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Abstract: In the practice of drilling oil and gas wells with diamond bits equipped with PDC cutters, cutter quality non-

compliance with the declared class occurs. At the same time, the currently used methods of full-scale testing, when granite
stone is used as a counterbody, are time-consuming and expensive, which complicates their use for prompt incoming in-
spection of new batches of PDC cutters arriving for assembly of diamond bits. This necessitated the development of a la-
boratory tribotechnical facility for quantitative assessment of the ability of PDC cutters to resist abrasion against abrasive
materials. The study covers the development of a specialized tribotechnical facility that allows testing PDC cutters of vari-
ous sizes for wear during friction against a diamond-containing metal work face, for which it is proposed to use diamond
cutting wheels. The developed laboratory tribotechnical facility includes: an electromechanical rotary drive (a drilling-and-
milling machine); a measuring unit with sensors for normal loads, friction force and temperature of cutter self-heating dur-
ing testing; a lever loading mechanism; a set of mandrels for the possibility of installing PDC cutters of various sizes;
a data collection system and licensed software. The results of practical evaluation of the developed laboratory tribotech-
nical facility on PDC cutters of various batches showed that testing on the new equipment allows for quick collection of
data on the wear rate of the working edges of PDC cutters. The developed methods, equipment and criteria can be used to
certify the wear resistance of PDC cutters.

Keywords: diamond bit; PDC cutter; tribotechnical facility; diamond-containing metal work face.
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INTRODUCTION
Currently, the most popular drilling tools for drilling oil

abrasiveness. To determine the degree of wear of the bits
(crowns), it is necessary to bring the tool to the surface.

and gas wells in soft rocks with interlayers of hard rocks
and medium-hard rocks are bits with PDC (Polycrystalline
Diamond Compact) cutters [1]. It is known that rock-
destructing PDC cutters are the most loaded and least reli-
able elements of the design of diamond drill bits [2; 3].
When used at the work face, they have a chipping, crushing
and abrasive effect on the rock being drilled. In turn, the
rock has a destructive effect on the cutters: their working
edge wears out when dragging against the rock, which leads
to a gradual decrease in the aggressiveness of the cutters
and, accordingly, a decrease in the drilling speed. In most
cases, the durability of the PDC cutters limits the repair-to-
repair period of the diamond bit, and therefore the efficien-
cy of drilling wells [4; 5].

When drilling prospecting, exploratory and producing
wells, the drilling tool passes through shale, limestone, sand-
stones, quartzites and other rocks of different strength and

© Kolibasov V.A., Ibatullin I.D., Novikov V.A., 2025

The duration of the process of pulling and running operations
significantly increases the cost of well construction [6].

PDC cutters are a superhard monolithic composite
material produced by sintering a hard-alloy tungsten car-
bide base on a cobalt bond and a polycrystalline diamond
insert [7]. The sintering process is carried out in cubic
presses at ultra-high pressures (6...8 GPa) and tempera-
tures (1400...1500 °C) in a liquid medium of a metal
catalyst (cobalt) [8]. Despite the existing multi-stage
control system in the production of PDC cutters, includ-
ing control of raw materials, sintering pressure, visual
inspection, defect analysis and laboratory impact and
wear tests, studies have shown that changes in the wear
resistance of PDC cutters occur from batch to batch [9].
Therefore, the introduction of incoming quality control
of cutters arriving for assembly of diamond bits should
be an integral part of the implementation of a quality
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system in bit production. The problem is complicated by
the fact that, currently, there are no international norms
and standards for assessing the quality of PDC cutters.
Until recently, each company with diamond production
developed its own testing methods and criteria for ana-
lyzing their reliability. Now, one can see a trend towards
conducting seminatural tests, when the tested PDC cut-
ters (in real design) are worn out on a rotating natural
stone (Fig. 1) simulating a work face [10].

For example, the general technical requirements of
the Institute of Oil and Gas Technology Initiatives for
cutting action blade bits equipped with cutters with a dia-
mond polycrystalline insert' propose to test PDC cutters
for abrasive resistance on the basis of a turning-and-
boring lathe, including a mandrel for installing the test
cutter in the cutter holder installed at a given angle to
the cylindrical granite stone surface. The lathe ensures
cutting of the rock with a constant angular velocity
(40...80 rpm) and axial load. The tensile strength of gra-
nite is set in the range of 150...250 MPa. A standard system
for supplying lubricating and cooling liquid is used to cool
the cutter. The cutting depth during tests is 0.25...1.0 mm.
The cutting stroke is from the centre to the periphery.
The return stroke is carried out without contact with
the surface of the stone. After each cycle, the friction sur-
face of the cutter is photographed to assess the volumetric
wear, and then the cycles are repeated.

A similar method for assessing the wear resistance of
PDC cutters was described in the Laboratory of Ultra-
hard Materials at MISiS. It involves drilling granite on
a vertical turret lathe under high load. The wear rate is
defined as the change in the weight of the cutter before
the start of the experiment and after a certain number of
passes in the granite [10]. Similar equipment for testing
PDC cutters was used by LANDS Superabrasives, Ele-
ment Six (E6), Drilling Industrial Systems (LLC), Vol-
gaburmash (OJSC), and others. For example, Element
Six (E6) tests cutters for wear resistance by turning
a granite sample of fine-grained or medium-grained
structure with a strength of at least 220 MPa at a rotation
speed of 54 rpm (40-160 m/min), a cutting depth of
0.25 mm, and a feed rate of 4.5 mm/rev with water-
cooling [4]. The Ufa State Petroleum Technological
University has proposed a technique for testing cutters
for wear during friction against granite, taking into ac-
count the work face profile [11]. Test modes: six levels
of penetration per one cutter revolution 6=0.28, 0.4,
0.56, 0.8, 1.12, 1.6 mm at a rotation frequency of
90 min"!. Flushing is carried out with technical water.

The considered tests are attractive because they create
conditions that are as similar as possible to operational
ones. However, some unaccounted factors, such as the flow
of abrasive-containing drill fluid acting on the cutter, can
lead to hydroerosive wear of the carbide base under
the polycrystalline diamond insert, depriving it of support
(Fig. 2). Moreover, during the drilling process, a specified

! Cutting action blade bits equipped with cutters with a dia-
mond polycrystalline insert. General technical requirements. St.
Petersburg, Institute of Oil and Gas Technology Initiatives, 2022.
81 p.

axial load is maintained on the bit and on the cutters in
particular [12; 13]. If the tests are carried out at a constant
penetration depth, this leads to constant changes in axial
loads, which creates uncertainty in the modes of loading
the cutters during tests. The choice of granite or marble as
the work face material is caused by the fact that these ma-
terials, due to their high abrasiveness and hardness, allow
assessing the wear of the cutters in a relatively short time.
However, natural materials have a heterogeneous (lay-
ered) structure in depth, which, taking into account
the long duration of the tests, can lead to an error in the
measurements depending on the location of the abraded
layer of the work face [14; 15]. To solve this problem, it
was proposed to use artificial abrasive materials — 64C
(silicon carbide) grinding wheels, as a counterbody during
testing, which due to their increased hardness, accelerate
the wear process [10].

Despite the general test scheme, one can state that cur-
rently, there is no generally accepted technique for wear
tests of cutters, which does not allow comparing the re-
sults of different researchers and confirming the declared
quality of products. To move to the possibility of certify-
ing the quality of cutters according to the wear resistance
criterion, it is necessary to determine the list of confirmed
indicators and their ranges or limit values, observing
the unity of the conditions for conducting tests and mea-
surements. At the same time, it is advisable to supplement
the arsenal of full-scale methods for testing cutters with
simpler and more efficient methods of laboratory testing.
Their purpose is not to determine the wear rate of cutters
during operation, but only to give a comparative assess-
ment of the wear resistance of polycrystalline diamond
inserts on the edges of cutters while maintaining the test
scheme, acceptable forcing of mechanical stresses and
increasing the aggressiveness of the counterbody for
the quickest possible comparative analysis. All other factors —
the value of the load on the cutter, the cutter angle to the
counterbody, the speed of rotation of the work face, etc. —
are chosen constant so that the wear rate of the PDC in-
sert depends only on the properties of the insert on
the tested cutter.

The purpose of the study is to develop a laboratory tri-
botechnical facility and a method for testing PDC cutters
for wear.

METHODS

Development of a methodology for wear test
of PDC cutters

When developing equipment for laboratory wear tests of
cutters, the following assumptions were made. The design
of the bit provides for an angular (usually at angles from 5
to 30°) position of the cutters relative to the work face, in
which not the entire cutter surface contacts the rock, but
only the protruding edge of the diamond polycrystalline
insert (working edge). In this respect, it was decided to set
an angle close to the average in the specified range equal to
15°, due to the geometry of the equipment.

To accelerate wear tests, the authors proposed using
a metal-diamond “work face” in the form of a diamond-

10
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Fig. 1. Scheme of PDC cutter wear tests:
1 — tested cutter; 2 — counterbody (granite stone);
F — normal load; S — transverse feed; V — rotation speed of the movable counterbody
Puc. 1. Cxema ucnoimanuii PDC-pe3yos na usnawuganue:
1 — ucnvimyembviii pezey, 2 — KOHMpPMeNo (SPAHUMHbBIL KAMEHD),
F — nHopmanvnas naepysxa; S — nonepeunas nooaua;
V — ckopocmb épawenus noOsUICHO20 KOHmMpmena

Fig. 2. The proposed scheme for wear tests of the PDC cutters:
1 — tested cutter; 2 — counterbody (diamond cutting wheel);
F — fixed normal load; V — wheel rotation speed
Puc. 2. [Ipeonazaemasn cxema ucnoimanuii PDC-pe3yos na uznawueanue:
1 — ucnvimyemuiii pesey, 2 — KOoHmpmeno (AImMasHulii OMpe3Hou OUCK),
F — ghuxcuposannas nopmanbHas Hacpy3xa;
V — ckopocmu @pawenusi Oucka

containing rim of a diamond cutoff disk as a counterbody.
Unlike the use of natural rocks (granite stone), which can
have significant differences in hardness (6.5—7 units on
the Mohs scale) and tensile strength (from 40 to 80 MPa),
artificially created diamond tools are manufactured accord-
ing to accepted technical specifications and have a regulat-
ed range of properties. To test PDC cutters, it is recom-
mended to take wheels with a hard bond (6600 MPa on the
Vickers scale). This will reduce the wear rate of the dia-
mond rim and allow using one disk twice: first from one
end, then from the other. In this case, there is no disk clog-
ging. The tested edge of the PDC cutter effectively removes
the metal layer and reveals new diamond grains. Moreover,
with an increase in the hardness of the counterbody,
the pressure at the point of contact of the cutter with the me-
tal-diamond work face during friction increases. This creates
conditions for a significant acceleration of wear tests.

The recommended load on the friction contact is 20 kgf
(196.2 N). Higher loads lead to the appearance of areas of
adhesion of the PDC cutter with the diamond rim, strong
heating of the contact (over 300 °C), and rapid failure of
the diamond wheel without the possibility of its secondary
use. For the same reasons, the speed of rotation of

the wheel was limited to 200 rpm. Lower loads lead to
the necessity of increasing the test duration to form notice-
able wear. Studies have shown that the characteristic values of
the force of friction between the cutter and the diamond rim
at the selected normal load are about 60...70 N, which with
a cutting wheel diameter of 115 mm corresponds to a friction
torque of 3.6...4.2 N-m. To implement such an effort, it is
recommended to use a drive with a power of at least 400 W.
Modernized vertical drilling machines equipped with a lever
loading system can be used as such a drive.

The PDC cutters were tested for abrasive wear re-
sistance under the following test conditions:

— friction pattern: “tooth edge — diamond wheel”;

— rotation frequency of the metal “work face” — 200 rpm;

—counter sample (“work face”) — diamond -cutting
wheel (125 mm);

— samples — two PDC cutters with the same service life;

— sample mounting angle relative to the “work face” — 15°;

— test time — 30 min;

— friction without lubrication (dry);

— continuous collection of data on the normal load ap-
plied to the contact and the friction force, and periodic tem-
perature monitoring.

Frontier Materials & Technologies. 2025. No. 1

11



Kolibasov V.A., Ibatullin I.D., Novikov V.A.

“Development of a laboratory tribotechnical...”

Development of equipment for laboratory wear tests
of PDC cutters

Taking into account the above, a laboratory software and
hardware complex (Fig. 2, 3) was developed at the Chair of
Machinery and Equipment of Petroleum and Chemical Pro-
duction of Samara State Technical University. The scheme
of the friction unit (Fig. 2) of this facility is generally simi-
lar to the scheme of full-scale tests shown in Fig. 1. The
model work face is also rotating relative to the fixed cutter
inclined relative to the work face at an operating angle and
cutting into it with the edge of the polycrystalline diamond
insert. The difference is that the work face is inverted rela-
tive to the cutter, which creates conditions for the sponta-
neous removal (shedding) of wear particles from the fric-
tion zone. Moreover, such a mutual arrangement allows
free loading of the cutter from above with a fixed load and
rotation of the work face using standard and relatively in-
expensive equipment — desktop drilling or drilling-and-
milling machines as a drive. The edge of the cutter is
pressed into the diamond rim for an amount determined by
a fixed normal load and relatively stable strength properties
of the rim. This creates identical friction conditions when
testing various cutters and more closely matches the load-
ing pattern of cutters during drilling.

The design of the device for testing PDC cutters for
abrasive wear is shown in Fig. 3. The main components of
the test facility are:

1) a drive consisting of an electric motor, a spindle unit,
a rack, a base and a console table. Drilling or drilling-and-
milling machines can be used as a drive. The modification
of the machine includes the installation of a lever loading
system allowing the creation of an axial load of up to
200 N. It is preferable to use machines with the ability to
move axially the console table along the toothed rack;

2) a system for monitoring experimental data consisting
of a measuring unit (Fig. 4), an E14-140 data collection
system and PowerGraph software. The measuring unit is
equipped with sensors for the average self-heating tempera-
ture of the PDC cutter, normal load and tangential load. In
the lower part of the monoblock, there is a shank end for
fixing in a vice on the console table. In the upper part, there
is a vertical hole with a clamp allowing the fixation of the
mandrel with the tested cutter. The range of measured va-
lues of the sensors: temperature 7 — up to 600 °C, normal
load F, —up to 1000 N, friction force F; —up to 500 N. The
software allows calibrating the sensors and building dia-
grams of the measured values in real time with the adopted
data collection frequency of 100 Hz. Since the PDC cutter
materials (polycrystalline diamond insert and hard alloy)
have good thermal conductivity, the process hole for mea-
suring its average temperature is located directly under the
PDC cutter;

3) a mandrel for the PDC cutter. The mandrel provides
its reliable fixation on the monoblock and a specified angle

/4

10
77

N

74

Fig. 3. Device for abrasive wear tests of the PDC cutters:
1 — electric motor; 2 — spindle unit; 3 — rack; 4 — base; 5 — console table; 6 — lever; 7 — load;
8 —data collection system; 9 — vise;

10 — diamond cutting wheel; 11 —lock; 12 —

cooler; 13 — PDC cutter; 14 — screw coupling

Puc. 3. Yempoiicmeo ons ucnoimanus PDC-pe3yos na abpazuenoe usHawusanue:
1 — anexmpoodsuzamensv, 2 — wnUHOENbHbII Y3ei, 3 — cmouka, 4 — ocHoganue;
5 — KoHcombHbIll cmox; 6 — puiyaz; 7 — epy3; 8 —cucmema coopa OanHwix; 9 — mucku,
10— anmaswwii ompesHou ouck; 11— guxcamop; 12 — oxnaoumens, 13 —peszey PDC; 14 — cmsicka
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3

Fig. 4. Measuring unit without housing:
1 —monoblock; 2 — mandrel; 3 — PDC cutter, 4 — clamp bolt; 5 — axial load sensors;
6 — friction force sensors (tangential load),; 7 — process hole for thermocouple
Puc. 4. Hzmepumenvuwiil 610k 6e3 kopnyca:
1 — mownobnok; 2 — onpaska,; 3 — PDC-pesey; 4 — bonm xomyma, 5 — 0amuuku 0cegou Hazpy3Ku,
6 — OamyuKu cunbl mperust (ManeeHYuarbHou Hazpy3Ku);, 7 — mexHoiozcuueckoe omeepcmue OJisi mepMonapbl

of the cutter location. To unify the tests, a single angle of
15° was accepted for all cutters;

4) a mandrel for a counter-sample (Fig. 5). It allows fix-
ing the diamond cutting wheel in the drive chuck and elimi-
nates the possibility of bending the diamond cutting wheel
under the action of axial load. Moreover, the diamond cut-
ting wheel mandrel is additionally equipped with a lock that
prevents the diamond cutting wheel from rotating around
the rotation axis at high friction torques during tests, thus
ensuring the same friction path when testing different PDC
cutters and, accordingly, increasing the reliability of
the results obtained.

RESULTS

The typical diagram of wear tests according to
the “tooth edge — diamond wheel” scheme given in Fig. 6
shows that as the cutter wears, the friction torque increases.
In this case, axial and torsional vibrations occur. Axial vi-
brations lead to the formation of a wave-like profile on the
surface of the counter sample. Upon completion of the tests,
a flat similar in shape to the worn surface is formed on
the working edge of the cutter (Fig. 7).

Fractographic analysis of the surfaces of PDC cutters
worn during operation (Fig. 8) and during laboratory tests
showed a similar damage pattern in the form of a stepped

Fig. 5. Mandrel for counter sample.
Diamond cutting wheel mandrel.:
1 — hole for the lock; 2 — installed lock; 3 — diamond cutting wheel
Puc. 5. Onpaska ons konmpobpasya.
Onpaska anmasnozo ompe3nozo oucka:
1 — omsepcmue nood gurxcamop; 2 — yCmanosIeH b GUKCAMOP, 3 — AIMA3ZHBIL OMPE3HOU OUCK
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Fig. 6. Typical view of the PDC cutter test diagram
Puc. 6. Xapaxmepnwiii 6uo sniopsl ucnvimanuii PDC-pe3yos

Fig. 7. View of the worn surface of a polycrystalline diamond insert
Puc. 7. Buo usnowienHoti nogepxHocmuy NOIUKPUCTRATIIUECKOU ATMAZHOU NAACTUHbL

Fig. 8. Stepped structure of the wear surface of the polycrystalline diamond insert of PDC cutters: at magnification x40 (a) and x100 (b)
Puc. 8. Cmynenuamas cmpykmypa no8epxHocmu UsHAWUEAaHUs noruKpucmaniuieckol aimasuou niacmunsvt PDC-pe3yos:
npu yeenuuenuu x40 (@) u x100 (b)
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structure characteristic of fatigue wear. The studies of PDC
cutters of different batches and quality classes for wear
showed that the range of wear rates is from 1 to 11 mg/h,
and the wear rate of the work face is from 0.8 to 8 g/h.

The wear rate of the counterbody characterizes the degree
of aggressiveness of the cutter in relation to the work face.
Cutters with a lower content of plastic cobalt binder turned
out to be more aggressive to the metal work face.

A complex parameter characterizing the efficiency of
the cutter during friction — the amount of removed work
face (in mg) per 1 mg of weight wear of the cutting edge of
the cutter is also of interest.

Based on the conducted studies, the authors proposed
a criterion that allows classifying cutters into one of four
groups of operational properties by wear resistance, which
is given in Table 1.

DISCUSSION

The results of testing the developed laboratory tribo-
technical facility on PDC cutters of different batches
showed that tests on the new equipment allow obtaining
data on the wear rate of the working edges of PDC cut-
ters quite quickly. At the same time, the fact that grind-
ing wheels are manufactured using a specific technology
regulated by technical requirements creates prerequisites
for improving the reproducibility of test results. Since
diamond inserts are superhard materials, artificial dia-
mond-containing materials manufactured using a specific
technology can have the greatest abrasive effect on them.
Such metal-diamond composites are used as a working
layer in diamond grinding wheels and diamond cutting
wheels, the use of the latter has a significant advantage
in terms of economy.

The experimental equipment developed for conducting
abrasive tests has a wide potential for application both in
the field of well drilling and in other areas where it is ne-
cessary to assess the wear resistance of materials when ex-
posed to abrasive media.

Studying the processing of materials using diamond cut-
ting wheels often requires the development of specialized
devices for optimal tool operation. One of the key elements
of such a device is a mandrel that ensures reliable fixation
of the diamond cutting wheel and PDC cutter. It is im-
portant to take into account that the mandrel design should

prevent the wheel from bending under the influence of axial
load and ensure the correct angle of the cutter.

The obtained results show that the developed methods
for testing PDC cutters for wear and equipment can be used
to differentiate cutters by wear resistance.

The quality management system for diamond and ma-
trix bits requires improving the methods of incoming in-
spection of PDC cutter resistance to operational destructive
factors. For effective incoming inspection of PDC cutter
wear resistance, it is necessary to ensure both the adequacy
of test results and the efficiency of testing without unneces-
sary costs. For this purpose, special laboratory equipment
was developed at Samara State Technical University. To
accelerate wear tests, it was proposed to use a metal-
diamond work face in the form of a diamond-containing
rim of a diamond cutting wheel as a counterbody. Unlike
the use of natural rocks (granite stone), which can have
significant differences in hardness (6.5—7 units on the
Mohs scale) and tensile strength (from 40 to 80 MPa),
artificially created diamond tools are manufactured ac-
cording to accepted technical requirements and have
a regulated range of properties. To test PDC cutters, it is
recommended to take wheels with a hard bond (6600 MPa
on the Vickers scale). This will reduce the wear rate of the
diamond rim and allow using one disk twice: first from
one end, then from the other. In this case, there is no disk
clogging. The tested edge of the PDC cutter effectively
removes the metal layer and reveals new diamond grains.
Moreover, with an increase in the hardness of the counter-
body, the pressure at the point of contact of the cutter with
the metal-diamond face during friction increases. This
creates conditions for forcing wear tests.

The recommended load on the friction contact is 20 kgf
(196.2 N). Higher loads lead to the appearance of areas of
adhesion of the PDC cutter with the diamond rim, strong
heating of the contact (over 300 °C), and rapid failure of the
diamond wheel without the possibility of its secondary use.
For the same reasons, the rotation speed of the wheel was
limited to 200 rpm. Lower loads lead to the necessity of
increasing the test duration to form noticeable wear.
The studies have shown that the characteristic values of
the force of friction between the cutter and the diamond rim
under the selected normal load are about 60...70 N, which,
with a cutting wheel diameter of 115 mm, corresponds to
a friction torque of 3.6..4.2 N-m. To implement such

Table 1. Classification of PDC cutters by abrasion resistance

Taénuua 1. Knaccuguxayus PDC-pe3yos no cmotikocmu Kk abpasusHoMy UCMUpaHuio

Group of cutter operational properties
according to wear resistance

Cutter wear rate, mg/h

1 <2
2 2.4
3 4.6
4 >6
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an effort, it is recommended to use a drive with a power of
at least 400 W. For testing, the drive can be implemented
on the basis of vertical drilling machines equipping them
additionally with a lever loading system.

