHonoruit MUCHUC,

119049, Poccus, r. Mocksa, JIeHuHCKHi 1p-T, 4.

E-mail: e.chistyuhina@mail.ru

Frontier Materials & Technologies. 2025. No. 3 145



AUTHORS

YynnoB Anexcanap BiaagumMupoBu4, aciipaHT.

Anpec: YIbTHOBCKUH roCy1apCTBEHHBIN TEXHUUECKUI YHUBEPCHUTET,
432027, Poccwus, . YibsiHOBCK, yia. CeBepHblii Benerr, 32.

E-mail: chudnov73ru@gmail.com

MlasixmeToBa DabpBuHa PaduroBHa, Mianmuii HAyIHBIH COTPYIHHUK.

Anpec: HCTUTYT mpo0OiIeM CBEPXIUIACTHIHOCTH MeTaiioB PAH,
450001, Poccus, . Ya, yi. Cremana Xantypusa, 39.
E-mail: elvinar@imsp.ru

IOmyx BsiuecniaB BacuiibeBu4, HHXEHEp Hay9IHOTO MIPOEKTA.
Anpec: YauBepcuteT Hayku U TexHonoruit MUCHUC,

119049, Poccus, . MockBa, JIeHUHCKHIA TIP-T, 4.

E-mail: slava_yushchuk@mail.ru

146

Frontier Materials & Technologies. 2025. No. 3



On the cover: Image of the fracture surface of a sample after tensile lap shear testing (the sample was obtained
by ultrasonic welding with a tool with a tooth height of H=0.4 mm, the welding time is 2 s). Author of the photo:
E.R. Shayakhmetova, junior researcher (Laboratory of Modern Welding Methods, Institute for Metals Superplasticity
Problems, Russian Academy of Sciences, Ufa, Russia).

Ha o6noscke: V300paxkeHne MOBEPXHOCTH pa3pylleHUs o0pa3lia Mocie UCTIBITAaHUH Ha CABUT pacTskeHHeM (oOpasen
MOJy4eH YIBTPa3BYKOBOIl CBapKOH MHCTPYMEHTOM C BbIcOTOi 3y61oB H=0,4 MM, Bpems Bo3neicTBUS yabTpa3Byka — 2 c).
Agrtop ¢oro: D.P. IllasixmeroBa, Mitaamuii Hay4YHbIH cOTpyaHUK (J1abdoparopus «CoBpeMEeHHbIE METOABI CBapKuy», MHCTH-
TYT npobneM cBepxiutacTuaHocTu MeTayuioB PAH, Ya, Poccus).
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