Similarly, OAO Volgaburmash (OJSC) practiced me-
thods for assessing the abrasion resistance of teeth, in
which a granite blank was installed on a turning lathe and
turned with a special cutter, where instead of a replaceable
cutting plate, the test tooth was installed so that its cutting
edge was located at the place of the cutting edge of the
cutter. Thus, the operation of the tooth at the work face
was simulated. The disadvantages of this method are
the duration and high cost of tests. One test requires time
from several hours to several days. The use of granite
stone both leads to economic expenditures and creates
certain difficulties in terms of standardizing its characte-
ristics: natural stone is heterogencous, has strength that
varies several times and may contain an unregulated num-
ber of defects. Moreover, during these tests, a large
amount of stone dust is created, and since this has a nega-
tive impact on human health and safety, a separate room is
required. In addition, dust can settle on production lines,
equipment and finished products, which leads to defects,
quality deterioration, and the need for additional cleaning
and, as a result, to increased costs.

The manual developed by OOO PetroEngineering
(LLC) proposes a technology for determining the feasi-
bility of further operation of a PDC bit in field condi-
tions. The technology is based on observations of the
wear of hundreds of bits in Western Siberian fields and
an analysis of maintenance documentation (flaw detec-
tion reports, bit run cards, repair cost estimates), as well
as expert opinions from specialized professionals from
various companies®. This technology is quite comprehen-
sive and suggests assessing both the bit suitability for
further work as intended and, based on economic calcu-
lations, the profitability of its repair (if the repair ex-
penses do not exceed 20...30 % of the new bit cost) or
the need for disposal (if the repair expenses reach
70...80 % ofthe new bit cost). The analysis of the bit
condition is based on a visual inspection and wear as-
sessment of five main elements that have the greatest
impact on the bit condition: PDC cutters, cavities, flush-
ing elements, bit diameter and thread condition. When
counting the cutters that require replacement, all cutting
elements with noticeable damage, regardless of their size
and nature, are considered as such. It is believed that if
the share of damaged cutters on a bit is more than 60 %
of all rock-destructing cutters, then the bit operation
should be finished before a decision is made on the ad-
visability of its restoration or disposal. One should note
that this guide is practical and economically feasible, but
not every cutter damage should be considered a reason
for its replacement, taking into account that this is
the most expensive repair item. At the same time,

2 Mpyasnikov Ya.V., lonenko A.V., Gadzhiev S.G.,
Lipatnikov A.A., Leonov E.G. How to assess properly the wear
of PDC bits in the field? Sphere. Oil and Gas: official website.
URL: https.//chepanedpmoucas.pgh/iscpetro-2014-5/.

the features of the geological section are not always ta-
ken into account.

The methodology adopted by the Burintekh Scientific
and Production Enterprise considers bits unsuitable and
subjected to rejection in the following cases: the diameter
of the bit has decreased by 2..3 mm (depending on
the size); wear of the cutters has caused a noticeable de-
crease in the mechanical drilling speed; overheating of the
cutters is observed over the entire surface; with significant
destruction of one or several cutters®. These recommenda-
tions are also not unambiguously clear for an operator using
them with insufficient experience.

The considered approaches to the analysis of tool wear
are based on the study of existing damage, but how to ap-
proach the prediction of the performance of the drill bit
tool? To answer this question, there are various prediction
models [16; 17], including methods based on the use of
artificial intelligence. Thus, in the work [18] a two-stage
neural network model is proposed, which at the first stage
estimates the drilling speed, and at the second — predicts
the percentage of PDC cutter breakdowns.

CONCLUSIONS

Conducting tests on a laboratory tribotechnical facility
for PDC cutters of different batches allowed obtaining
important data on the wear rate of working edges. Test-
ing results showed that the range of wear rates varies
from 1 to 11 mg/h. It is important to note that the wear
rate of the work face fluctuates from 0.8 to 8 g/h. These
results indicate the effectiveness of the new equipment
for quick and accurate measurement of PDC cutter wear
during operation.

The authors have developed methods and equipment for
laboratory testing of PDC cutters for wear during friction
against a diamond-containing metal work face, which can
be used for incoming quality control of a batch of PDC
cutters arriving for assembly of diamond drill bits. Research
conducted based on the obtained data allowed developing
a criterion for classifying cutters by their wear resistance.
The proposed criterion allows determining more accurately
the wear resistance category of cutters, which, in turn, helps
to increase the efficiency of production processes. Except
for the wear of PDC cutters, it is recommended to evaluate
also the wear of the counterbody, which characterizes
the performance of the cutter.
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Annomayusn: B npaktrke OypeHus: HehTera3oBbIX CKBaKUH ajIMa3HbIMH JI0JIOTaMH, BOOpykeHHbIMU PDC-pesliamu, nMeroT
MECTO CITy4al HECOOTBETCTBHUS KayecTBa PE3LOB 3asBICHHOMY Kiaccy. [Ipy 3TOM IpHUMeHseMble B HACTOSIIEE BPEMSI METOJIbI
HaTYPHBIX UCTIBITAHUM, KOTJ]a B KAYECTBE KOHTPTEJA UCTIONB3YIOT TPAHUTHBIA KAMEHb, SIBJISIOTCS JTUTEIIBHBIMH M IOPOTOCTOS-
IIMMH, YTO 3aTPYAHSIET UX MPUMEHEHHE JUIsl OLIEPATUBHOTO BXOIHOTO KOHTPOJIsI HOBBIX HapTuii PDC-pe3toB, nocrynarommx Ha
cOOpKy aJMa3HBIX JI0JIOT. JTO 00YCIOBHIO HEOOXOIMMOCTh Pa3pabOTKH JIa0OpaTOPHOTO TPHOOTEXHUYECKOTO0 KOMILIEKCa Juls
KOJIMYECTBEHHOH OleHKH criocoOHocTH PDC-pe3lioB nMpoTHBOCTOSTH UCTHPaHHIO 00 abpasuBHBIE Marepuaibl. VcciaenoBanue
TIOCBSILICHO pa3paboTKe CHELUaIN3UPOBAHHOTO TPUOOTEXHUYECKOTO KOMIUIEKCA, TO3BOJIIONIETO NMPOBOIUTH HCIBITAHHS HA
n3HammBaane PDC-pe3IoB pa3snimyHBIX THITOPA3MEPOB TIPH TPEHUH 00 aMa30CoIep Kl MeTaJUTIYeCKIi 3a00H, B KaduecTBe
KOTOPOT'O TIPEIORKEHO MCIOIb30BaTh AIMa3HbIE OTPE3HbIE AUCKU. B coctaB pa3paboTaHHOTO J1a00paTOpPHOTO TPHOOTEXHMYE-
CKOT'0 KOMIUIEKCA BXOJAT: JIEKTPOMEXaHNYECKUH MPUBOA BpalIeHNs (CTAHOK CBEPIMIBHO-(PE3epHON IPYIIIBI); H3MEPUTEIb-
HBIH OJIOK C JaTIMKaMi HOPMAJIbHBIX HATrPYy30K, CHIIbI TPEHHS U TEMIIEPaTyphbl CaMOpa30rpeBa Pe3lia P UCTIBITAHUSX; PhIUakK-
HBIM MEXaHU3M Harpy KeHus; Habop OMPaBOK ISl BO3MOXHOCTH YCTaHOBKM PDC-pe3LoB pa3iidIHbIX THIIOPa3MEPOB; CHCTEMA
cOOpa JaHHBIX ¥ JIMIICH3MOHHOE POrpaMMHOe oOecrieueHue. Pe3ynpTaThl anpodaimy pa3paboTaHHOTO JT1a00paTOPHOTO TPHUOO-
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TEXHHYECKOro kKomiuiekca Ha PDC-pe3nax pa3inyHbIX MapTHil HOKA3aIH, YTO UCIBITAHMS Ha HOBOM 000PYIOBaHUH TTO3BOJISIOT
JOCTaTOYHO OBICTPO IOTy4aTh JAHHbBIE O CKOPOCTH W3HAIMBaHUA padounx kpoMok PDC-pesunoB. Pa3spaboTaHHbIe METOOMKH,
000py/1I0BaHUE U KPUTEPUH MOYKHO HCIIOJI30BATh JIsl BO3MOXKHOCTH cepTH(HKamu u3HococTolikocti PDC-pe3ios.

Knioueswte cnosa: anmaznoe nonoto; PDC-peser; TpuboTexHUYeCKU KOMIUIEKC; aIMa30COAepKalluil MeTalu-
yeckuil 3a00i1.
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Abstract: The mechanical properties and microstructure of high-entropy alloys (HEA) of the CoCrZrMnNi system
produced by vacuum-induction melting are studied depending on the change in the Zr and Mn content. The effect of the Zr
and Mn percentage on the microstructure and mechanical properties (Young’s modulus, nanohardness, microhardness) of
the high-entropy alloys of the CoCrZrMnNi system is estimated. The relationship between varying the percentage of Zr
and Mn and changing the grain size and mechanical properties of high-entropy alloys is studied. The structure, chemical
composition and distribution of the intensity of characteristic X-ray radiation of atoms are studied using scanning electron
microscopy. The study by scanning electron microscopy methods has demonstrated that in CoCrZrMnNi alloys, with
an increase in the zirconium content and a decrease in the manganese content closer to the equiatomic composition,
the material structure became more homogeneous. Changing the percentage of zirconium from 8 to 28 at. % contributed to
the grain size reduction from 30 to 5 pum and a more uniform elemental distribution. The Co193Cr7.5Zr153Mny77Nij9.7 alloy
demonstrated the highest nanohardness (10 GPa) and Young’s modulus (161 GPa) during instrumental indentation with
an indenter load of 50 mN. The Co020.4Cris0Z170Mns3 3Niz 3 alloy has the lowest nanohardness, Young’s modulus, and mi-
crohardness among other alloys, which may be related to the coarse-grained structure with a grain size of up to 30 um. As
the indenter load increased to 5 N, the microhardness of the Co19sCri7.5Zr153Mny;77Nije7 alloy decreased compared
to the Coi37CrissZ1289Mni74Nige alloy, which may indicate more universal mechanical properties of alloys with
equiatomic zirconium content.

Keywords: structure; mechanical properties; high-entropy alloy; vacuum-induction melting; scanning electron micro-
scopy; Young’s modulus; nanohardness; microhardness.
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INTRODUCTION

A new class of metallic materials, high-entropy alloys
(HEAs), possessing the necessary physical, mechanical and
operational characteristics, are materials consisting of five

and good resistance to oxidation and corrosion [9; 10].
The unique characteristics of these alloys are due to
the intrinsic properties of a multicomponent solid solution,
such as a distorted lattice structure [11], a cocktail effect

or more elements in equal or similar concentrations [1-3].
An increase in the number of elements improves mutual
solubility, facilitating the formation of a single-phase solid
solution [4]. Some promising technological features of
HEAs include high hardness [5], good wear resistance [6],
excellent strength at both high and low temperatures [7; 8],

[12], slow diffusion [5], and nanoscale twinning [9].
Among the HEAs, a comprehensively studied and
promising material is the equiatomic CoCrFeMnNi
composition called the Cantor alloy [13]. Although this
material has a multicomponent chemical structure, it forms
a single-phase solid solution with a face-centered cubic
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lattice [14]. Due to this structure, the material demonstrates
high plasticity at room temperature with a relative elonga-
tion before failure of ~71 %. However, the key disad-
vantage of the Cantor alloy remains the relatively low va-
lues of yield strength of =220 MPa and tensile strength of
~491 MPa, which significantly narrows the area of their
practical application [15]. In this regard, an urgent task in
the development of the HEA of this system is to find me-
thods for improving the strength characteristics without
compromising on the reduction of plasticity.

In recent years, much work has been focused on
the development of new HEA compositions with good
mechanical characteristics [16]. A promising direction
for improving the mechanical and functional properties
of alloys is alloying with well-studied elements, for ex-
ample, by adding zirconium [17]. Zirconium alloying has
been studied to improve the mechanical properties of
both light alloys [18] and steels [19], but the influence of
zirconium on the mechanical properties of high-entropy
Cantor alloys with Zr content up to 30 at. % has not yet
been studied. The expected strengthening mechanism
associated with Zr modifications in HEA is pinning of
dislocations, which can be caused by a strong lattice dis-
tortion. This distortion, in turn, can be caused by substi-
tution defects, vacancies, or phase mismatch [20]. Based
on the study of the CoCrFeNiZr system alloy, the work
[17] discusses the effect of zirconium on changes in
the alloy microstructure, but does not investigate
the dependence of changes in mechanical properties
and structure with an increase in the zirconium content
with a simultaneous decrease in the content of another
component.

In this study, the authors study three compositions of
high-entropy alloys of the CoCrZrMnNi system with
a change in the concentration of zirconium and manganese
in the alloy from =5 to =30 at. %.

The aim of this research is a detailed study of
the microstructure and homogeneity of the distribution of
elements in the produced alloys depending on the increase
in the Zr content with a simultaneous decrease in Mn; ana-
lysis of the effect of zirconium additives on the change in
microhardness, nanohardness, and Young’s modulus of
CoCrZrMnNi alloys; and selection of a composition with
optimal mechanical properties.

METHODS

In this work, the authors investigated as-cast high-entropy
CoCrZrMnNi system alloys with different zirconium and
manganese contents (Table 1) produced by vacuum-
induction melting.

Samples were cut from the produced ingots on
a DK7732 MI11 jet-type electrical discharge machine.
To obtain a high-quality microsection surface for re-
search, during grinding the authors successively moved
from one sandpaper to another with continuously de-
creasing sizes of abrasive particles and then polished
the sample using a special cloth and paste. To identify
the microstructure of the samples, etching in a reagent

consisting of HNO3 and HCl in a ratio of 1:3 was carried
out; the etching time was 10-30 s.

The structure and elemental composition of the samples
were studied using scanning electron microscopy (SEM)
(KYKY EM-6900 device (China) equipped with an Oxford
Xplore energy-dispersive analyzer (UK)) with an accelerat-
ing voltage of 30 kV, a filament current of 2.20 A, and an
emission current of 150-107° A. The distribution of the in-
tensity of the characteristic X-ray radiation of atoms was
obtained by scanning along the line using X-ray microana-
lysis to determine the concentration heterogeneity of the
alloys. This analysis was carried out on etched areas rang-
ing from 80 to 600 pm in length.

The microhardness study was carried out using an HVS-
1000A microhardness tester. The load was constant for all
processing modes and was 5 N. The nanohardness and elas-
tic modulus were measured using a NanoScan-4D nano-
hardness tester. The measurement method is indenting
a diamond pyramid (indenter) with recording the force and
depth of loading and subsequent calculation of hardness
and modulus of elasticity in accordance with GOST 8.748-
2011 (ISO 14577). Measurement procedure parameters:
indenter is a triangular Berkovich pyramid; loading time is
10 s; unloading time is 10 s; maximum load maintenance
time is 10 s; applied load is 50 mN.

RESULTS

The microstructure of the as-cast Co198Cr17.5Zr153Mnz77Ni197
high-entropy alloy produced by vacuum-induction remelt-
ing is shown in Fig. 1 and demonstrates a dendritic struc-
ture. The distribution of Co, Cr, Zr, Mn, and Ni was identi-
fied by mapping techniques. According to the data of con-
ducted X-ray microanalysis, the content of elements pre-
sented in Table 2 was identified in the interdendritic (Fig. 1,
spectra 1, 2) and dendritic regions (Fig. 1, spectra 3, 4) of the
Co195Cr175Zr153Mny77Ni197 alloy. The dendritic region is
enriched in chromium and manganese, reaching 42 and
29 at. %, respectively, but is depleted in zirconium
(=1 at. %). The grain size of the chromium-enriched dendritic
“islands” was 30 um. Based on the distribution of
the intensity of characteristic X-ray radiation of atoms shown
in Fig. 2, one can conclude that the distribution of chromium,
manganese and zirconium atoms is non-uniform.

In the alloy with a Zr content of 7.9 % and Mn content
of 33.3 %, a quasi-uniform distribution of manganese,
cobalt and nickel was identified (Fig. 3). The rest Zr and
Cr elements demonstrate large-scale non-uniformities.
The dendrites consist of an equimolar solid solution of Mn,
Cr, Ni (Fig. 3, spectra 2—4), with the absolute amount of
each component slightly higher than the nominal. Zirconi-
um is mainly concentrated in the interdendritic regions
(Fig. 3, spectrum 1, Table 3); these regions are also en-
riched in Ni and depleted in Cr. The interdendritic phase of
the Zr-free alloy contains grains consisting of Mn and Cr.
Based on the graph (Fig.4), one can conclude that two
compounds are formed in the 16-36 pm and 56-68 um
regions. In these regions, the concentration of manganese
and nickel varies from 6 to 46 at. %.
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Table 1. Chemical composition of the studied samples of as-cast high-entropy alloys based

on the CoCrZrMnNi system produced by the method of vacuum-induction melting

Tabnuya 1. Xumuueckuii cocmag ucciedyemvix 06pasyo8 6blcOKOIHMPONULHBIX CNIABOE 8 TUMOM COCHOAHUU
Ha ocrnoge cucmemvl CoCrZrMnNi, nonyyenHvix Memooom aKyyMHOU UHOYKYUOHHOU NIABKU

Co, at. % Cr, at. % Zr, at. % Mn, at. % Ni, at. %
19.8 17.5 15.3 27.7 19.7
20.4 18.0 7.9 333 20.3
18.7 16.5 28.9 17.4 18.6

50 um I 50 um

50 um ' 50 um

50 um ' 50 um

Fig. 1. Elemental mapping of the Co19.8Cri7.5Zr15.3Mn27.7Ni19.7 alloy.
1—4 are sections of X-ray spectral microscanning. The arrows indicate the areas of dendrites measured in diameter
Puc. 1. Snemenmnoe xapmuposanue cniasa Coi9,sCriz,52r153Mn27,7Ni19,7.
14 — yuacmku MUKpopenmeenocnekmpaibHo20 CKAHUPOBAHUSL.
Cmpenxkamu noxasamvl 001acmu 3aMepsaemsvlx OeHOPUMo8 no OUamMempy
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Table 2. The results of X-ray spectral microanalysis of the HEA presented in Fig. 1
Taonuya 2. Pe3ynomamor muxpopenmeenocnekmpanviozo ananuza BOC no cnexkmpam, npedcmasnennozo na puc. 1

Element, at. %
Spectrum
Cr Mn Zr Co Ni (0]
1 10.27 25.29 16.26 25.43 22.75 -
2 39.21 26.94 0.92 15.83 9.64 7.45
3 42.33 29.06 1.00 17.16 10.44 -
4 33.63 29.45 4.08 18.96 13.88 -
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Fig. 2. Analysis of concentration heterogeneity of the Co19.5Cr17.5Zr153Mnz27.7Ni19.7 alloy a line length of 600 um
Puc. 2. Ananu3z xonyenmpayuonnoii Heoonopoonocmu cnnaga Co19,sCri7,52r153Mn27,7Ni19,7 600ab aunuu npomsicennocmoio 600 mxm

Analysis of the images obtained using SEM demonstrates
the presence of elongated grains in the microstructure of
the alloy (Fig. 5, spectrum 1). Despite the fact that the result-
ing high-entropy alloy has a non-equiatomic ratio of ele-
ments, among which Zr is predominant (Fig. 5, spectrum 1),
its content in different regions decreases to 3 at. % (Fig. 5,
spectrum 2) simultaneously with an increase in the content of
Mn (30 at. %) and Ni (32 at. %). Elemental mapping demon-
strated a uniform distribution of nickel, manganese, and

cobalt (Fig. 5, spectrum 3). The microstructure analysis per-
formed using SEM and a built-in EDS detector confirmed
the non-uniform distribution of zirconium and chromium
(Table 4), as well as the formation of globular inclusions
containing Zr (Fig. 5).

Based on the distribution of the intensity of characteris-
tic X-ray radiation of atoms shown in Fig. 6, it is possible to
conclude about the non-uniform distribution of chromi-
um, manganese and zirconium atoms. The size of
24
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Fig. 3. Elemental mapping of the Co20.4Cris.0Zr7.9Mn33.3Nizo3 alloy.

1—4 are sections of X-ray spectral microscanning

Puc. 3. Dnemenmnoe kapmupoganue cniasa Co20,4Cri1s.0Zr7,9Mn33,3Nizo,3.
1—4 — yuacmxu MuKpopenmeenocneKmpaibHo20 CKAHUPOBAHUSA

Table 3. The results of X-ray spectral microanalysis of the HEA presented in Fig. 3
Tabnuya 3. Pe3ynemamer mukpopenmezenocnexmpansiozo ananusa BOC no cnekmpam, npedcmasnennozo na puc. 3

Element, at. %

Spectrum
Cr Mn Zr Co Ni
1 5.98 26.24 14.00 20.65 33.14
2 45.92 21.78 1.00 21.75 10.55
3 16.33 40.62 1.46 17.69 2391
4 45.92 21.78 1.00 21.75 10.55
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Fig. 4. Determination of concentration heterogeneity of the C0204Cris.0Zr7.9Mns3.3Niz2o 3 alloy a line length of 90 pm
Puc. 4. Onpeoenenue xonyenmpayuonnoti neoonopoonocmu cnaaga Co20,4Cris,0Zr7,9Mn33,3Niz03
6001 TUHUU npomsidceHHocmvio 90 Mrm

Table 4. The results of X-ray spectral microanalysis of the HEA presented in Fig. 5
Taonuua 4. Peszynomamvl MUuKpopenmeeHocnekmpaibHo2o ananuza BOC no cnekmpam, npedcmasienHo2o Ha puc. 5

Element, at. %
Spectrum
Cr Mn Zr Co Ni
1 18.31 16.27 24.26 23.21 17.95
2 10.74 30.21 3.87 23.18 32.00
3 12.76 22.28 19.65 20.98 24.32

the areas of non-uniform distribution of elements is up
to 10 pm (Fig. 6).

The change in nanohardness and microhardness in
CoCrZrMnNi alloys with an increase in the zirconium content
and a decrease in the manganese content is distributed non-
linearly. Thus, in the CO19_8CI'17_5ZI'15_3MI]27_7Ni19_7 alloy,
the nanohardness values obtained in the interdendritic phase
enriched with zirconium were 11 GPa, which is higher
compared to the measurements carried out in the dendritic
region equal to 9 GPa. These nanohardness values are the best
among the other alloys studied. With an increase in

the indenter load from 50 mN to 5 N, the microhardness of
the Co19.5Cri7.5Zr153Mn27.7Ni197 alloy decreases compared
to the Cois7CriesZrs9Mny74Nijge  alloy by 10 %.
In general, the trend of increasing zirconium content has
a positive effect on the increase in the microhardness of
the material changing from 295 to 553 HV,s (Fig. 7, Table 5).
Thus, the alloy with the element content close to equimolar
Co137Cri65Z1230Mn;74Ni1g6 alloy demonstrates better harde-
ning ability compared to alloys with a nominal zirconium con-
tent of 7 and 15%. Mechanically (elastic modulus),
the Co0204Cri50Zr70Mns33Niz3 and Cois7CriesZrsoMn 74Niise

26
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Fig. 5. Elemental mapping of the Co1s.7Cr16.5Zr259Mni7.4Niis.c alloy.
1-3 are sections of X-ray spectral microscanning
Puc. 5. Dnemenmnoe kapmupoganue cniasa Cois,7Cr16,52r28,9Mni7,4Ni1s6.
1-3 — yyacmku MUKpopeHmaeHoCneKmpanbHo20 CKAHUPOBAHUS

alloys differ little, demonstrating very similar values —
122.73+£10.37 and 109+10.41 GPa, respectively.

The microstructure of the as-cast CoCrZrMnNi alloy
with nonequimolar Zr (8 at. %) and Mn (33 at. %) contents
(Fig. 8 ¢, 8 d) consists predominantly of large dendrites
with an increased chromium content of up to 46 %
(Table 3). An increase in the zirconium content in
the interdendritic regions of the Co204Crig0Zr70Mn333Niz 3
alloy reached 14 at. %. With an increase in the Zr content
and a decrease in the Mn content closer to the equiatomic
composition, the structure of the material became more
uniform and the grain size decreased from 30 (Fig. 8 a, 8 b)
to 5 um (Fig. 8 e, 8 f). The smallest dendritic grains are
found in the CO]8.7CI’16,5ZI'28,9MII17,4Ni18,6 alloy, located
from the edge of the sample to the center.

DISCUSSION

In Fig. 1, the interdendritic phase of the Zr-free alloy
contains small spherical inclusions (10 pm in diameter)
consisting of Mn and Cr oxides. The formation of such in-
clusions has been previously noted by several authors.
Apparently, inclusions are difficult to avoid when produc-
ing materials melted in a vacuum-induction furnace [21].
The reason for their presence is partial oxidation of
the charge material, as evidenced by the data in Table 2
obtained by the X-ray microanalysis method.

Probably, the alignment of dendritic grains is associated
with the direction of heat flow during solidification. In all
the studied alloys, a quasi-homogeneous distribution of
cobalt atoms was noted in elemental mapping (Figs. 1, 3, 5),
thereby the percentage content of cobalt corresponds to
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Fig. 6. Determination of concentration heterogeneity of the Co1s.7Cr16.5Zr2s.9Mn17.4Ni1s.s alloy along a line length of 246 ym
Puc. 6. Onpedenenue konyenmpayuonnoi heoonopoonocmu cnaasa Cois,7Cri6,52r259Mni7,4Niis6
60016 TUHUU NPOMSAANCEHHOCMbIO 246 MKM

Table 5. Changes in the mechanical properties of CoCrZrMnNi alloys depending on changes in the zirconium and manganese content
Tabnuua 5. Hzmenenue mexarnuyeckux ceoticms cniaeog CoCrZrMnNi 6 3agucumocmu om usmeHenust COOEPICAHUsL YUPKOHUSL U MAP2aHYA

Average value
Indenter penetration depth, Nanohardness, Young’s modulus, Microhardness,
nm GPa GPa HVO0.5
C019.8Cr17.5Zr153Mn27.7Ni19.7

425.41+0.28 10.05+1.03 161.67+20.57 484+58
C020.4Cr18.0Zr7.9Mn33.3Niz0.3

745.22+43.63 3.48+0.38 122.73+10.37 334435
Co018.7Cr16.5Zr28.9Mn17.4Niis.6

454.30+23.45 8.95+0.83 109.96+10.41 537457
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Fig. 7. Optical image and loading—unloading graph of instrumental indentation of CoCrZrMnNi alloys:
a— Co0195Cr17.52r15.3Mn27.7Ni19.7, b — C020.4Cr18.02r7.9Mn33.3Niz0.3, ¢ — C018.7Cr16.52r28.9Mn17.4Ni1s.6
Puc. 7. Onmuueckoe uzobpasicenue u 2paQux pasepyrcenuss — HaspyHCeHus.
UHCMPYMEeHManbHo20 undenmuposanus cniaeos CoCrZrMnNi:

a— Co198Cri7,5Zr153Mn27,7Ni19,7, b — C020,4Cris,0Zr7,9Mn33,3Niz03, ¢ — Co18,7Cr16,52r289Mni7,4Ni1s,6

Frontier Materials & Technologies. 2025. No. 1



Konovalov S.V., Drobyshev V.K., Panchenko I.A. et al. “ Structure and mechanical properties of high-entropy alloys...”

4
s,

a0 Ul “i
oft) -

YK

10'pm

MA KX = 10um=— —
DETIESE HY KY/EN6E

1 10 pm

’ - J
MAG 150 KX l -Jmmn‘—l . / MAGHIEOIKK e LTS —
W50 ni DET'SExd KY KY-EME500 . . WO B D DETIBSE! K K Y-EME500

e S

Fig. 8. Microstructure of CoCrZrMnNi alloys with different zirconium and manganese contents:
a, b— SEM of the Co19.sCr17.5Zr15.3Mn27.7Ni19.7 alloy using SE and BSE detector;
¢, d— SEM of the C020.4Cri5.0Zr7.9Mn33.3Niz0.3 alloy using SE and BSE detector;
e, f— SEM of the Co1s.7Cr16.5Zr2s.9Mn17.4Ni1s.s alloy using SE and BSE detector
Puc. 8. Muxpocmpyxmypa cnnasog CoCrZrMnNi ¢ pasuvim cooepaicanuem YUpKoHUs U MApeauya:

a, b— COM cnnasa Co19,5Cri7,52r153Mn27,7Ni19,7 ¢ ucnonvzosanuem SE u BSE demexmopa,

¢, d— COM cnaasa C020,4Cri8,0Zr7,9Mn33,3Niz0.3 ¢ ucnonvsosanuem SE u BSE oemexmopa;

e, f— COM cnuasa Cois,7Cr16,52r28,9Mn17,4Ni1s,.6 ¢ ucnonvzosanuem SE u BSE 0emexmopa
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the nominal one in the studied alloys, which is consistent
with the data of [22].

It is worth noting that the microhardness of the non-
equiatomic CO18,7CI'16,5ZI‘28,9M1117,4Ni18,6 alloy (537i57 HVo,s)
(Table 5) exceeds the value for the Co193Cry75Zr153Mn277Nij97
composition close to equiatomic (484+58 HV,s) [29], and
the lowest values are observed in the alloy with a Zr content
of 7.9 at. % and a Mn content of 33.3 at. %. This may be
due to a finer grain structure reaching a size of about
5um and a more uniform distribution of elements
in the Coi37CrissZrsoMni74Niss alloy compared to
the Coi9sCr175Zr153Mny77Nitg7 1 Co204Cris.0Z1r79Mns33Niz03
alloys. A similar pattern of changes in mechanical pro-
perties at nonequiatomic concentrations of Fe and Mn lead-
ing to an increase in the micro- and nanohardness of
CoCrFeMnNi alloys is observed in [15].

Dark particles are present in the electron microscopic ima-
ges shown in Fig. 7. This may be due to contamination of
the material mainly by particles coming from metal oxides
during sample preparation using jet-type electrical discharge
equipment. Thus, in the work [23], a similar phenomenon was
observed after milling the alloy of the CoCrFeNi system.

Changing the zirconium and manganese content has
a significant effect on the nanohardness, microhardness, and
Young’s modulus of the CoCrZrMnN:i alloys, which can lead
to various structural transformations and mechanical charac-
teristics. Thus, in the study [16], a similar effect was ob-
served from varying the percentage content of Fe and Mn
from 5 to 35 at. %, which led to a nonlinear change in
the strength properties of these materials, which are decisive
for the use of HEA in modern structural materials. The con-
ducted studies confirm the assumption about the strengthen-
ing effect of HEA with an increased zirconium content.

CONCLUSIONS

It was found that the production of high-entropy alloys
of the CoCrZrMnNi system by vacuum-induction melting
contributes to the production of alloys with a heterogeneous
structure and various mechanical properties:

1. An increase in the =zirconium content in
the CoCrZrMnNi alloys from 8 to 28 at. % contributed to
the formation of a fine-grained structure and a more uni-
form elemental distribution.

2. The Coi98Cri7.5Zr153Mnz77Nijg7 alloy demonstrated
the highest nanohardness (10 GPa) and Young’s modulus
(161 GPa) during instrumental indentation. At the same
time, the Co0204Cris.0Z179Mns33Nizg3 alloy has the lowest
mechanical properties (nanohardness, Young’s modulus,
and microhardness) among other alloys, which may be due
to the coarse-grained structure. As the indenter load increased
(5N), the microhardness of the Coi9sCri75Zr53Mny77Nij97
alloy decreased compared to the Coig7CrissZrzoMny74Niige
alloy, which may indicate more universal mechanical pro-
perties of alloys with a zirconium content of 20 at. %.
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Annomayusn: VI3ydeHbl MEXaHHYECKHE CBOMCTBA U MUKPOCTPYKTYpa BBICOKOIHTPONHMHHBIX ciiaBoB (BOC) cucremsl
CoCrZrMnNi, mosry4eHHBIX BaKyyMHO-MHAYKIIMOHHOHW IUIABKOW, B 3aBHCHUMOCTH OT M3MEHEHHs cojaepxaHus Zr u Mn.
OrneHuBaeTcst BAMSHUE MPOLIEHTHOTO Co/iepXaHus Zr 1 Mn Ha MUKPOCTPYKTYPY M MEXaHH4YecKue cBoicTBa (Moaynb FOH-
ra, HAHOTBEPJAOCTh, MUKPOTBepaocTh) BOC cuctembr CoCrZrMnNi. M3ydena cBs3p BapbUpOBaHUS MPOIICHTHOTO COIEp-
kaHuA Zr 1 Mn ¢ U3MEHEHHEM pa3Mepa 3epeH U MexaHudeckux cBoicte BOC. MccnenoBaHus CTPyKTYpbI, XHMHUYECKOTO
COCTaBa M paclpeeNIeHNs] NHTEHCUBHOCTH XapaKTEPHCTHYECKOTO PEHTTEHOBCKOTO M3JIydYEeHHUs] aTOMOB BBITTOJHEHBI C HC-
I10JIb30BAHUEM CKAHMPYIOIIEH JIEKTPOHHONH MUKPOCKONHU. MeTogamMu CKaHUPYOUIEH 3JEKTPOHHOM MHUKPOCKOIIMU IIPO-
JIEMOHCTPUPOBAHO, 4TO B criaBax CoCrZrMnNi npu yBelIWYeHHN COAEPKaHUS LIMPKOHWUSA W YMEHBIIEHHH COJEpKaHMs
Maprasia Onmxe K 5KBUAaTOMHOMY COCTaBy CTPYKTypa MaTepHaia CTaHOBHJIACh Oolice OJHOPOAHOH. M3MeHeHue mpo-
IIEHTHOTO COJICPKaHUsI [IUPKOHUSA ¢ 8 110 28 aT. % crnocoOCTBOBaIO yMEHbIIeHUIO 3epHa ¢ 30 10 5 MKM U OoJiee 0THOPO/I-
HOMY aieMeHTHOMY pactpeneneHuio. CruiaB CoiogCri7,s5Zris3Mny77Nij7 B X0/1€ MHCTPYMEHTAILHOI'O MHICHTUPOBAHMUS
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¢ Harpy3ko# Ha uHIeHTop 50 MH mpomemoncTpupoBan Hanbonbmee 3HaueHne HaHoTBepaoctu (10 I'Tla) u momyns FOnra
(161 I'lTa). CmmaB Co204Cri80Z1r70Mn33 3Niz 3 0o0lagaeT HaMMEHBIIMMHU HapamMeTpaMyd HaHOTBepAocTH, mMoxyins HOHra,
MHUKPOTBEPAOCTH CPEIH APYIUX CILIABOB, YTO MOXKET OBITh CBSI3aHO C KPYITHO3EPHUCTOW CTPYKTYPOH C pasMepoM 3epHa
10 30 mxm. [To Mepe yBenndeHust Harpy3ku Ha UHAEHTOp 10 5 H mukporBepmocth cmiaBa CoiogCriz,sZris3Mnaz7Niig 7
CHIDKAJIACh M0 cpaBHEHUIO co cruiaBoM Co;s7Cri65Z1289Mn;74Nijg6, YTO MOXKET yKa3bIBaTh HA 00JIEe YHUBEPCAIbHBIC M-
XaHUYECKHE CBOIMCTBA CIUIABOB C SKBUATOMHBIM COJIEp)KaHHEM LIUPKOHUSI.

Knrwouesvle cnosa: crpykTypa, MEXaHWYeCKHE CBOIMCTBA; BHICOKODHTPOIIMMHBIN CIUIAB; BaKyyMHasi WHIyKIMOHHAs
TUIaBKa; CKaHUPYIOIIAs SIEKTPOHHAsE MUKPOCKOIHUS; MOy 1b FOHra; HaHOTBEPIOCTh; MUKPOTBEPAOCTb.
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Abstract: This study shows the possibility of using cutting ceramics as a turning tool. Replaceable standard cutting
plates made of VOK-60 and VOK-71 cutting ceramics are used. In the work, based on simulation modelling in the DEFORM
software environment, the possibility of high-speed processing with the specified cutting ceramics is substantiated and
then experimentally confirmed. Additionally, the authors propose to apply hardening coatings by condensation with ion
bombardment, which ensures an increase in the cutting speed to 100 m/min and more with an increase in the service life of
the cutting ceramics from 3 to 3.8 times. The maximum stresses in the tool material and the deformation rate of the process
material are studied. To select rational solutions in simulation modelling, the authors used the “temperature in the cutting
zone”, “stresses in the tool material”, and “tool wear” parameters, which characterise the combined tension of the tool ma-
terial. The transition from these parameters to the predictive design of cutting ceramics was performed by measuring
the cutting force during natural cutting. The measured values of the cutting force components were used to calculate
the stresses in the tool material. The study confirmed the hypothesis that the cutting ceramics is capable of operating under
the conditions of processing viscous hard-to-machine corrosion-resistant specialised stainless steels such as 09H17N7Yu
(C-0.09; Cr-17; Ni-7; Al-1) grade (EU 1.4568, X7CrNiAll7-7), which have a high content of chromium (16-17.5 %) and
nickel (7-8 %). The authors propose original technological methods to improve the performance of the cutting ceramics
through special heat treatment and coating deposition. In particular, heat treatment in a vacuum at a temperature of 1100—
1400 °C for 20—40 min increased the bulk strength of the ceramics, and additional thermochemical treatment by ion nitrid-
ing performed at the final stage of heat treatment made it possible to alloy the bond.
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INTRODUCTION

Mechanical processing of hard-to-machine corrosion-
resistant stainless steels, such as 09HI7N7Yu (C-0.09;
Cr-17; Ni-7; Al-1) steel, is a problem for many mechanical
engineering industries. This is due to the high content of chro-
mium (16-17.5 %) and nickel (7-8 %) in the 09H17N7Yu
steel. The scope of application of this steel is growing: it is
used in shipbuilding, marine structures, chemical and food
industries, and space and defence industries. Accordingly, the
share of tool costs in the cost of manufactured products is
growing. Traditionally, such stainless steels are processed with
hard-alloy metal-cutting tools. In this case, the cutting speed
cannot exceed 50 m/min; extra measures can increase it to

© Mokritskiy B.Ya., Sablin P.A., Kosmynin A.V., 2025

60 m/min. This situation slows down the growth of processing
productivity. Major measures are needed.

In the Russian literature, the authors did not find any
publications dealing with solving this problem. Publications
on the use of cutting ceramics under other conditions are
available [1; 2], but they do not solve the problems of
increasing the productivity of processing the specified
stainless steel. Foreign publications [3—6] consider
the issues of applying cutting ceramics in a general
sense, i. €., to all grades of stainless steels. They do not
refer to the 09H17N7Yu steel grade or similar foreign
steels. In the catalogues of the world’s leading tool compa-
nies — Walter (Germany), Sandvik Coromant (Sweden),
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Mitsubishi (Japan), ISCAR (Israel), the recommendations
for processing special stainless steels are of a general na-
ture, without specifying steel grades, i.e., all hard-to-
machine stainless steels are combined into one conditional
group. Testing of their recommendations on Russian
09H17N7Yu steel showed that VOK-60 and VOK-71 cut-
ting ceramics are destroyed in the first minutes of cutting
[1; 2]. This allows concluding that the recommendations are
inconsistent and do not solve the issue of increasing the
processing productivity in relation to turning of
09H17N7Yu steel.

The authors have their own experience in processing
hard-to-machine stainless steels with hard-alloy metal-
cutting tools. Thus, the works [1; 2] show that milling with
monolithic hard-alloy end-milling cutters is possible, but
not promising due to the limited period of their service life.
The use of interlocking side mills with mechanical fas-
tening of hard-alloy cutting plates is more promising.
The indicated works present the results of using different
interlocking side mills and recommendations on the para-
meters of their cutting mode.

The efficiency of using hard-alloy tools is limited in
terms of processing productivity due to the low cutting
speed. Therefore, this paper considers the experience of
more highly productive processing due to the use of cut-
ting ceramics. The work is performed on the example of
turning Russian 09H17N7Yu steel and similar hard-to-
machine 12H18NI10T, 13H15N5 AM-3 stainless steels.
The DEFORM software environment was used for simula-
tion modelling of operational properties [7] and physical
and technical characteristics of the most rational tool mate-
rials. The study was aimed at determining the necessary
(input and output) variables in simulation modelling.
The authors assessed the possibility of using VOK-60 and
VOK-71 black cutting ceramics for high-performance turn-
ing of 09H17N7Yu steel grade and similar 12Kh18N10T,
13Kh15N5 and AM-3 steel grades. At the same time,
the possibility of increasing the cutting speed to 100 m/min
or more by using wear-resistant coatings on the cutting ce-
ramics was assessed.

The aim of this work is to study the possibility of high-
performance turning of blanks made of hard-to-machine
09H17N7Yu steel with a cutting speed of more than
50 m/min by applying nanostructured coatings to the VOK-60
and VOK-71 cutting ceramics and by means of preliminary
heat treatment.

METHODS

Methodological approach to solving the problem
and its tasks

The work uses a methodological approach to the deve-
lopment of turning cutting plates made of tool cutting ce-
ramics, based on the simulation modelling of the cutting
tool in the DEFORM software environment [7] equipped
with a large number of applications in the form of different
libraries. This allowed selecting new modelling options and
designing different operating conditions for the cutting tool.
The authors considered a flat orthogonal free cutting
scheme representing the penetration of a prismatic cutting

wedge into the material of the blank. The cutting wedge
was taken as a solid body fully corresponding to the shape
and geometry of a standard replaceable plate. The following
restrictions were specified: preventing the coating destruc-
tion according to the brittle mechanism; preventing plastic
deformation of the coating and substrate due to excess tem-
peratures in the cutting zone. For the simulation modelling
of turning with cutting ceramics, an approach known from
work [7] was used, but with a significant revision of the
approach.

The mathematical framework of the DEFORM software
environment is based on the calculation of internal stresses
in the material. The stress tensor was used to describe them.
The equation and characteristics of the stress tensor are
given below, they use the notations adopted in work [7]
with their dimensions:

X Txy Txz

0=[T, O, Ty

T (¢

zx zy z

Here, normal stresses ¢ and shear stresses t are con-
sidered along the corresponding X, Y and Z coordinate
axes. One of the main characteristics of the stress tensor
is its quadratic invariant, which is usually called the ef-
fective stress:

%[(cx 6, +(0, -0, +(0. 0,2+

G;
+ 3(1:; + ’Ciz + rﬁx)

The element deformation is described by the e, ¢, &,
Yo Yz and 7y components, which are determined by
the displacements of the u, v, @ element in the direction of
the x, y, z coordinates, respectively:
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It is accepted that it is sufficient to introduce the fol-
lowing input parameters and conditions: the physical and
mechanical characteristics of the materials being pro-
cessed and the architecture (features of the design, com-
position, and application technology) of the tool coat-
ings. It is accepted that it is sufficient to obtain the out-
put predicted results for the “temperature in the cutting
zone”, “stresses in the tool material”, and “tool wear”
parameters. If necessary, the “tool material deformation”
and “tool material deformation rate” parameters were
additionally used. This allowed characterising the com-
bined tension state of the tool. The transition from these
parameters to the predictive design of the coating archi-
tecture was carried out by monitoring the cutting force
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during natural cutting. The values of the cutting force
components were used to calculate the stresses in
the tool material according to the professor S.I. Petru-
shin’s well-known dependence [6; 7].

Predictive design of cutting ceramics was carried out by
measuring the cutting force during natural cutting. All three
cutting force components were measured during cutting.
The transition from the values of the cutting force compo-
nents to the stresses in the tool material was carried out,
according to the dependencies given in works [6-9]:

P, ~[cosy -sin(y + ®)—sina-cos(a—®)+[3-cos @] N
.. =2
e r [(sin2 a—cos’ y)—B2 + (sina -COS 0L —Ssiny - cos y)J

N P - [sinmsin(a—@)—cosy~cos(y+ ®—B-sin®)]q

r |_(sin2 o —cos? y)—Bz + (sinoc-cosoc—siny -CoS y)J

where P, is the radial component of the cutting force;

P. is the main component of the cutting force;

o is the main back angle;

v is the rake angle;

r and O are the polar coordinates in the main secant cutting
plane.

Based on the results of the experimental tests, graphs
showing the dependence of the wear value on the coatings
used were constructed. According to the rate of wear for an
equal processing time, the most rational coatings were se-
lected, based on the fact that the lower is the rate of wear,
the more rational is the coating. Metals of groups 4-8 of
the Mendeleev’s periodic table (Ti+TiN+(NbZrTiAl)N,
Ti+Zr+ZrN+(ZrAINb)N, and Ti+Zr+TiCN+(TiZrAl)CN)
were used as coatings. A nitride or carbonitride coating
layer was applied over the metal coating layer to reduce
interaction with the blank.

The model shown in Fig. 1 was used to develop (virtual
design in the DEFORM software environment) rational op-
tions for cutting ceramic tools, and consequently, to design the
architecture of their coatings. The model took into account
options in which the durability period (it is called the service
life P in the model) should increase by 2—4 times, productivity
N and quality K of processing should increase in comparison
with the original option, and tool costs O should decrease.

Within the specified approach, it is accepted that it is
possible to apply coatings to the tool material as a mea-
sure to improve the tool performance. This method has
proven itself in the processing of basic structural materi-
als with a hard-alloy tool. The proposed approach bor-
rows this methodology to improve the performance of
cutting ceramics, developing and adapting it to specific
tool operating conditions.

The authors considered it methodologically necessary to
compare the manufacturing technologies of ceramic tools
and hard-alloy tools with coatings. For ceramic tools,
the recommendations of work [10] were used; for hard-
alloy tools, the recommendations of work [11] were used.

Comparison of special aspects
of technological processes for manufacturing
ceramic and hard-alloy tools

The technological process (TP) for manufacturing ce-
ramic and hard-alloy tools is generally presented in Fig. 2.
Block A shows what exactly is taken into account —
the base of the tool material, for example, VOK-60 cutting
ceramics or VK8 tool hard alloy. This is considered the first
stage of tool production. The next stage of the technological
process of tool production is coating deposition (block B).
This sequence of stages allowed obtaining technological
processes called the TP1 group. Technological processes in
the TP1 group include the use of a particular tool base ma-
terial, a particular coating deposition process, etc.

P1 R P,>(2-4)P, R
. 3
9 Q: R Q2<Qu R g
g ”| Model target g s
© < functions > by
(¢] -
o N1 N>>Nq 3
Lo »l »
: » » 3
£ 2
K - K22Kq ®

Fig. 1. A model for the implementation of simulation (virtual) design of tool materials:
P — service life; Q — tool costs; N — productivity; K — quality of treatment
Puc. 1. Mooens pearusayuu umMumayuOHHOZ0 (8UPMYAILHOZ0) NPOEKMUPOBAHUSL UHCHPYMEHMATbHBIX MAMEPUATIOB:
P — nepuoo cmotixocmu; Q — 3ampamer Ha uncmpymenm,; N — npouzsooumenvrocms, K — kauecmgo obpabomxu
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1 A — Initial state 2 B — Hardening >
— of the tool — — > coating > > TPl
base material deposition group
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C — Strengthening group
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4 state of v 5
the base D - Coating TP3
: architecture |=pY » 8roup
F — Changing
v the initial K v TP4
state of 8 E- coating > rou
7 the base strengthening |E| group

v

Fig. 2. Generalized scheme of technological processes for manufacturing hard-alloy and ceramic tools:
TP1, TP2, TP3, TP4 — technological processes; 1, 2...9 — nodal points of technological process branching
Puc. 2. O606wennas cxema mexHoI02UYeCKUX NPOYeccos U320moeiLeHls MEepOOCHIA6HO20 U KEPAMUYECKO20 UHCIPYMEHMA:

TP1, TP2, TP3, TP4 — mexnonozuueckue npoyeccwl, 1, 2...9 —

If it was necessary to apply strengthening effects on
the tool base material (for example, ion nitriding of
the base, i. . VK8 alloy), a chain of actions by branches at
points 2 and 3 is formed. This sequence of stages allowed
obtaining technological processes called the TP2 group.
TP2 were developed and applied in order to improve
the operational performance of the cutting tool. However,
TP1 are simpler to be implemented and cheaper.

If after implementing TP1 or TP2, the tool perfor-
mance or processing productivity turned out to be insuf-
ficient, then there is a need for a TP3 group of techno-
logical processes. This can be achieved by coating archi-
tecture (block D). Architecture is understood as the crea-
tion of a particular coating (single-layer, multi-layer,
nitride, carbide, carbonitride, with the same or different
layer thicknesses, using the same or different coating
deposition methods, etc.).

If this is not enough, then by the coating strengthen-
ing (block E) it is possible to implement the TP4 group
of technological processes. The coating strengthening is
understood as extra measures to improve the perfor-
mance properties of the coating as a whole or its particu-
lar layers. For example, when applying the first coating
layer with a thickness of less than 1 um, the coating may
contain discontinuities, i. €. uncovered areas of the base
of the tool material. This is undesirable. Discontinuities
can provoke the seizure of the base material of the tool
material with the material being processed or reduce
the adhesion strength of this layer to the next one. To
“heal” such discontinuities, extra effects can be used, for

Y37106ble MOYKU pA36EMEIIEHUS MEXHOI02UYEeCKUX npoyeccos

example, ion nitriding [11] of the layer with discontinui-
ties before applying the next layer.

Technologically, TP4 is more complex than TP3, and
TP3 is more complex than TP2 and TP1. Accordingly,
the cost of implementing these technological processes is
different: for TP4 it is higher than for TP3, etc. However,
the performance of the tool manufactured according to TP4
is higher than that of TP3, etc.

If it turns out that the performance of the tool manu-
factured according to TP4 is still insufficient for specific
conditions of processing blanks of parts, then it is pos-
sible to influence purposefully the base of the tool mate-
rial in order to improve its operational properties. We are
talking about minimising or eliminating those defects on
the base of the tool material that formed during its manu-
facture, for example, microcracks of mechanical or
thermal origin formed during grinding of cutting plates
or when sharpening the required edges, fillets, and radii
on them. Such cracks are present both on hard-alloy
plates [11] and on cutting ceramics [10]. In these cases,
it is possible to change the initial state of the tool mate-
rial base (block F), for example, to heal these mi-
crocracks by applying [11], one or another coating be-
fore applying the main coating or subject the tool base to
“etching” by ion nitriding [11].

Thus, a group of technological processes is imple-
mented (we will conventionally designate it as TPi, it is
not shown in Fig. 2), which is more complex than TP4.
Such a technological process is more expensive, but it
can be the most effective in terms of increasing
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the cutting tool performance and increasing the pro-
cessing productivity.

Materials and methods

In this work, VOK-60 and VOK-71 cutting ceramics
(GOST 19043-80, 25003-81) were used as the material for
the cutting tool.

The authors used hard-to-machine O09H17N7Yu
(EI 973) stainless steel (old designation is OH17N7Yu (ana-
logues in the European Union — 1.4568, in the USA —
631.S17700, in England — 301 S81)). It is produced in ac-
cordance with GOST 19904-90 (cold-rolled sheet metal
products) and GOST 7350-77 (Standard ST SEV6434-88).

For comparison and generalisation of the results,
the authors also used less durable 12H18N10T and
13HI5SN AM-3 stainless steels. 13H15N AM-3 steel
was accepted for analysis as the base one (ordinary
steel that does not present any particular difficulties
during blade processing). 12HI18N10T steel was chosen
as the hard-to-machine one. This steel is unique be-
cause its tensile strength is significantly affected by
heat treatment conditions.

12H18N10T steel is manufactured according to GOST
5362-2014 “Stainless steels and corrosion-resistant, heat-
resistant and heat-proof alloys”, position 6-42. It contains
17-19 % of chromium and 9-11 % of nickel. Its Brinell
hardness HB is 179 MPa. Impact toughness KCU is
285 kJ/cm?. Information on the strength of this steel varies,
for example, the ultimate strength is ¢-1=279 MPa,
op=610 MPa, ©¢,=196-236 MPa. The closest substitutes
are 08HI18G8N2T and 12H18NOT steels. The analogues in
the USA are 321, 321H, S32109 steels, in Germany —
X12CrNiNi8-9.

13H15N5 AM-3 steel (other designations — EP310,
VNS-5) is produced according to the industry standard
OST 1 90005-91 and according to the technical specifica-
tions TU14-1-1271-75 of the manufacturer. Its closest
substitutes are 07HI16N6 (EP-288), 18H14N4 AM-3
steels. It has a good combination of strength, impact
toughness and ductility. The difficulty of its processing is
caused by the significant amount of chromium (14-16 %)
and nickel (4-6 %). Its hardness depends on many pa-
rameters, primarily on the conditions of its strengthening.
A small tensile strength (500-800 MPa) of this steel is
noted during its heat treatment under normal conditions.
During cold hardening, the tensile strength increases to
1200-1700 MPa.

Heat treatment and coating deposition were carried
out in a Bulat installation (Russia) operating using
the condensation method with ion bombardment. Heat
treatment in a vacuum was carried out by heating to
1100-1400 °C for 20—40 min. Metals of groups 4-8 of
the periodic table were used as coatings. The use of
evaporable cathodes made of metals from groups 4-8 of
the periodic table in the Bulat installation allowed pro-
ducing various coatings. The following coatings were
considered as the most rational:

a) the lower layer is made of titanium, a titanium nitride
layer is deposited on it, then a Ti+TiN+(NbZrTiAl)N ni-

tride of a combination of niobium, zirconium, titanium, and
aluminium is deposited;

b) the lower layer is made of titanium, a zirconium
layer is deposited on it, a zirconium nitride layer is de-
posited on it, and then a Ti+Zr+ZrN+(ZrAINb)N nitride
of a combination of zirconium, aluminium, and niobium
is deposited;

c) the lower layer is made of titanium, a zirconium
layer is deposited on it, then a titanium carbonitride layer
is deposited and then a Ti+Zr+TiCN+(TiZrAl)CN car-
bonitride of a combination of titanium, zirconium, and
aluminium is applied.

Cutting plates made of VOK-60 and VOK-71 cutting
ceramics were tested in their different states, namely:

a) in the as-delivered condition supplied from the manu-
facturer (OOO Technical Ceramics Plant, Aprelevka, Mos-
cow Region);

b) after additional heat treatment (in a vacuum at a tem-
perature of 1100-1400 °C for 20—40 min), which allowed
for the relaxation of internal stresses in the plate; this in-
creased the strength of the ceramics;

c) after the plates were subjected to additional heat
treatment followed by ion nitriding in a Bulat-type installa-
tion, ion bombardment allowed alloying the bond, which
increased the strength of the grain boundaries of the cutting
ceramics;

d) after the plates were subjected to the application of
hardening coatings in a Bulat-type installation.

In each type of these tests, ten (or more if necessary)
square tetrahedral plates were used, i.e. at least 40 tests
(ten plates with four cutting edges). Since there were four
types of tests (listed above as a, b, ¢, and d), the total num-
ber of tests was 160. Since the cutting plates were double-
sided (i. e. they could be both rotated and turned over with
the backside), 320 final tests were conducted.

The operating time of each cutting edge was monitored
until 0.5 mm wear along the back face or until the cutting
edge chipped.

RESULTS

When using the technological processes for manufac-
turing hard-alloy and ceramic tools according to
the scheme shown in Fig. 2, the following was experi-
mentally identified:

a) the tool life period before 0.5 mm wear on the rear
face when turning a blank made of 09H17N7Yu steel, in
the case of using VOK-60 and VOK-71 cutting ceramics, is
up to 7-10 times higher for TP1 and TP4 in comparison
with a tool made of VK8 hard-alloy material;

b) in this case, the processing productivity of VOK-60
cutting ceramics in comparison with VK8 hard-alloy cut-
ting tool increases up to 1.4—1.6 times with the same cutting
mode parameters, and it increases more than 2 times for
VOK-71 cutting ceramics. This makes it possible to consi-
der that an arsenal of technological processes has been de-
veloped that allows choosing the most rational technologi-
cal process for the tool life period for specific processing
conditions.
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Table 1 shows the results of applying cutting cera-
mics using the VOK-71 grade as an example. The table
indicates the operating time (service life) of the cutting
plate for external turning of a 09H17N7Yu steel blank
until the plate wears out to 0.5 mm or until the cutting
edge breaks. VOK-71 ceramics in its initial state had
a service life of 5 min. VOK-71 ceramics that was ther-
mally treated had a service life of 9 min, which is
1.8 times higher than the ceramics in its initial state.
The reason for such an increase in the service life is the
relaxation of internal stresses in the cutting ceramics
after heat treatment. VOK-71 ceramics after heat treat-
ment and ion nitriding had a wear life of 14 min. This is
2.8 times higher in comparison with the ceramics in
the initial state and 1.5 times higher than that of the ce-
ramics after heat treatment. Such a positive result in
terms of the service life of cutting ceramics is accompa-
nied by a significant increase in processing productivity,
compared to the use of a hard-alloy cutting tool due to
the increased cutting speed (120—140 m/min for cutting
ceramics and 50 m/min for a hard alloy, i. e. by 2.6 times).

Examples of implementing simulation modelling in
the DEFORM environment are shown in Fig. 3 in the form
of screenshots for VOK-71 ceramics (Fig.3a, 3 b), and
VOK-71 ceramics with a Ti+TiN+(NbZrTiAl)N coating
(Fig. 3 ¢, 3d), where a and b are the maximum primary
stresses, ¢ and d are the resulting strain rates. From the
comparison of screenshots using the VOK-71 example, it is
clear that the maximum primary stresses and resulting
strain rates are preferable in the case of using a coating, in
this case the Ti+TiN+(NbZrTiAI)N coating.

The numerical values of the longitudinal, radial and ver-
tical components of the cutting forces are given in Table 2.
From the table data, it follows:

a) the highest values of the cutting force components
occur when turning 09H17N7Yu steel in comparison with
12H18N10T and 13H15N AM-3 steels, i. e. this is the case
when the minimum period of tool life should be expected;

b) the use of uncoated cutting ceramics leads to an in-
crease in all cutting force components, therefore, the use of
a coating is rational;

c) in all the cases considered, the vertical component of
the cutting force dominates, therefore, it will limit the peri-
od of tool life.

Table 3 presents the results obtained during the simula-
tion modelling of the architecture of different coatings.
The table shows how many times the service life of cutting
ceramics is predicted to increase when applying one of the three
studied coatings. The effect of the Ti+TiN+(NbZrTiAI)N
coating is shown for the entire range of cutting speeds.
The effect of the other coatings is shown selectively for
those cases where the maximum increase in the service
life was predicted. It follows from Table 3 that:

a) the use of the Ti+TiN+(NbZrTiAI)N coating is pre-
ferable at a cutting speed of less than 100 m/min for VOK-60
cutting ceramics, with an increase in the cutting speed,
the use of VOK-71 ceramics is preferable;

b) at high cutting speeds, the Ti+Zr+TiCN)+H(TiZrAl)CN
coating is preferable for VOK-60 cutting ceramics.

Table 4 gives an example of the effect of coatings on
the cutting force components. The data in Table 4 show
a significant contribution of the coating to the reduction of
the cutting force components, which allows predicting a re-
duction in the tool wear intensity and an increase in its ser-
vice life. The use of the coating led to a decrease in the verti-
cal cutting force component (it is this that limits the tool ser-
vice life) by 1.2 times for VOK-60 ceramics and by 1.4 times
for VOK-71 ceramics, while the use of heat treatment and
ion nitriding led to its reduction by only 1.2 times.

DISCUSSION

The study confirmed the hypothesis that cutting cera-
mics is capable of working when processing viscous hard-
to-machine corrosion-resistant specialised stainless steels
such as 09H17N7Yu steel. Previously, it was believed that
cutting ceramics is intended for processing hard materials.
Thus, the scope of application of black cutting ceramics
has been expanded. The study also confirmed the hypo-
thesis about the possibility of processing 09HI7N7Yu
(EU 1.4568, X7CrNiAll17-7) steel, which has a high con-
tent of chromium (16-17.5 %) and nickel (7-8 %).

When confirming the hypothesis, unique technological
methods for increasing the performance of cutting ceramics
through special heat treatment and coating deposition have
been proposed. In particular, the authors proposed heat
treatment in a vacuum at a temperature of 1100-1400 °C
for 20-40 min, which increased the bulk strength of
the ceramics, and additional thermochemical treatment by
ion nitriding performed at the final stage of heat treatment
made it possible to alloy the bond. This set of proposed
technological measures ensured an increase in the cutting
speed by up to three times, which increased the processing
productivity to 17 %.

The results of simulation modelling of the cutting
process with cutting ceramics and experimental studies,
presented in the paper, allowed discovering a number of
features that were previously unknown. The effect of
a significant increase in processing productivity was re-
vealed, which makes cutting ceramics an effective com-
petitor to hard-alloy cutting tools in turning hard-to-
machine specialized stainless steels such as 09H17N7Yu.
The authors associate this effect with several factors,
including the use of coatings, as well as the use of heat
treatment and ion nitriding.

It was found that the processing productivity in compa-
rison with the VK8 hard alloy increased by 1.4-1.6 times
for the VOK-60 cutting ceramics, and by 2.6 times for
the VOK-71 cutting ceramics. The possibility of high-speed
processing of hard-to-machine viscous steels with the speci-
fied cutting ceramics was substantiated and experimentally
confirmed. This was achieved, among other things, by ap-
plying hardening coatings by condensation with ion bom-
bardment, which ensured an increase in the cutting speed to
100 m/min and more with an increase in the service life of
the cutting ceramics from 3 to 3.8 times.

This allows considering that the above objective of
the work (to study the possibility of high-performance turning
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Table 1. Service life of plates made of VOK-71 cutting ceramics during external turning of 09H17N7Yu steel

(cutting speed is 120—-140 m/min; feed is 0.21 mm/rev of a blank; cutting depth is 1 mm;

without the use of lubricating and cooling process media)

Taonuya 1. Ilepuoo cmotikocmu niacmun u3 pescyweti kepamuku BOK-71 npu napyscrnom mouwenuu cmanu 09X17H7FHO
(ckopocmb pesanus 120 —140 m/mun, nooaua 0,21 mm/06. 3aeomosxu, 2nybuna pesanus 1 mm,

0e3 npuMeHeHUs. CMA3bI8AIOUe-OXTANHCOAIOUUX MEXHOL02UYECKUX CPeld)

Cutting plate state

VOK-71 in the initial state VOK-71 + heat treatment VOK-71 + heat treatment + ion nitriding

5 min 9 min 14 min

Note. Values are given as the average of five measurements with a coefficient of variation of 0.27.
Tpumeuanue. 3nauenus oanvl Kaxk cpeonee no 5 usmepenusm npu kospguyuenme sapuayuu 0,27.
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Fig. 3. Results of simulation modelling of the stress state of the cutting tool
when turning 09HI17N7Yu steel with VOK-71 cutting ceramics (a, b) and VOK-71 cutting ceramics
with a Ti+TiN+(NbZrTiADN coating (c, d): a, b — maximum primary stresses (MPa);
¢, d — resulting strain rates (mm/s).
The colour scheme demonstrates the range of the illustrated parameter,
a graph reflecting the dynamics of this process is shown at the bottom left
Puc. 3. Pezynbmamol uMumayuoHHO20 MOOEAUPOBAHUS HANPINCEHHO2O COCMOSIHUSL PECYIUe20 UHCIPYMEHmMA
npu mowenuu cmanu mapku 09X17H7HO peocyweii kepamuroi mapku BOK-71 (a, b) u pesicyweri kepamuroti BOK-71
¢ noxpoimuem Ti+TiN+(NbZrTiAl)N (c, d): a, b — makcumanvuvie ochognvle nanpsicenus (Mlla);
¢, d — pesynomupyiowue ckopocmu degpopmayuu (Mm/c).
Lsemosas camma demoncmpupyem Ouanazon UiIIOCMpUpyemMo2o napamempa, cieéa 6Hu3y npuseoeH epagux,
ompasicaowull OUHAMUKY OAHHO20 Npoyecca
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Table 2. Numerical values of the quantities composing the cutting forces when turning with VOK-71 cutting ceramics
with a Ti+TiN+(NbZrTiA]N coating at a cutting speed of 120 m/min with a cutting depth of 0.1 mm

Taonuua 2. Yucnogvie 3nauenus seautut, cOCMasiIAIOWUX CUIbl pe3anus, npu movenuu pexcyweil kepamuxoi BOK-71
¢ nokpotmuem Ti+TiN+(NbZrTiAl)N npu ckopocmu pesanus 120 m/mun ¢ enybunoii pezanust 0,1 mm

Resulting cutting force Steel grade
components 09H17N7Yu 12H18N10T 13H15N AM-3
Cutting force longitudinal 85.5/106 64.7/98 35.2/54
component Fx, N ' ' .
Cutting force radial 305.2/382 308.0/396 310.1/404
component Fy, N
Cutting force vertical 362.5/465 284.6/320 191.4/241

component Fz, N

Note. The denominator shows the values for the case of using VOK-71 without coating.

Ipumeuanue. B 3namenamene ykazamvl 3HaveHus 01s cayyas npumenenus BOK-71 6e3 nokpvimus.

Table 3. Results of simulation modelling of the coating architecture
Tabnuya 3. Pesyromamsl uMumayuoHHO20 MOOCIUPOBAHUS APXUMEKNTYPbL NOKDLUMUSL

Grade of Coating
cutting Cutting speed
ceramics Ti+TiN+(NbZrTiAl)N Ti+Zr+ZrN+(ZrAINb)N | Ti+Zr+(TiCN)+(TiZrAl)CN
Increase in the service life, times
VOK-60 3.2%
up to 100 m/min
VOK-71 Rlo 3.8%%*
VOK-60 from 100 m/min 3 3.5
VOK-71 to 130 m/min 3.6 33

Note. * when increasing the cutting speed by 25 %,

** when increasing the cutting speed by 20 %;

**% ywhen increasing the cutting speed by 32 %.

Tpumeuanue. * npu nosviuieHuu ckopocmu pesanus Ha 25 %;
** npu nosvlienuu ckopocmu pesanus Ha 20 %,

*** npu nosviuenuu ckopocmu pezanus Ha 32 %.

Table 4. Values of predicted cutting force components when turning 09H17N7Yu steel with cutting ceramics in different states
Tabnuya 4. 3navenus nPOSHO3UPYEMbIX COCMABIAIOWUX CUTbL pe3anus npu movenuu cmanu 09X17H7HO
pedcyweti Kepamukoll, HaxooaAwelcs 8 pasHOM COCMOAHUY

Cutting force . . Cutting force
. I Cutting force radial .
Tool material longitudinal component Fy. N vertical component
component Fx, N p Vs Fz, N

VOK-60 120 340 440

VOK-60 with a Ti+TiN+(NbZrTiAl)N coating 95 300 370
VOK-71 96 310 370

VOK-71 + heat treatment + ion nitriding 82 270 310
VOK-71 with a Ti+TiN+(NbZrTiAl)N coating 64 220 260
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of blanks made of hard-to-machine 09H17N7Yu steel, with
a cutting speed of more than 50 m/min by applying nanostruc-
tured coatings to the VOK-60 and VOK-71 cutting ceramics,
and due to previous heat treatment) has been achieved. Ther-
mochemical treatment in the form of ion nitriding was per-
formed on a Bulat-type installation (Russia), which operates
using the condensation with ion bombardment (CIB) method.
This made it possible to alloy the bond, which increased
the strength of the grain boundaries of the cutting ceramics.

Comparison with other existing studies [12; 13] showed
a high result of using cutting ceramics. This study estab-
lished the fact of an increase in the service life of cutting
ceramics in comparison with the VK8 hard alloy by 7-10 ti-
mes, depending on the applied technological process of
hardening the cutting tool. It was identified that in compari-
son with cutting ceramics in the initial state, the service life
for VOK-71 increased by 1.8 times due to the use of heat
treatment, and by 2.8 times due to the use of heat treatment
followed by ion nitriding. The obtained results supplement
(update) the recommendations of the world’s leading tool
companies — Walter (Germany), Sandvik Coromant (Swe-
den), Mitsubishi (Japan), ISCAR (Israel). The results do not
contradict the existing concepts formulated in the works
[14—18]. It is shown that the obtained results are applicable
to related hard-to-machine 12H18N10T and 13H15N AM-3
stainless steels.

The authors plan to conduct further research in
the area of identifying the contribution of a particular
coating to increasing the tool life, identifying the share
of the contribution of heat treatment and heat treatment
followed by ion nitriding.

According to the authors, the scientific novelty of
the work is that the possibility of using VOK-60 and VOK-71
cutting ceramics for turning blanks of parts made of hard-to-
machine 09H17N7Yu specialized stainless steel has been sub-
stantiated by using hardening coatings, as well as by heat
treatment and heat treatment followed by ion nitriding. In fact,
the use of the DEFORM software environment as a tool for
designing coatings is also a scientific novelty of the work.
The practical significance of such application of the DEFORM
software environment allowed selecting the most rational coat-
ings from all possible options at the stage of coating design.
This is a significant saving of research funds and time.

As a result of the conducted research, one can conclude
the following: an arsenal of technological processes for
manufacturing a tool made of cutting ceramics has been
developed. For specific operating conditions of the tool, it
is necessary just to select from this arsenal the most rational
technological process in terms of the tool performance indi-
cator, taking into account productivity and cost.

The practical significance of the work is that the cutting
mode parameters have been identified, at which the effects
of increasing productivity and the tool life period are most
fully realised.

CONCLUSIONS

During the simulation modelling of the cutting tool
stress state, as well as the study of the process of turning
hard-to-machine corrosion-resistant 09H17N7Yu stainless

steel, the possibility of using VOK-60 and VOK-71 cutting
ceramics was proven.

The use of coatings in comparison with cutting ceramics
without a coating allowed increasing the service life of cut-
ting ceramics from 25 to 32 % with an increase in the cut-
ting speed to 100 m/min.

The processing productivity in comparison with the VK8
hard alloy increased by 1.4-2.6 times.

The increase in the service life in comparison with
the VK8 alloy was 7—10 times.

In comparison with cutting ceramics in the initial state,
the service life increased by 1.8 times due to the use of heat
treatment and by 2.8 times due to the use of heat treatment
followed by ion nitriding.
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Annomayusn: IlokazaHa BO3MOXHOCTh NMPUMEHEHHS B KaueCTBE TOKAPHOTO WHCTPYMEHTa pexymliel kepamuku. Mc-
MIOJTF30BaHBI CMEHHBIE THIIOBBIC PEXXYIINE IIACTHHBI, BEITONHEHHBIE U3 pexymield kepamuku Mmapok BOK-60 1 BOK-71.
B pabore Ha OCHOBE MMUTAIIMOHHOTO MOJICIIMPOBAHIS B IporpaMMHO cpene deform o6ocHOBaHA M 3aTeM SKCIIEPUMEH-
TaJIBHO MOATBEPKACHA BO3MOXKHOCTH BBRICOKOCKOPOCTHOM 00pa0OTKH YKa3aHHOW pexXylied KepaMuKoil. JlomOTHUTEIEHO
MPEAJI0KEHO HAaHECEHUE YIPOUYHSIIOUIUX TTOKPBITHII METOJIOM KOHJCHCAIMH C MOHHOW O0MOapMpPOBKOM, 4TO 00eCIeYrsIo
MOBBIIICHHE CKOPOCTH pe3arus 10 100 M/MuH 1 GoJiee ¢ MOBBIIICHHEM ITEPHO/Ia CTOMKOCTH PEXYIIEH KepaMuku ¢ 3 70 3,8 pas.
IIpoBeneHs! uccaenOBaHU MAKCHUMAIBHBIX HANPSDKEHUH B MHCTPYMEHTAJIFHOM MaTepHaie M CKOpocTu redopmanuu 00-
pabarbiBaeMoro Matepuana. /[yt BbIOOpa panMoOHAIBHBIX PEIICHUH MPH UMHUTAIIMOHHOM MOJICINPOBAHUM HCIIOJIB30BaIN
napameTpbl «TeMIleparypa B 30HE PE3aHUs», «HANPSDKEHUS B MHCTPYMEHTAJIbHOM MaTepHaje», «U3HOC MHCTPYMEHTay,
YTO XapaKTepH3yeT CIIOHO-HANPSDKEHHOE COCTOSHME MaTepHhaia MHCTpyMeHTa. Ilepexon oT 3TUX mapaMeTpoB K Ipo-
THO3HOMY TPOEKTHPOBAHMIO PEXYIIEH KepaMHUKH BBITIONHSUIN ITyTEM M3MEPEHMsSI CHJIBI PE3aHUsl IIPU HaTypaJIbHOM pe3a-
HHUH. VI3MepeHHbIe 3HAYCHUsI COCTABISIIONIMX CHJIBI PE3aHUs UCIIOJIB30BAIN JUIS pacueTa HalpsHDKEHUH B WHCTPYMEHTANb-
HOM Marepuaine. B pe3ynbrare BBIOIHEHHOTO HCCIEIOBAaHMS MOATBEPKIEHA THIIOTE3a O TOM, YTO PEXyIas KepaMmuka
crocoOHa paboTaTh B YCIOBHAX 0O0pabOTKH BS3KHX TPYAHOOOpPaOAaTHIBAEMBIX KOPPO3SHOHHOCTOMKHX CIICITHATU3UPOBAH-
HBIX HeprkaBeromux crajneit Tuna mapku 09X17H7H0 (EU 1.4568, X7CrNiAll7-7), uMeromux BEICOKOE COIEpKaHUe XPo-
Ma (16—17,5 %) u vuxens (7-8 %). IlpeanoxkeHpl OpUTHHAIBHBIE TEXHOJIOTHYECKUE IPUEMBI TTOBBIIIEHUST pab0TOCTIOCO0-
HOCTH PEXYIleil KepaMUKH 32 CYeT CIelUaJbHOW TepMOOOpabOTKH M HaHEeCeHMs MOKPHITHH. B wactHOCTH, TepMooOpa-
6otka B Bakyyme npu temmeparype 1100—1400 °C B teuenne 20—40 MuUH MOBBICHIA O0BEMHYIO MPOYHOCTH KEPAMHKH,
a JIOTIOJHUTENbHAS XUMHUKO-TEpPMUYecKasi 00pab0oTKa IyTeM MOHHOTO a30THPOBAHUS, BHIIIOJIHEHHAS HA 3aKJIIOUYUTEIEHOM
aTarne TepMooOpabOTKH, MO3BOJIMIIA JIETUPOBATH CBSI3KY.

Knrouegvie cnoea: pexymas KepaMHuKa; TOYCHHE HEPIKABEIOIIEH CTalH; MOJAEIUPOBAaHUE MPOIecca TOUSHHS; CKO-
pOCTB pe3aHusl.
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Abstract: CuS5Ni6Mn4Zn (MNMts55-6-4) copper-zinc alloy is widely used for brazing hard-alloy tools and steels.
However, the presence of silicon in the alloy (0.1-0.4 wt. %) can lead to the formation of brittle silicides of iron, nickel,
and manganese, which negatively influences the strength of brazed joints. The purpose of the study was to determine
the influence of the quantitative content of silicon in copper-zinc brazing alloy doped jointly with nickel and manganese on
the structure of brazing alloy blanks before brazing and the structure and properties of brazed joints. In the work, to study
the distribution of silicides in ingots, tapes, and brazed seams, the authors used microstructural analysis methods, including
electron microscopy and X-ray spectral microanalysis. The results showed that with a silicon content of up to 0.2 wt. %,
silicides form finely dispersed inclusions uniformly distributed throughout the seam. However, with an increase in the sili-
con content to 0.4 wt. %, the formation of continuous layers of iron silicides along the brazing alloy — steel boundary is
observed, which leads to brittle failure of the joints under mechanical loads. The influence of small gaps turned out to be
especially critical during brazing, where the formation of large crystals of iron silicides significantly reduces the strength
of the joints. The scientific novelty of the work lies in identifying the optimal silicon content in the alloy (no more than
0.2 wt. %) to minimize the negative effect of silicides on the properties of brazed joints. The results obtained can be used
to develop process recommendations for the production of brazing alloys and brazing of steels, which will allow improv-
ing the reliability and durability of brazed joints under production-line conditions.

Keywords: brazing of hard-alloy tools; Cu55Ni6Mn4Zn (MNMts55-6-4); influence of silicon on brazed joints;
iron silicides in brazed seams; brazed seam microstructure; embrittlement of brazed joints; optimization of brazing
alloy composition.
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INTRODUCTION

One of the most common methods of joining hard alloys
to steel is brazing [1]. The Cu55Ni6Mn4Zn alloy
(MNMts55-6-4) is nickel silver with a high manganese con-

the brazing alloy has solidified, to carry out heat treatment
of the steel tool bodies using quenching from 860-900 °C
in oil or emulsion, followed by tempering [6].

The influence of alloying elements on the properties of

tent and is successfully used in Russia and abroad for braz-
ing hard-alloy tools [2; 3] along with the Cu49Ni9Zn
(LNMts49-9-0.2) brazing alloy [4; 5]. The composition and
melting point of these alloys are presented in Table 1.
The high melting and brazing temperature allows, after

© Pashkov L.N., Gadzhiev M.R., Tavolzhanskiy S.A.,
Bazlova T.A., Bazhenov V.E., Katanaeva D.A., 2025

copper-zinc alloys has been studied in sufficient detail. Ad-
ditions of aluminum, manganese, iron, and nickel improve
the mechanical properties of brasses and their heat re-
sistance [7; 8]. Alloying with manganese improves the wet-
ting of steel and hard alloy with molten brazing alloy [9].
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Table 1. Compositions of Cu5S5SNi6Mn4Zn35 and Cu49Ni9Zn42 alloys and their melting and brazing temperatures
Tabnuua 1. Cocmas cnnasos CuS5SNi6Mn4Zn35 u Cu49Ni9Zn42, a makowce ux memnepamypul naAaAeIeHUs. U NAUKU

. e o
Chemical composition, % wt. Tsolidus, Tiiquidus, Thrazing,
Alloy oC oC oC
Cu Zn Ni Mn Si
Cu55Ni6Mn4Zn35 54-56 the rest 5.5-6.5 3.5-45 0.1-0.4 890 920 920-1040
Cu49Ni9Zn42 48-50 the rest 9-11 0.1-0.2 0.1-0.25 915 930 930-980

Alloying with nickel significantly improves the mechanical
properties of brass [10]. Alloying with tin can slightly in-
crease the shear strength of steel-hard alloy joints [11].
The Cu49Ni9Zn42 alloy, due to alloying with nickel,
allows producing significantly stronger joints than those
brazed with two-component brass [12—14]. Comparative
studies of joints made using brass brazing alloy and
Cu49Ni9Zn42 nickel silver confirm the thesis that the addi-
tion of nickel significantly increases the strength of
the joints [15; 16]. Brazing alloys based on copper-zinc
alloys for brazing hard alloy are usually doped together
with nickel and manganese. The reference literature and
standards for brazing alloys also indicate the presence of
silicon in an amount of 0.1-0.4 wt. %. However, there is
practically no mentioning of the influence of the quantita-
tive silicon content on the formation of the brazed seam and
the properties of brazed joints made using brazing alloys
doped with nickel and manganese.

It is considered that silicon neutralizes the negative ef-
fect of iron impurities on the corrosion resistance of brass
due to the formation of iron silicides [17]. It improves
the technological efficiency of brazing and welding pro-
cesses due to the fact that the silicon oxide film reduces
zinc oxidation at high temperatures. Brasses containing
silicon additives have better technological properties and
provide higher density and tightness of the seam.

The addition of silicon to brass brazing alloys can reduce
the ductility and strength of the brazed joint made of steel
through the formation of a brittle Fe-Si intermetallic layer at
the brazing alloy — steel interface. Therefore, when brazing
steels with brass, it is recommended to limit the alloying of the
latter with silicon — no more than 0.3 wt. %. Nickel has
a greater chemical affinity for silicon than for iron. When
Cu—Zn is introduced into a brazing alloy containing 0.5 % of
Si and 2 % of Ni, silicon binds with nickel into a chemical
compound and does not form an intermetallic compound with
iron along the seam boundary'. The same effect is observed
during laser brazing of steels using a copper-based brazing
alloy with 3 wt. % of silicon [18]. Despite the short time of
heating to high temperatures, a layer of iron silicides is formed
at the brazing alloy — steel boundary [19], which are also pre-
sent as small inclusions in the weld volume. Mechanical tests
of such joints show that destruction mainly occurs precisely
along the brazing alloy — steel boundary due to the presence of
such compounds [20].

! Lashko S.V., Lashko N.F. Payka metallov [Brazing of
metals]. Moscow, Mashinostroenie Publ., 1988. 376 p.

Iron, nickel and manganese silicides have a high melt-
ing point: NiSi — 992 °C, FeSi — 1410 °C, and MnSi —
1280 °C?3, The enthalpies of formation of various silicides
have similar values, so that the complex formation of man-
ganese and nickel silicides is also possible, and in the pre-
sence of iron in the brazing alloy — of iron silicides. It is
known that some iron silicides have a lower standard en-
thalpy of formation than nickel silicides. This may lead to
the fact that even in brazed seams produced using nickel-
alloyed brazing alloys, iron silicides may form [21].

Therefore, the effect of the silicon quantitative content
in copper-zinc brazing alloys with joint alloying with nickel
and manganese on the structure and properties of brazed
joints has not been sufficiently studied.

The purpose of the study is to determine the influence of
the quantitative content of silicon in copper-zinc brazing
alloy doped jointly with nickel and manganese on the struc-
ture of brazing alloy blanks before brazing and the structure
and properties of brazed joints.

METHODS

To study the structure of ingots and pressed bands
made of Cu55Ni6Mn4Zn35 (MNMts55-6-4) alloy, indus-
trial samples produced by AO ALARM (Russia) were
selected, cast in a metal chill mold. The samples were
melted in an induction furnace in an AH 200 clay-graphite
crucible, where 200 is the crucible capacity (for copper) of
200 kg. After melting copper and nickel, copper was de-
oxidized with phosphorus and lump silicon was intro-
duced. Silicon was introduced at the rate of 0.35 wt. %.
Mn985 electrolytic manganese was used (manganese con-
tent of at least 98.5 %). During melting, 30—40 % of own
production waste was used. The resulting 50 mm diameter
ingots were hot pressed in a hydraulic press with a force
of 300 t through a 10x1 mm matrix. The ingot temperature
during pressing was 700 °C. The pressed band had dimen-
sions of 10x1 mm.

To study the influence of silicon content in the brazed
seams, small-volume alloy samples with different silicon
content were separately melted. The melting differed by
the fact that, unlike industrial melting, the copper melt

2 Lyakishev N.P., ed. Diagrammy sostoyaniya dvoynykh metal-
licheskikh system [State diagrams of two-component metal sys-
tems]. Moscow, Mashinostroenie Publ., 2001. Vol. 3, kn. 1, 972 p.

3 Lyakishev N.P., ed. Diagrammy sostoyaniya dvoynykh metal-
licheskikh system [State diagrams of two-component metal sys-
tems]. Moscow, Metallurgiya Publ., 1997. Vol. 2, 1024 p.
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was not deoxidized with phosphorus and silicon was in-
troduced in the form of a Cu — 10 wt. % Si alloy.
The samples were melted in an induction furnace in
an AH 5 clay-graphite crucible of the OAO Luga Abrasives
Plant (Russia). The blending was carried on the basis
of producing 2.5 kg of alloy from pure components, M0
oxygen-free copper (copper content of at least 99.95 %),
NP-1 nickel (high-purity nickel, nickel content of at least
99.9 %), Mn985 manganese, Ts0 zinc (high-purity zinc,
zinc content of at least 99.9 %). In molten copper under
a Probat Fluss layer, nickel and manganese were dis-
solved one after another, after which the Cu-Si alloy and
zinc were added. The calculated silicon content in
the alloy was 0.1, 0.2, and 0.4 wt. %. The resulting melt
was poured into a water-cooled casting form with a di-
ameter of 50 mm. The resulting ingots were pressed on
a hydraulic press at a temperature of 700 °C to form
a brazing alloy tape measuring 10x1 mm.

The produced samples of ingots and bands were used to
make sections for examination using a TESCAN VEGA
SBH 3 scanning electron microscope (Czech Republic) with
an Oxford Instruments attachment (UK) for X-ray spectral
microanalysis (XSMA). The probe diameter was 1 pm.

To study the influence of silicon on the structure of brazed
seams, experimental models of joints were made in size and
shape close to brazed mining cutters. The only difference was
that instead of hard alloy, an insert made of 30HGSA steel
(GOST 4543-71) (chemical composition: 0.28-0.34 % C, 0.9—
1.2 % Cr, 0.8-1.1 % Mn, 0.8-1.1 % Si, the rest is Fe) with
a diameter of 18 mm was used, and the outer casing was made
of low-carbon steel 1010 (Fig. 1). Heating of the models for
brazing was carried out on the SELT-001-15/66-T induction
unit (Russia) with the frequency of 4070 kHz in the cylindri-
cal inductor. The brazing temperature was 940-950 °C.
The brazing time was 90 s. The model of the 30HGSA steel
insert was dipped in the FP2 flux paste based on potassium
borax, borates and fluorides of alkali metals (TU 48-
17228138/OPP-004-2001) and placed in the housing bore,
on the bottom of which the brazing alloy plates with
the total weight of 3.6 g were placed to ensure filling of
the entire gap. During the heating process, the brazing alloy
melted, and the insert was lowered to the bottom of
the housing. The time and power on the brazing unit were

/////’

00
7

selected so that a solid fillet was formed at the end of
the process. This ensured the same holding time for all
samples during brazing.

After brazing, the samples were cut along the axis and
metallographic sections were prepared for examination using
a TESCAN VEGA SBH 3 electron microscope (Czech Re-
public). The elemental composition was determined using
an Oxford Instruments energy dispersive microanalyzer (UK).

RESULTS

Structure of Cu5SS5Ni6Mn4Zn3S (MNMts55-6-4) brazing
alloy ingots and bands depending on silicon content

Fig. 2 shows images of microstructure of cast samples pro-
duced during industrial melting using deoxidation with phos-
phorus and the introduction of 0.35 wt. % lump silicon in
comparison with a sample manufactured without copper deoxi-
dation with phosphorus and with the introduction of 0.2 wt. %
silicon in the form of Cul0Si alloy. The structure contains dark
areas located along the boundaries of dendritic cells; the results
of their X-ray spectral microanalysis are presented in Table 2.

The structure of industrial brazing alloy bands after hot
pressing is shown in Fig. 3. One can see that the dark areas
look like dispersed inclusions 2—10 um in size and are uni-
formly distributed over the area of the section. All samples
contain iron in an amount of 0.2 wt. %. One should note
that with decreasing silicon content, the dark phase be-
comes more dispersed. The composition of the dark areas is
similar to the phases in the cast structure and contains sili-
con in an amount of about 10 wt. % and phosphorus in
an amount of 1.7-3 wt. %.

Structure of brazed joints produced with brazing alloy
with different silicon content

When brazing steel models of mining cutters, different
structures were obtained in the bottom and side parts of the
joint. In the structure of the brazed joints, finely dispersed in-
clusions are observed, mainly iron, as well as nickel and man-
ganese in the central part of the joint and along the interface of
the brazing alloy and base material, which is confirmed by the
results of X-ray microanalysis (Fig. 4). Due to the small size of
the phase, it was not possible to identify its exact composition;

Inductor \ Filler metal

Fig. 1. Scheme of induction brazing of a mining cutter model with the CuS5Ni6Mn4Zn35 brazing alloy
Puc. 1. Cxema undykyuonnoii naiiku maxema 2opnozo pesya npunoem CuS5Ni6Mn4Zn35
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a

Fig. 2. Microstructure of CuS5Ni6Mn4Zn35 (MNMts55-6-4) brazing alloy ingots: a — industrial melting;
b — experimental melting without deoxidation with phosphorous and with the introduction of silicon by doping material
Puc. 2. Muxpocmpyxmypa caumkog npunosi CuS5SNi6Mn4Zn35 (MHMy55-6-4): a — npomviuinenuas niaska;
b — sxcnepumenmanvras niaska 6e3 packucieHus Gocoopom u ¢ 66edeHueM KpeMuus Iueamypo

Table 2. Results of X-ray spectral microanalysis of ingots in as-cast condition, % wt.
Tabnuya 2. Pesynomanmvl MUKPOPEHM2EHOCNEKMPATLHO20 AHAIU3A CIUMKOS 8 TUMOM COCMOAHUU, % Mac.

Area of analysis Si P Cr Mn Fe Ni Cu Zn
Industrial sample
Bright area 0.01 - 0.87 3.37 - 5.75 54.2 33.42
Dark area 9.1 2.43 - 16.96 1.12 44.13 17.0 9.26
Analysis of alloy 0.4 - - 3.92 0.18 5.6 52.01 37.89
Experimental sample
Dark area 10.56 - - 18.23 0.05 52.35 13.48 5.33
Analysis of alloy 0.26 - - 4.26 0.02 5.98 54.78 34.7
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Fig. 3. Microstructure of brazing alloy bands with different silicon content (not etched): a — 0.57 % of Si; b— 0.31 % of Si
Puc. 3. Muxpocmpykmypa nenm npunos npu pasiuiHom cooepicanuu Kpemrusi (ne mpasneno): a — 0,57 % Si; b— 0,31 % Si
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Steel 30HGSA

Steel 1010

a

Fig. 4. Microstructure of the model of the joints of mining cutters
made with Cu55Ni6Mn4Zn35 (MNMts55-6-4) brazing alloy with a silicon content of 0.2 wt. %:
a — bottom part; b — side part
Puc. 4. Mukpocmpyxmypa maxema coeOuHeHUll 20PHBIX PE3YO8,
svinoanennsix npunoem CuS5NioMn4Zn35 (MHMuy55-6-4) c cooepoicanuem kpemnusa 0,2 % mac.:
a — OouHas yacme, b — bokosas yvacmo

presumably, these are iron silicides. At low silicon contents of
0.1 and 0.2 wt. %, dispersed inclusions are located in
the volume of the joint and do not form large formations
that could become stress concentrators for crack formation
when the joints are loaded. The structure of the seams
with a silicon content of 0.1 and 0.2 wt. % is identical,
therefore Fig. 4 shows the structure of the joint with
0.2 wt. % of silicon. The structure of the seams with
a silicon content of 0.4 wt. % is shown in Fig. 5.

With a silicon content of 0.4 wt. %, the picture
changes radically. At the boundary of the steel with the

Steel 30HGSA

e

- Interlayer

Steel 1010

a

brazing alloy, especially on the side of 30HGSA steel
containing silicon (0.8 wt. % according to X-ray micro-
analysis), the formation of large regular-shape crystals is
observed, forming a continuous layer at the steel — braz-
ing alloy boundary. Such a pattern is observed with
a normal brazing gap size (50—100 um). The structure in
small gaps (less than 50 pm) is formed completely dif-
ferently. During brazing, a tortuous seam boundary is
formed (Fig. 6). Large crystals based on iron and nickel
compounds with silicon are formed at the brazing alloy —
steel interface, which in some places practically cover

Steel
30HGSA

Fig. 5. Microstructure of the model of the joints of mining cutters made with Cu55Ni6Mn4Zn35 (MNMts55-6-4) brazing alloy
with a silicon content of 0.4 wt. %: a — bottom part; b — side part
Puc. 5. Muxpocmpyxmypa maxema coeOuneHnutl 20pHuix pe3yos, svinoanentvix npunoem CuSINi6Mn4Zn35 (MHMyS55-6-4)
¢ cooeparcanuem kpemuus 0,4 % mac.: a — dounas uacms, b — 60xosas uacme
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Steel
30HGSA

*__ Filler
metal

Fig. 6. The structure of the brazed seam at its thickness less than 50 um
Puc. 6. Cmpyxmypa nasnoeo wiea npu e2o mouyune menee 50 Mkm

the entire seam. Analysis of the element distribution pro-
files indicates that these are iron and nickel silicides
(Fig. 7). The size of the inclusions reaches 10 um.

The formation of a continuous layer of iron and nickel
silicides led to a four-fold decrease in shear strength com-
pared to the sample where the silicon content was
0.2 wt. %. The fracture surface runs along the brazing alloy —
steel interface along this layer (Fig. 8).

DISCUSSION

Influence of silicon on the structure of ingots
and pressed bands

The cast structure of the CuSSNi6Mn4Zn35 (MNMts55-6-4)
alloy of industrial production is characterized by the pre-
sence of inclusions at the grain boundaries. These inclu-
sions contain both silicon and phosphorus. It is obvious
that the alloy deoxidation with phosphorus is excessive
and even a small content of it provokes the formation of
phases at the grain boundaries. The cast structure of
the experimental alloy, which does not contain phospho-
rus, differs from the structure of the industrial sample.
The presence of dark areas rich in silicon, manganese
and nickel is observed, but they have a less extended
shape and are more dispersed, which generally corre-
sponds to the literature data [21].

The use of hot pressing of ingots to produce bands leads
to a noticeable crushing of inclusions. The crushing of in-
clusions occurs when pressing a band measuring 10x1 mm
from an ingot with a diameter of 50 mm. The result of
pressing the alloy into such a form is a high degree of
compression (about 200). With a silicon content of over
0.3 wt. %, inclusions become larger — up to 10 pm or
more, compared to 2—4 um with a low silicon content.

The amount of silicon-containing phase increases with in-
creasing silicon content in the alloy. The influence of iron
content of approximately 0.2 wt. % on the alloy structure
was not revealed.

Influence of silicon on the structure of brazed seams

In brazed seams, except for silicon contained in the bra-
zing alloy, silicon from 30HGSA steel can participate in
diffusion processes. In the structure of the seams, the for-
mation of small inclusions of iron and nickel compounds
with silicon is observed that are mainly located along
the brazing alloy — base metal boundary, which corre-
sponds to the data on laser brazing of steels with Cu—Si
brazing alloy [18]. Their concentration increases in the
arcas of small gaps, however, no continuous layers ca-
pable of acting as stress concentrators were detected with
a silicon content of 0.1-0.2 wt. %, in contrast to
0.4 wt. % of silicon in capillary brazing and 3 wt. % of
silicon in laser brazing. It is obvious that these inclu-
sions are formed due to the dissolution of iron in
the brazing alloy and its interaction with silicon, which
leads to the formation of silicides in the melt volume
located along the steel boundaries. Thus, silicon in
the brazing alloy is bound with iron into stable com-
pounds, which can be located both in the volume of
the copper-zinc alloy [17] and along the brazing alloy —
steel interface without forming a continuous layer [19].

With an increase in the silicon content in the brazing
alloy up to 0.4 wt. %, the formation of large clearly de-
fined crystals in the form of a continuous layer along the
steel — brazing alloy boundary is observed. In this case,
their sizes and concentration are higher on the side of
steel alloyed with silicon (30HGSA), which is more con-
sistent with brazed seams with Cu-3 % Si brazing alloy
[20]. This confirms the statements about the danger of
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Fig. 7. Change in the content of iron, silicon and nickel across the brazed seam at a silicon content in the brazing alloy of 0.4 wt. %
Puc. 7. H3menenue cooepoicanus dtcene3d, KpeMHUs U HUKels nonepex nasHo20 wea npu cooepocanuu kpemuus 6 npunoe 0,4 % mac.

exceeding the silicon content in copper-zinc brazing al-
loys over 0.3 wt. %. However, for copper-zinc brazing
alloys jointly doped with nickel and manganese, we did
not find a noticeable influence of nickel on reducing
the formation of iron silicides, although it was previous-
ly believed that nickel blocks the formation of silicides
at the base metal — brazing alloy* boundary. Probably,
this is because the Cu55Ni6Mn4Zn35 (MNMts55-6-4)

4 Lashko S.V., Lashko N.F. Payka metallov [Brazing of
metals]. Moscow, Mashinostroenie Publ., 1988. 376 p.

brazing alloy is not brass, but a nickel silver alloy. Due
to the high nickel and manganese content, the solubility
of iron in the alloy also changes. It is possible that under
given conditions, iron silicides having a lower standard
enthalpy of formation than nickel silicides are formed,
which is described in [21].

A critical influence of the gap was found when brazing
with a brazing alloy with a high silicon content (0.4 wt. %).
On the one hand, with a small melt layer of brazing alloy,
a change in the curvature of the brazing alloy — steel inter-
face is observed, on the other hand, the crystals of silicon,
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Fig. 8. Brazed joint destruction along the brazing alloy — steel interface at a silicon content in the brazing alloy of 0.4 wt. %
Puc. 8. Paspywenue naano2o coeOuHeHls 600.1b 2PAHUYbL «RPUNOT — CIALbY NPU COOEPICaHUl KpemHus 6 npunoe 0,4 % mac.

iron and nickel compounds become larger and can occupy
a significant volume of the seam. These crystals can act as
stress concentrators when loading the joints and lead to
brittle fracture of the seams similar to the fracture of seams
along the steel — brazing alloy boundary in [20]. Previously,
this phenomenon of enhanced mass transfer at small gaps
has not been described.

CONCLUSIONS

1. The silicon content in the Cu55Ni6Mn4Zn35
(MNMts55-6-4) brazing alloy plays a significant role in
the formation of the structure of the brazed seams due to
the formation of dispersed inclusions of silicides of
complex composition. The presence of residual phospho-
rus in the alloy leads to the formation of inclusions along
the grain boundaries, which can negatively affect
the strength properties of the brazing alloy. Deoxidation
of this alloy by phosphorus is excessive and has a nega-
tive influence on the cast structure.

2. The application of hot pressing of ingots when pro-
ducing brazing alloy band leads to the crushing of inclu-
sions, but their size and quantity clearly correlate with
the silicon content in the alloy. With an increase in the sili-
con content to 0.4 wt. %, the size of the inclusions and their
share in the structure of the brazed seams increase.

3. It was found that the silicon content in the brazing al-
loy up to 0.2 wt. % leads to the formation of finely dis-
persed compounds of iron and nickel with silicon due to
the dissolution of iron in the brazing alloy melt and
the formation of complex silicides in the volume of the seam
and along the brazing alloy — base material boundary.
These inclusions are distributed unevenly in the seam.

4. When the silicon content reaches 0.4 wt. %, the sili-
cides form a continuous layer along the steel — brazing al-
loy boundary in the form of larger regular-shape crystals;
a high nickel content does not prevent this formation.

5. A critical factor that can affect the properties of
the brazed joint is the size of the brazing gap. With a high
silicon content, a change in the curvature of the boundaries

and the presence of crystals based on iron and nickel sili-
cides in the seams are observed. In this case, a decrease in
the strength of the joints and the destruction of the joints
along these formations are observed.
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npunos CuSSNi6Mn4Zn 1 Ha CTPYKTYPY M CBOMCTBA MasiHBIX COeIMHEHUH
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Annomayun: MenHo-nmHKOBEIN crmaB CuS55Ni6Mn4Zn (MHMuS5-6-4) mmpoko mpuMeHsieTcs Uil MaiKe TBepIo-
CITABHOTO MHCTPYMEHTa U cTajell. OqHako Hannuue KpeMHus B coctase cruasa (0,1-0,4 % mac.) MoxeT NpUBOAUTH K 00pa-
30BaHHUIO XPYIKHX CHINIMAOB JKENe3a, HUKENS M MapraHila, 9TO HEraTHBHO BIMSET HAa MPOYHOCTb MASHBIX COEAMHEHUM.
Lens ncenenoBanus — onpeieNieHHEe BIMSHIS KOJIMIECTBEHHOTO COAEPXKAHMA KPEMHHUSI B MEIJHO-LIMHKOBOM IIPUIIOE, JIETHPO-
BaHHOM COBMECTHO HUKEJIEM U MapraHieM, Ha CTPYKTypy 3aroTOBOK IIPUIOS Mepes NalKoi U CTPYKTypy M CBOICTBa mas-
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HBIX coeMHEHHH. B paboTe UCIoap30BaMCh METOABI MUKPOCTPYKTYPHOTO aHAJIN3a, BKITIOYAs SIEKTPOHHYI0 MUKPOCKOIIHIO
U MUKPOPEHTT€HOCTIEKTPAIbHBIA aHAJW3, UIA M3YYEHHS paclpeleficHUs CHIUIHAAOB B CIUTKAX, JCHTAX W MasHBIX IIBaX.
Pe3ynpraTel okazanu, 4To IpH cofepkanuu kpemuus 10 0,2 % mac. crumuuasl 00pa3yoT MENKOIMCIEPCHBIE BKIFOUSHUS,
PaBHOMEPHO paciipeielIeHHbIe B 00beMe mBa. OHaKo IpH yBEIUUeHHN conepkanus kpemuus 10 0,4 % mac. Habmromaercst
(hopMHpOBaHKE CIUIONIHBIX CJIOEB CHIIMIAIOB JKele3a BIONb TPAHHUIBI «IIPHIIONH — CTallby, YTO MPHUBOIUT K XPYIKOMY pas-
PYILLCHHUIO COEIMHEHNH ITPY MEXaHNUeCKNX Harpy3kax. OcoOEHHO KPUTHYHBIM OKAa3aJI0Ch BIMSIHUE MaJIbIX 3a30POB IIpH Taii-
KC, TC 06pa3013aH1/Ie KPYIIHBIX KPUCTAJIJIOB CHUJIMIUIOB KCJIC3a 3HAYUTCIIBHO CHUXKACT MPOYHOCTH COC}IPIHeHPIﬁ. Hay‘IHaSI
HOBH3HA Pa0OTHI 3aKIII0YaeTCs B yCTAHOBICHHHM ONTHUMAIBHOTO COZepkaHus KpeMHus B ciutaBe (He 6omee 0,2 % mac.) mwis
MHHHMH3aIUA HETaTUBHOTO BIVSIHUS CWIIMIIMIOB HA CBOWMCTBA MasHBIX coequHeHu. [lomydeHHbIe pe3yapTaTel MOTYT OBITh
HCTIOJNIB30BaHBI JUIS Pa3pabOTKH TEXHOJIOTHYECKUX PEeKOMEHIAMi pU MPOU3BOICTBE NMPUIIOEB U Maiike cTaeil, 4To mo3Bo-
JIUT TIOBBICUTH HAIEKHOCTH U IOJTOBEYHOCTH MAsHBIX COCIMHEHNH B IPOMBIIUICHHBIX yCIOBHUIX.

Knrwouegvie cnosa: naiika TBeprociuiaBHoro nHerpymenTa; CuS5NioMn4Zn (MHMu55-6-4); BnusiHue KpeMHUS Ha T1a-
SAHBIC COCAMHCHUA; CUIIMIHIBI )KEJIE€3a B MAAHBIX MIBAX; MUKPOCTPYKTYpa MassHOIO HIBA; XPYIKOCTH MaAHBIX CoeI[HHCHHfI;
ONTHUMU3AIHS COCTaBa TIPHIIOSL.

Mna yumuposanua: Iamkos W.H., 'amxues M.P., Tapommkanckuii C.A., baznosa T.A., baxxenos B.E., Karanaesa JI.A.
BimsiHre KOJTMYECTBEHHOTO COZIEpIKaHMsl KpeMHUsI Ha CTpYKTypy npumnost CuS5Ni6Mn4Zn 1 Ha CTPYKTYpY U CBOMCTBA MastHBIX
coenunennit // Frontier Materials & Technologies. 2025. Ne 1. C. 47-57. DOI: 10.18323/2782-4039-2025-1-71-4.
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Abstract: Magnesium alloys of the Mg—Al and Mg—Zn systems have a wide effective solidification range (ESR), and
as a result, have the tendency to hot brittleness during casting. There are several methods for analyzing and calculating
the hot brittleness of magnesium alloys, but they are very labor-intensive. In this regard, the objective of the study is to
develop a model for calculating the hot brittleness index (HBI) based on the value of the calculated effective solidification
range, identifying and analyzing their relationship in binary and multicomponent alloys based on the Mg—Al and Mg—Zn
systems. The ESR was calculated using the Thermo-Calc program (TTMG3 database). The ESR was calculated as the dif-
ference between the temperature of formation of a given amount of solid phases and the nonequilibrium solidus tempera-
ture. The study showed a good correlation between the calculated values of ESR and HBI in both binary and multicompo-
nent magnesium alloys. In the Mg—Al system alloys, the calculated dependences of the ESR at 90 % of solid phases
(ESRyp) show the best correlation with the experimental values of HBI. In the binary alloys of the Mg—Zn system, a quali-
tatively similar dependence is observed. However, no clear correlation was noted between the ESR and HBI. The ESRgs
and ESRg( dependences demonstrate the closest nature. According to the relationship between HBI and ESR, the consi-
dered multicomponent alloys are divided into two groups as a first approximation: the first one is the Mg—Al-Zn system
alloys; the second one is the Mg—Zn—Zr and Mg—Nd—Zr alloys. Within these groups, the dependence of HBI and ESR has
a nature close to a linear one. To describe the dependence of all alloys, a single equation can be applied if ESRgs is used in
the calculations for Mg—Al-Zn alloys and ESRgy — for Mg—Zn—Zr and Mg—Nd—Zr alloys. The proposed model will allow
for easy and quick calculation of the HBI, which is very important in the development of new high-tech magnesium alloys.

Keywords: magnesium alloys; hot brittleness; effective solidification range; thermodynamic calculation; nonequilibri-
um solidification.
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INTRODUCTION

Magnesium alloys combine a good level of mechanical
properties with low density. Almost all cast magnesium
alloys belong to two basic alloying systems — Mg—Al and
Mg—Zn [1; 2]. Alloys of the Mg—Al and Mg—Zn systems
have a very wide solidification range [3]. In this regard,
when selecting the composition of cast alloys, it is neces-
sary to take into account the possibility of narrowing the
solidification range, or more precisely, the effective solidi-
fication range (ESR) — the range between the temperature
of the onset of linear shrinkage and the nonequilibrium soli-
dus of the alloy [3]. It can be said that the ESR value direct-
ly determines the tendency of the alloy to form cracks of
solidification origin or hot brittleness [3; 4]. The appear-
ance of solidification cracks in castings is an irreparable
defect. Experimental determination of the ESR value is
a very labor-intensive process [3; 4]. The authors of
the work [5] proposed a method for calculating the ESR
value using thermodynamic calculations of nonequilibrium
solidification for binary and ternary aluminum-based alloys.

facturability during casting [6], and the possibility of calcu-
lating the ESR and the hot brittleness index (HBI) in multi-
component aluminum-based alloys was identified [7].

The problem of the formation of cracks of solidification
origin is no less acute during casting of castings from mag-
nesium alloys [8—10]. There are several methods for analyz-
ing and calculating the hot brittleness of magnesium alloys,
but they are very labor-intensive [11-14]. For example,
the authors of the work [11] estimated the tendency to form
cracks of solidification origin based on the characteristics
of mechanical properties in the solid-liquid state and
the location of the layers of the last liquid. The results of
[12] are based on the optimization of the Clyne — Davies
model and use a very narrow parameter for determining the
HBI on a 4-point scale. In the work [14], a complex and
inaccessible method of neutron diffraction was used to ana-
lyze the initiation of hot cracks. The proposed approach is
faster and sufficiently accurate.

When designing castings for casting from known mag-
nesium alloys, when developing new casting magnesium

It was shown that it is the effective solidification range, and
not the full solidification interval, that determines the manu-

© Pozdniakov A.V., 2025

alloys, it is necessary to take into account the level of casting
properties, especially the HBI. Cracks of solidification
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origin can also form in ingots of deformable magnesium
alloys. As shown in the example of aluminum alloys,
the HBI is directly related to the ESR value. Therefore,
there is a need to analyze the relationship between the ESR
and the HBI value for magnesium alloys. Identifying pat-
terns similar to those obtained in aluminum alloying sys-
tems will allow using this technique for calculating
the HBI, which is especially important when developing
new magnesium alloys. This study is aimed at adapting
the method for calculating the ESR for binary and multi-
component alloys based on the Mg—Al and Mg—Zn systems
and analyzing the relationship between the calculated ESR
and the experimentally determined HBI.

The aim of this study is to develop a model for calculat-
ing the hot brittleness index based on the value of the calcu-
lated effective solidification range, establishing and analyz-
ing their relationship in binary and multicomponent alloys
based on the Mg—Al and Mg—Zn systems.

METHODS

The calculation of the ESR was performed using
the Thermo-Calc software product (TTMG3 magnesium
alloy database). The ESR was calculated as the difference
between the temperature of formation of a given amount of
solid phases (from 65 to 90 %) and the nonequilibrium soli-
dus temperature. Additionally, the values of the total equi-
librium solidification range TSR¢q were calculated as the
difference between the liquidus temperature and the equi-
librium solidus temperature; the total nonequilibrium solidi-
fication range TSRnoeq — as the difference between
the liquidus temperature and the nonequilibrium solidus
temperature. The calculation of nonequilibrium solidifica-
tion is based on the Sheil model, which assumes complete
passage of diffusion processes in the liquid and complete
suppression of diffusion in the solid phase. To compare
the calculated values of ESR and TSR with hot brittleness,
experimental data on the HBI of binary and multicompo-
nent alloys from work [3] were used, which are in good
agreement with more recent information on binary Mg—Zn
alloys [14; 15], Mg—Zn alloys with the addition of Y [16] or
Y and Zr [17-19], Mg—Al alloys [20-22]. The HBI of mag-
nesium alloys in work [3] was determined by one of
the most common tests for magnesium and aluminum
alloys — the ring test. In this test, the melt is poured into
a sand mold with a metal rod and a refrigerator on half of
the ring, and the critical width of the ring in millimeters is
determined.

RESULTS

For binary alloys of the Mg—Al and Mg—Zn systems in
the concentration range from 0 to 6 % of Al and from 0
to 10 % of Zn, nonequilibrium solidification curves were
constructed. Fig. 1 presents typical dependences of
the change in the mass fraction of solid phases during
nonequilibrium solidification of Mg-0.75%Al, Mg—
1.5%Al, Mg—1%Zn, and Mg-2%Zn binary alloys. The so-
lidification process of the Mg—0.75%Al alloy (Fig. 1 a)
begins at a temperature of 646 °C with the formation of
a magnesium solid solution (Mg). Under equilibrium condi-

tions, solidification ends at 637 °C, in accordance with
the dotted curve. Under nonequilibrium conditions, solidifica-
tion ends at 553 °C, in accordance with the solid curve.
As aresult, TRS¢q and TRSyoneq are 9 and 93 °C, respectively.
As mentioned above, the ESR is the interval between
the temperature of the onset of linear shrinkage and
the nonequilibrium solidus. The temperature of the linear
shrinkage onset usually corresponds to the formation of 65—
90 % of solid phases in the alloy. It is for this range of
the amount of solid phases that the ESR values were calcu-
lated (Table 1). Using the Mg—0.75%Al alloy as an ex-
ample, Fig. 1 a shows the intervals corresponding to the cal-
culated ESR values for 65, 80 and 90 % of the solid phases.
For comparison, the solidification process of the Mg-—
1.5%Al alloy (Fig. 1 b) begins at 642 °C and ends under
equilibrium conditions at 624 °C, and under nonequilibrium
conditions — at 437 °C. In this case, the solidification of
the Mg—1.5%Al alloy (Fig. 1 b) ends with the formation of
the Mgi7Al; phase in the eutectic with (Mg). A similar
solidification pattern was observed in the Mg—1%Zn
(Fig. 1 ¢) and Mg—2%Zn (Fig. 1 d) alloys. The obtained
calculation data were used to construct a nonequilibrium
solidus in the Mg—Al and Mg—Zn systems. All critical tem-
peratures of formation of 65, 80 and 90 % solid phases,
nonequilibrium and equilibrium solidus and liquidus (Tese,
Ts0%, Too%, Tns, Teqs, Tiq), calculated ESR values corre-
sponding to formation of 65, 80 and 90 % solid phases
(ESRss, ESRgy, ESRyg), calculated values of equilibrium
and nonequilibrium TSR (TSReq, TSRioneq) for all binary
alloy compositions (first column of the table) are collected
in Table 1. The calculation results are used to analyze the
relationship of ESR and TSR with the experimental HBI
values in binary alloys of the Mg—Al and Mg—Zn systems.
Fig. 2 shows as an example the dependences of the mass
fraction of solid phases in the process of nonequilibrium
solidification of multicomponent ML5 (Mg—Al-Zn) and
ML10 (Mg-Nd—Zr) alloys. Similar dependences were used
to calculate the critical temperatures and intervals for all
multicomponent alloys. The solidification process of
the ML5 alloy begins at 629 °C with the formation of
the AlsMns phase (Fig. 2 a). Under equilibrium conditions,
solidification ends at 489 °C, and under nonequilibrium
conditions — at 412 °C, which corresponds to TSR.;=140 °C
and TSRuoneg=217 °C (Table 2). In the process of nonequi-
librium solidification, the (Mg), Al;1Mn4 and AlsMn phases
are formed by eutectic and peritectic reactions, and
the Al;1Mny and AlgMns phases dissolve (Fig. 2 a). Solidi-
fication of the ML10 alloy begins at 737 °C with the for-
mation of the a-Zr phase, then the (Mg) and Mg41Nds phas-
es appear (Fig.2Db). In this case, in the ML10 alloy,
TSRuoneg=237 °C (Table 2), i.e. wider than in the ML5 al-
loy. However, in this case, ESR¢s in the ML10 alloy is sig-
nificantly narrower — 55 °C versus 139 °C in the ML5 alloy
(Table 2). Results of calculations of critical Tgso, Tsov,
To0%, Tns, Teqs, and Tiq temperatures and ESRgs, ESRgo,
ESRgo, TSReq, TSRuoneq intervals for different multicompo-
nent alloys based on the Mg-Al-Zn (ML1, ML2, ML3,
ML4, MLS5, ML6, ML7-1), Mg—Zn—Zr (ML12, ML15), and
Mg-Nd—Zr (ML10) systems are collected in Table 2.
The obtained calculated data on the ESR values are analyzed
in comparison with the experimentally determined HBIL
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Fig. 1. Change in the mass fraction of solid phases during nonequilibrium solidification (dashed line — equilibrium solidification)
of binary alloys: a — Mg—0.75%Al; b — Mg—1.5%Al; ¢ — Mg—1%Zn; d — Mg—2%Zn (L — liquid phase)
Puc. 1. H3zmenenue maccosoti 00u meepovix (pas 6 npoyecce HepasHOBECHOU KPUCIAIIUZAYUU

(NYHKMUP — PABHOGECHAs KPUCAIUZAYUS) OBOUHBIX CRIABOE:
a—Mg—0,75%Al; b— Mg—1,5%Al; ¢ — Mg—1%Zn; d — Mg—2%Zn (L — ocuokas ¢haza)

Table 1. Values of calculated temperatures and ranges for alloys of the Mg—Al and Mg—Zn systems
Tabnuya 1. 3nauenus pacuemuvlx memMnepamyp u UHmMepeanos ois cniaeoe cucmem Mg—Al u Mg—Zn

Al % Tgs Yoo Ts0 %, Too %, Ths., Teqs. Tiigy °C ESRg¢s, ESRso, ESRoo, TSReq, | TSRuoneq,
C °C °C °C °C °C °C °C °C °C
Mg-Al

0.1 649 648.5 648 642 648 649.3 7 6.5 6 1.3 7.3
0.5 645 643 638 590 641 647 55 53 48 6 57
0.75 642 638 631 553 637 646 89 85 78 9 93
1 639 635 623 511 632 645 128 124 112 13 134
1.25 636 631 617 464 629 643 172 167 153 14 179
1.5 634 624 611 437 624 642 197 187 174 18 205
2 628 618 598 437 615 640 191 181 161 25 203

4 607 584 535 437 582 630 170 147 98 48 193

6 583 545 465 437 542 618 146 108 28 76 181
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Continue of the Table 1

Mg-Zn
0.1 649.2 648.6 647.8 632 646 649.7 17.2 16.6 15.8 3.7 17.7
0.5 646 643 638 540 634 648 106 103 98 14 108
1 643 637 626 396 619 647 247 241 230 28 251
1.5 638 630 6112 341 600 645 297 289 5771 45 304
2 635 623 599 341 577 644 294 282 258 67 303
3 626 608 568 341 548 641 285 267 227 93 300
4 618 596 536 341 502 638 277 255 195 136 297
6 599 563 455 341 424 632 258 222 114 208 291
10 560 485 341 341 341 618 219 144 0 277 277
55[} | | | | 800 1 1 1
L L
e} e}
e E/UAISM% L+(Mg)+AlgMns T C7;50 | -
600 ——__ L
T 700 - -
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Mass fraction of solid phases Mass fraction of solid phases
a b
Fig. 2. Change in the mass fraction of solid phases in the process of nonequilibrium solidification
(dashed line — equilibrium solidification) of multicomponent alloys: a — ML5; b— ML10
Puc. 2. H3menenue maccogou 001u meepovix (pas 6 npoyecce HepagHOBECHOU KpUCMALIU3AYUY
(MyHKMUp — PAGHOBECHAS KPUCALIUZAYUS)) MHO2OKOMNOHEHMHbIX cnia6oe: a — MJIS; b — MJI10
DISCUSSION system alloys (Fig. 3 b), the calculated dependences of

Based on the results of calculating the nonequilibrium
solidification of binary alloys, the nonequilibrium solidus
lines were plotted in the magnesium angle of the Mg—Al
and Mg—Zn systems (Fig. 3 a, 3 ¢). During solidification of
the Mg—1.5%Al and Mg-2%Zn alloys, a nonequilibrium
excess of the Mgi7Ali» phase appears at a temperature of
437 °C (Fig. 1 b) and MgZn, at a temperature of 341 °C
(Fig. 1 d). Fig. 3 b, 3 d shows the dependences of the calcu-
lated values of ESR (for different amounts of solid phases),
TSReq, TSRnoneq and the experimental values of HBI for
binary alloys of the Mg—Al and Mg—Zn systems. The calcu-
lated values of TSReq do not correlate with the values of
ESR and, accordingly, with HBI. In this case, as in alumi-
num alloys of eutectic systems [5; 6], the TSRuoneq values
are in good agreement with the ESR value. In the Mg—Al

ESRyy show the best correlation with the experimental va-
lues of HBI. The rate of decrease in HBI practically coin-
cides with the rate of decrease in the calculated value of
ESRyo. In binary alloys of the Mg—Zn system, a qualitative-
ly similar dependence is observed (Fig. 3 d). However, no
clear correlation was noted between ESR and HBI.
The ESRess and ESRgy dependences demonstrate the closest
nature (Fig. 3 d).

The position of the HBI maximum somewhat diverges
from the maximum calculated ESR value. Thus, in the Mg—
Al system, an alloy with 1 % of Al has the maximum HBI,
which is confirmed by the data of work [9; 10], and
the Mg—1.5%Al alloy has the highest calculated ESR. It is
worth noting that in works [9; 10], alloys containing more
than 1 but less than 2 % of Al were not considered.
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Table 2. Values of calculated temperatures and ranges for multicomponent alloys
Tabnuya 2. 3navenus pacuemnvix memMnepamyp u UHMepeaios sk MHO2OKOMNOHEHMHbIX CHIAB08

Allo Té65 %, Ts0 %, Too %, Thas.s Teq.s.s Thig, ESRes, ESRso, ESRoo, TSReq, | TSRuoneq,
y OC OC OC OC OC OC OC OC OC OC OC
ML3 610 589 540 363 564 631 247 226 177 67 268
ML4 562 503 405 350 464 612 212 153 55 148 262
ML5 551 489 431 412 489 629 139 77 19 140 217
ML6 531 451 426 389 460 630 142 62 37 170 241
ML7-1 579 542 445 400 487 640 179 142 45 153 240
ML10 555 553 548 500 548 737 55 53 48 189 237
ML12 612 585 514 339 482 732 273 246 175 250 393
ML15 608 573 498 339 477 730 269 234 159 253 391
. 700 1 1 1 | 1 T, °C 40
T,°C 200 HBI, mm
650
30
600 - 150 —A—ESRg5
—x— ESR
550 20 80
100 | ——ESRgp
500 —— TSReq
\
450 | 50 10 —*— TSRnoneq
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400 ‘ T T T T T T 0 0
& 0 1 2 3 4 5 6 7 8
Mg %Al
a b
700 1 1 1 L 1 ° 4 100
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650 300
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600 250 170—a_ ESRgs5
550 200 160/—— ESRgp
500 - 150 150—e— ESRgp
450 - 140 —O— TSReq
100 130 - TSR
oy noneq
5 420 HBI
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300 . 0 0
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Fig. 3. Magnesium angle of the phase diagrams of the Mg—Al (a) and Mg—Zn (c) systems (dotted line — nonequilibrium solidus)
and the dependences of the calculated values of effective solidification range ESR (for different amounts of solid phases),
total equilibrium solidification range TSReq, total nonequilibrium solidification range TSRnoneq,
and experimental values of the hot brittleness index HBI for binary alloys of the Mg—Al (b) and Mg—Zn (d) systems
Puc. 3. Maznueswiii yeon gpazoswvix ouazpamm cucmem Mg—Al (a) u Mg—Zn (c¢) (nynxmup — nepasnosecHuiti conudyc)
U 3a8UCUMOCIU PACHEeMHbIX 3HAYeHUll d¢hexmusrnoeo unmepgana kpucmaninusayuu ESR (015 pasnoeo koauuecmsea meepovix ¢as),
NONIHO20 PABHOBeCcH020 uHmepsana kpucmaniuzayuu TSReq, nonno2o Hepasrogecrho2o unmepsana kpucmaniuzayut TSRnoneq
U IKCNepUMEeHMAbHbIX 3HaueHull nokazamens opsyenomxocmu HBI 0ns 0sotinwix cnnasos cucmem Mg—Al (b) u Mg—Zn (d)
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In the Mg—Zn system, the maximum hot brittleness index is
found at 2 % of Zn [3], however, according to the data of
works [9; 11], the most hot-brittle alloy is Mg—1.5%Zn,
which has the highest calculated ESR (Fig. 3).

The nature of solidification of multicomponent alloys is
somewhat more complicated (Fig.2). Mg—Zn—Zr system
alloys (just as Mg—Zn) have a low nonequilibrium solidus,
and accordingly, a very wide ESR, but at the same time
approximately the same tendency to form solidification
cracks as Mg—Al-Zn alloys, whose ESR is approximately
100 °C narrower (Table 3). The ML10 alloy (Mg-Nd—Zr
system), having a high temperature of nonequilibrium soli-

dus, is distinguished by a very narrow ESR (48-55 °C) and
low HBI (Table 3). The calculated values of solidification
intervals in comparison with the experimental HBI for mul-
ticomponent magnesium alloys are collected in Table 3.
According to the relationship between HBI and ESR,
the considered multicomponent alloys are divided into two
groups: the first one is the Mg—Al-Zn system alloys; the
second one is the alloys of the Mg—Zn—Zr and Mg-Nd—Zr
systems. Within these groups, the dependence of HBI and
ESR has a nature close to a linear one, hot brittleness index
increases with an increase in the ESR (Fig. 4). At the same
time, for the Mg—Al-Zn system alloys, all points lie as

Table 3. Effective solidification range ESR and total equilibrium solidification range TSR values

in comparison with the experimental hot brittleness index for multicomponent alloys

Taonuya 3. 3nauenus s¢ppexmusroco unmepsana kpucmaniuzayuu ESR u noinozo paernogecrnozo unmepsana kpucmaniuzayuu TSR
6 CPABGHEHUU € IKCNEPUMEHMATLHIM NOKA3AMENEM 20PA1ENOMKOCTU OJisl MHO2OKOMNOHEHMHBIX CHIAB08

Alloy ESRss, °C ESRso, °C ESRg, °C TSReq, °C TSRuoneq, °C HBI, mm
ML3 247 226 177 67 268 425
ML4 212 153 55 148 262 37.5
ML5 139 77 19 140 217 30
ML6 142 62 37 170 241 30
ML7-1 179 142 45 153 240 35
ML10 55 53 48 189 237 18.5
ML12 273 246 175 250 393 33
MLI5 269 234 159 253 391 28
A o
T.°C | = 65% of solid phases T,°C
250+ e 80% of solid phases 250 -
. A 90% of solid phases
200 L 200 [
150 | 150 |
100 100
m 65% of solid phases
50 | 50 - o 80% of solid phases
A 90% of solid phases
0 1 1 1 1 1 1 1 L 1 1 1 1 1 1 1 1 1 1 1
26 28 30 32 34 36 38 40 42 44 16 18 20 22 24 26 28 30 32 34
HBI, mm HBI, mm
a b

Fig. 4. Comparison of calculated effective solidification range ESR values (for different amounts of solid phases)
and experimental values of the hot brittleness index HBI for multicomponent alloys based on the systems:
a— Mg—Al-Zn; b — Mg—Zn—Zr and Mg—Nd—Zr
Puc. 4. Conocmasnenue pacuemuvix 3nauenuii spPpexmusnozo unmepeana kpucmannuzayuu ESR
(0114 pasHozo Koauuecmea meepovix (as) u IKCHepUMEeHMATbHLIX 3Ha4eHUll nokasamens opsyenomkocmu HBI
0718 MHO2OKOMNOHEHMHbIX CNAAB08 HA OCHOGe cucmem: a — Mg—Al-Zn; b — Mg—Zn—Zr u Mg—Nd—Zr
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closely as possible on the linear dependence for the calcu-
lated values of ESRes (Fig. 4 a). The obtained dependence
can be described by a simple linear equation with a confi-
dence probability of R?=0.99:

HBI=0.11xESR + 14. (1)

For the Mg-Zn—Zr and Mg-Nd—Zr systems, the calcu-
lated ESRgy values demonstrate the dependence closest to
linear (Fig. 4 b). For this group, the dependence can be de-
scribed by a simple linear equation with a lower confidence
probability of R?=0.94:

HBI=0.1xESR+13.2. Q)

Equations (1) and (2) for the two groups have close co-
efficients. Combining the data from the two groups ob-
tained for ESR for different amounts of solid phases allows
distinguishing a linear dependence with a confidence pro-
bability of R?=0.96:

HBI=0.12xESR+12.5. 3)

Equation (3) can be applied in the first approximation to
both groups of alloys, if ESR¢s is used in the calculations
for Mg—Al-Zn alloys and ESRyy — for Mg—Zn—Zr and Mg—
Nd—Zr alloys. However, it is not entirely correct to consider
alloys of different systems with very different nonequilibri-
um solidus within the same group.

In general, the study showed the possibility of assessing
the tendency of magnesium alloys of the Mg—Al and Mg—
Zn systems to form cracks of solidification origin based on
the calculation of the effective solidification range. All de-
viations of the calculated ESR values and experimental HBI
values are due to other factors affecting hot brittleness, such
as mechanical properties in the solid-liquid state and modi-
fication [3; 4]. For example, zirconium in wide-range Mg—
Zn alloys can act as a modifier, which improves casting
properties. The proposed equation for calculation requires
experimental verification on alloys of other compositions
not used in the calculations. However, such a possibility is
not currently available. Based on the existing successful
experience of applying a similar model using the example
of creating new aluminum alloys [23; 24], the proposed
method for calculating the hot brittleness index will also
work in magnesium alloys.

CONCLUSIONS

The calculations of the temperatures of formation of
a given amount of solid phases, effective and total solidi-
fication ranges in binary and multicomponent alloys
based on the Mg—Al and Mg—Zn systems are carried out
using thermodynamic calculations of nonequilibrium
solidification. A good correlation of the calculated va-
lues of the effective solidification range with the hot
brittleness index in both binary and multicomponent
magnesium alloys is shown. According to the relation-
ship between HBI and ESR, the considered multicompo-
nent alloys are divided into 2 groups in the first appro-
ximation: the first group is the alloys of the Mg—Al-Zn

system; the second group is the Mg—Zn—Zr and Mg—Nd—
Zr alloys. Within these groups, the dependence of HBI
and ESR has a nature close to a linear one.
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Annomayusn: Maruuesbie cruiaBbl cucteM Mg—Al u Mg—Zn nmeror mupokuid 3 QpeKTUBHBIH WHTEPBaT KPUCTAIIN3a-
un (OUK) u, Kak ciencTBre, CKIOHHBI K TOPSYEIOMKOCTH TpH JUThe. CyIIecTBYeT HECKOIBKO METOIUK aHaIM3a M pac-
4yeTa ropsiue’lIoMKOCTA MarHUEBBIX CIUIABOB, HO OHU SIBJISIIOTCSI OUYEHb TPYAOEMKHMHU. B CBSI3U ¢ 3TUM LieNb UCCIIeIOBaHUS —
paspaboraTh MOJENb pacdera nmokasateis ropsueromkoctu (I1IN) mo BennumHe pacueTHOro 3QQPEeKTUBHOrO MHTEpBaia
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KPHUCTAJUIU3alMH, YCTAHOBUB U NPOAHAIU3UPOBAB UX CBSI3b B JBOMHBIX M MHOTOKOMIIOHEHTHBIX CIIIABaX HA OCHOBE CH-
ctem Mg—Al u Mg—Zn. Pacuer DUK npoBenen ¢ ucmnonszoBanueM mporpammbl Thermo-Calc (6a3a manasix TTMG3).
QUK paccunThIBajCs KaK pa3HUIA MEXIY TEMIIEpaTypoil 00pa3oBaHMs 3aJaHHOTO KOJIMYECTBa TBEpAbIX (a3 u Temmepa-
TypO# HepaBHOBECHOTO coimayca. Ilokasana xopormmas koppemsius paccuntaHabix 3HadeHnit DMK c 11" kak B TBOWHBIX,
TaK ¥ B MHOTOKOMIIOHEHTHBIX MarHUEBBIX CIUIaBax. B crmaBax cucremsl Mg—Al pacuernsie 3aBucumoct DMK mpu 90 %
TBepAbIX (a3 (ODUKgp) moKa3pIBalOT HAMIYYIIYI0 KOPPENSIHIO C KCIEepUMEHTAIBHBIMU 3HaueHusiMu 1. B nBoitHbIX
CIUIaBax cHcTeMBbl Mg—7Zn HaOoaeTcs KaueCTBEHHO TaKasl )K€ 3aBUCHUMOCTh. OJHAKO YeTKOH Koppemsaunu Mexay DMK
n III" He otmeueno. Hauboxee Gim3kuit xapakrep neMoHcTpupytoT 3aBucuMocti OUKgs n DMKy, [o ceszu TN 1 OUK
paccMOTpeHHbIE MHOTOKOMITOHEHTHBIE CIUIaBbl B TIEPBOM MPHUOIKEHUH pa3/ielieHbl Ha 2 TPYIIIbL: MepBas — CIUIaBbl CH-
creMbl Mg—Al-Zn, Bropas — Mg—Zn—Zr u Mg-Nd-Zr. B npeznenax stux rpynn 3asucumocts [1I" u SUK umeer Gnuzknit
K JWHEHHOMY Xapaktep. s onmcaHMsl 3aBUCHMOCTH BCEX CIIABOB MOXKHO IPUMEHHUTH OJHO ypaBHEHHE IPH YCIOBHUHU
ucrionb3oBanus B pacuerax IOUKes s cimaBoB cucremsl Mg—Al-Zn n DUKygy mst crutaBoB cucrem Mg—Zn—Zr u Mg—
Nd-Zr. IIpenioxeHnHast MOJIeNb TIO3BOJIMT JIETKO M OBICTpO TMpou3BecTu pacuet 117, uTo BecbMa akTyaibHO MPU pa3padoT-
K€ HOBBIX BBICOKOTEXHOJIOTHYHBIX MAarHUEBBIX CILIABOB.

Knrouegvle cnosa: MarHueBbIe CIUIABEI, TOPAYEIOMKOCTD; 3P ()EKTUBHBIA MHTEPBAI KPUCTALIM3ALNH; TEPMOANHAMU-
YeCKHEe PacUeThl; HEPaBHOBECHAS KPUCTAJUIN3AIIHSL.

JIna yumuposanusa: Iloznasaxos A.B. Pacuer 3¢exkTrBHOrO MHTEpBAa KPUCTAJUIN3AIIUH U €TO CBSI3b C TOPSIUEIOM-
KOCTBIO CIUIaBOB Ha ocHOBe cucreM Mg—Al m Mg—Zn // Frontier Materials & Technologies. 2025. Ne 1. C. 59-68.
DOI: 10.18323/2782-4039-2025-1-71-5.
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Abstract: The paper studies the effect of hafnium and erbium additives on the microstructure formation during heat treat-
ment of aluminium alloys with a high magnesium content additionally alloyed with scandium and zirconium. For
the study, ingots of aluminium alloys with a high content of magnesium alloyed with scandium, erbium and hafnium with
a content in the ranges of 0.03-0.16 % and 0.05-0.16 %, respectively, were produced by casting in a steel chill mould. After
casting, the samples were treated with heat at a temperature of 370 and 440 °C with a holding time of 2 to 96 h. Changes in
microhardness depending on the heat treatment were studied. For 1590-3 and 1590-4 alloys in the as-cast condition and after
heat treatment at a temperature of 440 °C for 2 and 48 h, the fine microstructure and coarse intermetallic compounds were
studied using transmission microscopy. The study found that additions of hafnium and erbium lead to an increase in micro-
hardness due to a decrease in the size and an increase in the number of Al;Sc nanoparticles. After heat treatment at a tempera-
ture of 440 °C for 4 h, Al;Sc particles of the same size (8 nm) and density precipitate in all the alloys under study. However,
with an increase in the holding time in the alloy with a lower hafnium content and a higher erbium content, the particle size
increases by 2 times compared to the particles of the alloy where the hafnium content is higher and the erbium content is low.

Keywords: aluminium alloys; microalloying; scandium; hafnium; erbium; formation of Al;Sc particles; microhardness;
microstructure; nanoparticles.
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INTRODUCTION

Aluminium alloys are in high demand in many ad-
vanced industries. Among them, the Al-Mg alloys stand

which increases strength due to the formation of reinforcing
Al;Sc nanoparticles with the L, structure, improves weld-
ability, corrosion properties and helps modify the grain

out characterised by lower weight, increased strength and
good corrosion resistance [1-3].

To improve the properties, various alloying components
are added to the alloys. One of the most effective is scandium,

© Ragazin A.A., Aryshenskiy E.V., Aryshenskiy V.Yu.,
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structure [4—6]. The efficiency of scandium alloying can be
further increased by adding zirconium. Its introduction re-
duces the scandium concentration required for effective grain
refinement during casting, and creates a shell promoting
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thermal stabilisation of AlsSc nanoparticles [6; 7]. Most
often, combined scandium-zirconium microalloying is used
in Al-Mg system alloys. This is explained by the fact that
due to solid solution strengthening caused by magnesium,
these alloys themselves have high strength characteristics
[3]. One of such alloys is 1570 alloy with a scandium con-
tent of 0.25 %.

However, due to the high cost, reducing the scandium
content from 0.25 to 0.15+0.1 % seems promising [8].
At the same time, reducing the scandium concentration will
lead to a decrease in mechanical properties [9]. One way to
solve this problem is the additional use of additives such as
erbium and hafnium. Erbium helps to increase the number
and rate of formation of AlsSc particles. This occurs be-
cause erbium, having a higher diffusion coefficient than
scandium, forms AL;Er nanoparticles with aluminium with
an L1, structure, which are also coherent in the aluminium
matrix [10; 11]. Due to the solubility of scandium in erbi-
um, these particles serve as a nucleus for Al3Sc, actually
being their core [9].

Hafnium partially dissolves in Al;Sc particles, creating
a shell around them and thermally stabilising them due to
a lower diffusion coefficient. Moreover, hafnium additives,
like zirconium, increase modifications of the cast structure
[12], thereby increasing mechanical properties.

However, the combined effect of erbium and hafnium
on AlsSc particles has not been studied previously. There
are only studies of the effect of erbium and hafnium on
Al;Sc separately. As a rule, studies were carried out for
pure aluminium and only in some cases for high-
magnesium alloys, which have become widespread in in-
dustry [13—15]. Moreover, in the case of the effect of hafni-
um, studies were carried out with a scandium content of
0.2 % [13; 15], while the effect of hafnium may be different
with a further decrease in the scandium concentration.

The aim of this work is to study the influence of erbium
and hafnium content on the formation of the microstructure,
and mechanical properties of high-magnesium aluminium
alloys sparingly alloyed with scandium during their ther-
momechanical processing.

METHODS

A new aluminium high-magnesium 1590 alloy sparingly
doped with scandium, microalloyed both with scandium
and zirconium and with erbium and hafnium [16] was se-
lected for the study. The Er and Hf content in this alloy
varies in the ranges of 0.03-0.16 wt. % and 0.05-
0.16 wt. %, respectively. By changing the content of ele-
ments in these ranges, it is possible to study the effect of
their concentration on the formation of Al3Sc particles.
Four modifications of the 1590 alloy were selected to study
the effect of the content of these elements on the formation
of the microstructure. Table 1 presents the chemical com-
position of these modifications, which differ from each
other in the content of erbium and hafnium.

To produce ingots of 1590, 1590-3, 1590-4 and 1599A al-
loys, UI-25P medium-frequency (1-20 kHz) induction furnace
was used. The ingot dimensions were 20%x40x400 mm.
The ingots were cast in a steel chill mould and then cooled
in water. The cast ingot weight was 5 kg. The following
materials were used as a charge for the alloy: A85 grade
aluminium, MG90 grade magnesium, alloying elements of
Al-Scy, Al-Zrs, Al-Hf,, Al-Ers grades and Mn90AI10
grade alloying tablets. First, aluminium was loaded and
melted. After the aluminium melted and the temperature
reached 730 °C, slag was removed from the melt surface.
Then the melt was heated to 770-790 °C and the AlSc,,
AlZrs, Al-Hf,, Al-Ers alloying elements were added in
portions weighing no more than 300 g, followed by stirring
and holding the melt for 5 min. After adding the entire cal-
culated alloying elements, the melt was cooled to 750 °C
and alloying components (Mg, Mn) were added according
to the calculation results. The melt was stirred for 3 min,
followed by heating to 740 °C, and a sample was taken for
express analysis of the chemical composition of the melt.
The chemical composition of the alloys (Table 1) was
determined by the spectral method on an ARL 3460 ato-
mic emission spectrometer (GOST 25086, GOST 7727,
GOST 3221, ASTM E 716, ASTM E 1251) using the Al-Ers
alloying element. The Er and Hf content in the ingot was de-
termined by calculation due to the lack of standard samples.

Table 1. Chemical composition of the 1590, 1590-3, 1590-4, and 1599 alloys
Taonuya 1. Xumuuecxuii cocmas cnaasog 1590, 1590-3, 1590-4, 1599

Weight content of elements, %
Alloy
Si Fe Mn Mg Zn Zr Sc Er* Hf*
1590 0.04 0.07 0.41 5.57 0.21 0.1 0.14 0.1 0.05
1590-3 0.05 0.08 0.41 5.58 0.2 0.1 0.14 0.03 0.16
1590-4 0.05 0.08 0.41 5.53 0.21 0.1 0.14 0.1 0.1
1599 0.04 0.08 0.41 5.53 0.2 0.09 0.07 0.06 0.1

Note. * is content of Er, Hf according to calculation.
Ipumeuanue. * — codeporcanue Er, Hf coenacrno pacuemy.
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To study how heat treatment influences the formation of
the microstructure and mechanical properties, the ingots were
annealed in a muffle electric furnace at 370 and 440 °C with
holding for 2, 4, 8, 24, 48, 72, 96 h and subsequent cooling in
water to fix the supersaturated solid solution.

Microhardness measurements were carried out on an
HV-1000 microhardness tester using the restored indenta-
tion method. The calculation was carried out in the Nexsys
Image Expert Micro Hardness 2 software package in ac-
cordance with GOST 9450-76 “Measuring Microhardness
by Indentation of Diamond Tips”, a tetrahedral pyramid
with a square base was used as a tip. A pre-prepared sample
(with a polished surface) was installed using a special de-
vice that ensured that the working surface of the sample
was parallel to the surface of the table. Then, under a load
of 0.025 kgf, the tip dug into the sample surface, and was
kept at the specified load for 10 s. To obtain correct micro-
hardness values, ten measurements were taken for each
sample, the distance between measurements was more than
three diagonals of the indentation, the measurement loca-
tions were evenly distributed over the sample surface.
Then, for each measurement, the actual microhardness va-
lues were calculated. The average was calculated for
the obtained values and indicated on the graph with a con-
fidence interval.

To study fine particles, transmission microscopy (here-
inafter referred to as TEM) was used for the as-cast state
and after annealing at 440 °C for 4 and 48 h. The studies
were carried out on a Tecnai G2 30 (FEI Company, Hol-
land, USA) high-resolution scanning transmission electron
microscope (SEM), equipped with a GATAN scanning sys-
tem, a system for mapping images in characteristic X-ray
radiation, an EELS electron energy loss spectroscopy sys-
tem and an EDAX energy-dispersive spectrometer for ele-
mental analysis.

For electron microscopic studies, the samples were me-
chanically thinned by double-sided grinding on fine-grained
grinding paper to a thickness of 40—60 um. The resulting
plates were electrolytically thinned to a thickness suitable
for transmission in an electron microscope. After that, disks
with a diameter of 3 mm were cut from the samples using
the Ultratonic Disk Cutter module. Electropolishing was
carried out in a Struers Tenupol electrolytic thinning unit
using the standard A2 electrolyte for aluminium alloys re-
commended by Struers. To clean the foil surface from carbon
traces, and if necessary, for final thinning and increasing
the viewing fields, a PIPS II ion-polishing device was used.

Identification of the phases precipitated during the de-
composition of the supersaturated solid solution, was car-
ried out by calculating their interplanar distances from addi-
tional reflections in the electron diffraction patterns and
analysing their chemical composition. The calculated inter-
planar distances were compared with the data given in
the international X-ray tables (JCPDS-ICDD). To identify
the morphology and distribution pattern of each of the pre-
cipitated phases, dark-field images in additional reflections
of these phases were analysed.

Considering the fact that TEM is a rather resource- and
labor-intensive operation, only two alloys were studied by
this method — 1590-3 and 1590-4. The 1590-4 alloy was
chosen because it contains the minimum amount of erbium

and the maximum amount of hafnium, and the 1590-3 alloy —
because it contains the median value of the concentrations
of these elements.

RESULTS

In the as-cast state, the 1590-4 alloy demonstrates
the maximum microhardness value (Fig.1). The lowest
microhardness values in the as-cast state were found in
the 1590 alloy with a minimum hafnium content.

However, after 2h of holding at a temperature of
370 °C, a sharp increase in microhardness is observed in
1590, 1590-3 and 1590-4 alloys. In the 1599 alloy, no
changes in microhardness are observed; throughout
the entire holding time, it varies within the range of 75—
80 HV 0.25. In the 1590-3 alloy, after 8 h of holding,
a sharp increase in microhardness begins to 109.2 HV 0.25,
which after 24h is replaced by a decrease down
to 89 HV 0.25 at 96 h of holding. The 1590-4 alloy shows
high microhardness values from 100.2 to 101.1 HV 0.25
during the first 48 h of holding, after which a smooth de-
crease in its values to 94.7 HV 0.25 occurs. The maximum
microhardness value in the case of annealing of alloys
at 370 °C is observed in the 1590-3 alloy after 24 h of hold-
ing and amounts to 109.2 HV 0.25.

It can be seen (Fig. 2) that in 1590, 1590-3, 1590-4 al-
loys after 2 h of heat treatment at a temperature of 440 °C
there is a sharp increase in microhardness, in contrast
to 1599 alloy. After 8 h of holding, the microhardness of
the 1590-4 alloy drops. This is not observed in the 1590-3
alloy with a higher hafnium content, which, after 48 h of
holding at a temperature of 440 °C, only increases the mi-
crohardness values to 97.1 HV 0.25, after which a gentle
decline in microhardness occurs. However, in the 1590 al-
loy with an erbium content of 0.1 % and a hafnium content
of 0.05 %, an increase in microhardness is observed com-
pared to the 1590-4 alloy, where the erbium and hafnium
content is equal and amounts to 0.1 %. The 1599 alloy
shows the lowest microhardness values compared to other
alloys. After holding for 24 h, it begins to grow. After 48 h
of holding, it reaches its maximum values, after which
it decreases.

In the structure of 1590-3 and 1590-4 alloys, the pre-
cipitation of Al3Sc dispersoids was detected already in
the as-cast state (Fig.3). Apparently, they were formed
during the decomposition of the supersaturated solid solu-
tion during cooling of the materials from the crystallisation
temperature to room temperature. In the 1590-3 alloy,
the AlsSc phase precipitates in the form of equiaxed parti-
cles with a diameter of 10-25 nm with a sufficiently high
volume fraction and density of spatial distribution (Fig. 3).
A comparative analysis of the TEM results for the 1590-3
and 1590-4 alloys in the as-cast state identified an increase
in the volume fraction and density of spatial distribution of
dispersoids (Fig. 4). It is worth noting that the 1590-4 alloy
contains 0.07 % more erbium and 0.06 % less hafnium than
the 1590-3 alloy. Thus, this change in the chemical compo-
sition affects the amount of nanoparticles.

Annealing for 4 h at a temperature of 440 °C led to
an increase in the particle size. After treatment, the diame-
ter of the smallest particles is 15 nm, which is 5 nm more
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Fig. 1. Dynamics of changes in microhardness for alloys of 1590, 1590-3, 1590-4, 1599 grades in the as-cast state
and after heat treatment at a temperature of 370 °C in the range from 2 to 96 h
Puc. 1. [Junamuxa usmenenus mukpomeepoocmu cniagog mapok 1590, 1590-3, 1590-4, 1599 6 aumom cocmosnuu
u nocne mepmuueckou oopabomru npu memnepamype 370 °C u evioepoicke om 2 00 96 u
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Fig. 2. Dynamics of changes in microhardness for alloys of 1590, 1590-3, 1590-4, 1599 grades in the as-cast state
and after heat treatment at a temperature of 440 °C in the range from 2 to 96 h
Puc. 2. Jlunamuxa usmenenus mukpomeepoocmu cniagog mapok 1590, 1590-3, 1590-4, 1599 6 aumom cocmosHuu
u nocne mepmuueckou oo6pabomru npu memnepamype 440 °C u evioepoicke om 2 00 96 u
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Fig. 3. Electron microscopic images of the microstructure of the 1590-3 alloy in the as-cast state:
a — dark-field image in the (110)4i3sc reflex;
b — micro-electron-diffraction pattern, [100] 41 zone axis
Puc. 3. Dnexmporno-mukpockonuyeckue u300paxcenus Mukpocmpykmypul cnaasa 1590-3 6 iumom cocmosnuu:
a — meMHONOILHOE U300padicenue 8 peghnexce (110)a3se;
b — muxpoanexmponoepamma, oco 30mbit [100] 41

than in the as-cast state. At the same time, the diameter of
the largest particles did not change and remained equal
to 25 nm (Fig. 5).

The AlsSc particles formed during the heat treatment
were characterised by a diameter of 6—8 nm, smaller than
that of the dispersoids found in the as-cast state. The reason
for the precipitation of more dispersed particles during

the heat treatment may be their lower formation temperature
and lower saturation of the solid solution with Sc atoms.

Just as in the 1590-3 alloy, in the structure of the 1590-4
alloy sample annealed for 4 h at a temperature of 440 °C,
two types of Al3Sc particles are observed: more dispersed
ones with a diameter of about 8 nm (apparently precipitated
during annealing) constituting the majority, and rarer large

b

Fig. 4. Electron microscopic images of the microstructure of the 1590-4 alloy in the as-cast state:
a — light-field image; b — dark-field image in (111)1 reflex
Puc. 4. Dnexmponno-muxkpockonuueckue uzoopasicenuss Mukpocmpykmypwl cnaasa 1590-4 6 aumom cocmosanuu:
a — ceemaononvroe uzobpadicenue; b — memnononvroe uzobpasxcenue 6 peghnexce (111)a1
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Fig. 5. Electron microscopic images of the microstructure of the 1590-3 alloy after annealing at 440 °C, 4 h:
a — dark-field image in the (110)ui3sc reflex; b, ¢ — light-field images;
d — micro-electron-diffraction pattern, [103] 4 zone axis
Puc. 5. Dnexmponno-muxpockonuueckue uzoopasicenus muxpocmpykmypwt cnaasa 1590-3 nocre omoicuea npu 440 °C ¢ meuenue 4 u:
a — meMHONOILHOE U300padicerue 8 peghnexce (110)aizse; b, ¢ — céemnononvHvle U30OpadCEHUL;
d — muxpoanexkmponoepamma, oco 30ubl [103] 41

ones, mainly 15-25 nm in size (formed earlier during cool-
ing of the ingot) (Fig. 6).

In the bright-field images, AlsMn plates up to 250 nm
long and 100 nm wide were also identified with their distri-
bution throughout the grain volume being non-uniform: in
some areas, their clusters and alignment of particles along
certain directions were observed (Fig. 6).

Increasing the duration of annealing at 440 °C to 48 h
leads to an increase in the diameter of the most dispersed
precipitates. The average size of dispersoids is about 15 nm,
with the sizes of the largest particles remaining at the level
of 25 nm (Fig. 7).

Particle coagulation contributes to their more uniform
size distribution: the range of most of the observed disper-
soids is 13—15 nm, and only single particles are characte-

rised by larger or smaller sizes. At the same time, the vo-
lume fraction and spatial distribution density of dispersoids
remain high.

With an increase in the duration of annealing at 440 °C
to 48 h, similar changes in the structure also occur in
the 1590-4 alloy. After heat treatment in this mode, electron
microscopic images show equiaxed dispersoids with sizes
from 15 to 30 nm (Fig. 8).

A comparative analysis showed that changes in the chemi-
cal composition of the 1590-4 alloy lead to the precipitation of
larger particles and a less uniform distribution of their sizes.
Most dispersoids are characterised by a diameter in the range
of 20-25 nm, however, more dispersed precipitates with sizes
of 15nm and more are also preserved, and particles with
a diameter of 30 nm and more are also formed.
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e

Fig. 6. Electron microscopic images of the microstructure of the 1590-4 alloy after annealing at 440 °C, 4 h:
a, ¢, d — light-field images; b — dark-field images in the (110)ai3sc reflex; e — micro-electron-diffraction pattern, [110] 4 zone axis
Puc. 6. DnekmpoHHO-MUKPOCKORUYECKUe U300paiceHust MUkpocmpykmypwol cnaaga 1590-4
nocne omocuea npu 440 °C 6 meuenue 4 u:
a, ¢, d — ceemnononvivle uzobpadicenus; b — memnononvroe uzobpasicenue 6 peguexce (110)4i3se;
€ — MUKPO2IeKMpPOoHo2pamma, oce 301bl [110] 41
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Fig. 7. Electron microscopic images of the microstructure of the 1590-3 alloy after annealing at 440 °C, 48 h:
a, b, c — light-field images, d — micro-electron-diffraction pattern, [112]4 zone axis
Puc. 7. DnekmpoHHO-MUKpockonuieckue uzoopasicenus mukpocmpykmypol cnaasa 1590-3 nocie omoicuea npu 440 °C ¢ meuenue 48 u:
a, b, ¢ — ceemnononvuvie uzobpasicenus, d — MUKPOINEKMPOHOSPAMMA, OCb 30HbL [112] 41

DISCUSSION

First, it should be noted that in both alloys studied using
TEM, discontinuous precipitation of the supersaturated solid
solution is observed. Discontinuous precipitation has a nega-
tive effect on the mechanical properties, since it leads to
a decrease in the amount of scandium in the solid solution,
which causes the decrease in the number of finer particles.

The particles formed during discontinuous precipitation
can be either equiaxed or elongated. As a rule, they are
either completely or partially coherent with the aluminium
matrix [17-19]. However, their strengthening effect is not
as high as that of particles formed during continuous pre-
cipitation [20]. In this case, the cause of discontinuous pre-
cipitation could be erbium, which accelerates the formation
of Al;Sc particles. This is also evidenced by the fact that
with an increase in the erbium content from 0.03 to 0.10 %,
the number and size of Al;Sc particles increases.

The highest value of microhardness in the as-cast state
for the 1590-4 alloy in Fig. | is explained by the fact that
this alloy is maximally doped with hafnium and erbium
with their total content of 0.2 %. Dissolving in the solid
solution, hafnium and erbium cause maximum strengthen-
ing. The subsequent increase in microhardness observed in
1590, 1590-3 and 1590-4 alloys (Fig. 1) is explained by
the fact that in these alloys, a precipitation of Al;Sc type
dispersoids occurs, which significantly increase their
strength properties. The main reason that this increase does
not occur in the 1599 alloy is the insufficient amount of Sc
for the formation of finely dispersed strengthening
Al3(ScZr) particles. The main reason for the sharp increase
in microhardness after 8 h of annealing of the 1590-3 alloy
(Fig. 1) is the maximum precipitation of finely dispersed
Al3(ScZrHY) particles from the solid supersaturated solu-
tion, and the drop in microhardness after 24 h of annealing
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Fig. 8. Electron microscopic images of the microstructure of the 1590-4 alloy after annealing at 440 °C, 48 h:
a, b, c — light-field images, d — micro-electron-diffraction pattern, [112] 4 zone axis
Puc. 8. Dnexmporno-mukpockonuyeckue uzoopaicerus mukpocmpykmypwl cnaasa 1590-4 nocne omorcuea npu 440 °C ¢ meuenue 48 u:
a, b, ¢ — ceemnononvuvie uzobpadicenus,; d — MUKpoINEKMpPOHOZPAMMA, 0Cb 30HbL [112] 41

indicates the beginning of their coagulation process.
The constancy of microhardness values during the first 48 h
after holding of the 1590-4 alloy (Fig. 1) indicates the sta-
bility of finely dispersed particles in this range. A further
decrease in the microhardness of the alloy indicates
the beginning of the coagulation processes of these particles.
The differences in the change in microhardness in 1590,
1590-3, 1590-4 and 1599 alloys during the first 2 h of an-
nealing at a temperature of 440 °C are explained by the fact
that the first three alloys have a higher Sc content than
the last one. Therefore, in 1590, 1590-3, 1590-4 alloys,
the formation of Al;Sc dispersoids occurs faster. The de-
crease in microhardness observed in the 1599 alloy after
48 h of holding occurs due to the low scandium content.
One should note that according to the microhardness
measurement data and the results of the study using trans-
mission microscopy, hafnium has a positive effect on

the mechanical properties, especially at a temperature of
440 °C. This is explained by the fact that Al;Sc particles
containing a larger amount of hafnium are more thermally
stable. It is worth noting that active diffusion of hafnium
begins to occur when heated above 400 °C [20]. This is
why the effect of hafnium is more clearly visible at high
temperatures. Based on the data on the change in micro-
hardness, it is evident that a hafnium concentration of
0.07 % is insufficient to form Als;Sc particles. A noticeable
change in microhardness occurs only with a longer holding
time. Therefore, with the addition of hafnium, the micro-
hardness remains stable for at least the first 8 h at 440 °C.
In alloys containing only scandium and zirconium, the mi-
crohardness at a temperature of 450 °C begins to decrease
after several tens of minutes of holding [5]. One should
note that in the present paper, unlike [5], both the thermal
stability of nanoparticles and its effect on mechanical pro-
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perties were studied. Based on the results of microhardness
changes obtained in this study, one can conclude that
the hafnium concentration of 0.44 % used in [13] is exces-
sive, since 0.16 % of hafnium is sufficient to stabilise
the microhardness for 96 h of holding.

It is worth noting that if the effect of hafnium on
the formation of nanoparticles and microhardness is obvious,
then the effect of erbium is not so clear. The growth of mi-
crohardness in the first 2 h of heating in all the studied alloys
occurs with the same intensity, which indicates the absence
of differences in the formation of nanoparticles. In this case,
erbium affects the formation of nuclei. Such pattern is asso-
ciated with the fact that the precipitation of Al;Er nanoparti-
cles occurs at lower temperatures [11]. Perhaps, a two-stage
annealing scheme will be effective: with the first stage at
250-300 °C for the formation of Al;Er particles and the se-
cond stage at 400450 °C for the formation of a shell of Sc,
Zr and Hf. Therefore, an obvious direction for further re-
search is to study the effect of erbium on the formation of
the microstructure and mechanical properties in this group of
alloys during their two-stage annealing.

CONCLUSIONS

The results of the conducted studies revealed a positive
effect of hafnium and erbium on the formation of the micro-
structure and mechanical properties of alloys sparingly al-
loyed with scandium. An increase in the erbium content in
the alloys leads to an increase in microhardness during heat
treatment in the modes of 370 °C, up to 24 h of holding, and
440 °C, up to 8 h of holding. With an increase in the tem-
perature and annealing duration, coagulation of Al;Sc parti-
cles occurs, while the particle sizes in the 1590-4 alloy with
an increased erbium content increase by 2 times compared to
the particle size in the 1590-3 alloy, where the hafnium con-
tent is maximum. It is worth noting that in alloys with a high
hafnium content, a significant increase in microhardness oc-
curs at a temperature of 440 °C after 8 h of holding, which is
confirmed by the TEM results after heat treatment at 440 °C
for 48 h. The main explanation for the smaller size of nano-
particles in the 1590-3 alloy is that hafnium forms a shell
around the Al;Sc particles, which slows down their growth at
high heat treatment temperatures and long holding times and
has a positive effect on microhardness.
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Annomayusn: VccnenoBano BnustHue 100aBOK radHust 1 5pOus HA (GOPMUPOBAHNE MHUKPOCTPYKTYPBI MIPU TEpMHUE-
cKoil 00paboTKe aJIOMUHHMEBBIX CILIABOB C BBHICOKUM COJEPXKAHHUEM MarHus, JOMOJHHUTENBHO JIETUPOBAHHBIX CKaHIHEM
1 APKOHUEM. IIJ'IS[ ucciacaoBaHuAad MECTOAOM JINThS B CTJIBHOM KOKHJIb OBLIN TTOJIY4YCHBI CJIUTKU U3 aJIIOMHUHUCBBIX CILIA-
BOB C BBICOKMM COJICp)KaHHEM MAarHusl, JISTHPOBAHHOTO CKaHIHMEM, 3pOueM U radHueM c copepKaHHeM B JHara3oHax
0,03-0,16 % u 0,05-0,16 % coorBercTBeHHO. [locne OTIMBKYM 00pa3libl MOJBEPTANIN TEPMUUYECKONH 00paboTKe py TeMIe-
patype 370 u 440 °C ¢ BoigepxKkoit ot 2 10 96 4. beun ncciaenoBaHbl K3MEHEHUSI MUKPOTBEPAOCTH B 3aBUCUMOCTH OT
TepMudeckoit 00padoTku. g crmaBoB 1590-3 u 1590-4 B 1MTOM COCTOSTHUM U TTOCTIE TEPMHUYECKON 00paOOTKU MIPH TEM-
nepatype 440 °C B TeueHue 2 1 48 4 ¢ MOMOIIBIO TPOCBEUNBAIOIIEH MUKPOCKOIHUHU UCCIIEA0BAIN TOHKYI0 MUKPOCTPYKTY-
PY ¥ KpYITHbIE HHTEPMETAUTU/IBL. Y CTAHOBJICHO, YTO A00aBKM raHusl 1 SpOHS NPUBOIST K HOBBIIICHHIO MUKPOTBEPIOCTH
3a cueT YMEHBIIIEHHS pa3Mepa U yBEIWIeHUs kKonndectBa HaHowacTull AlsSc. [Tocie mpoBenerns repMudaeckoit 00padboT-
ku mipu temriepatype 440 °C B TeueHne 4 4 BO BceX MCCIIELyEeMBIX CIUIaBaX IMPOMCXOAUT BhIManeHue yactun AlsSc, nme-
IOIINX OAMHAKOBBIN pa3zmep (8 HM) M IUIOTHOCTh, OJHAKO C YBEJIMYEHHEM BPEMEHH BBIACP)KKH B CIUIaBE C MEHBIINM CO-
JepxaareM Ta(HUSA U OOJBITUM COAepKaHUEM dpOHS pa3Mep YaCTHI] YBEITMYHNBACTCS B 2 pa3a [0 CPAaBHEHHUIO C YaCTHIIA-
MM CIUIaBa, TAe copepxkanue radHus 6ouble, a coxepkaHue 3pousi HU3Koe.

Knrwoueesvle cnosa: anoMUHNEBBIE CIUIABBI; MUKPOJIETHPOBAaHWE; CKaHAWi; radHuii; spOuii; GpopMHpoOBaHHE YaCTHIL
Al3Sc; MEKpPOTBEpIOCTE; MEKPOCTPYKTYpa; HAHOYACTHUIIBL.
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Abstract: The paper covers the study of the influence of equal-channel angular pressing (ECAP) on the structure, crys-
tallographic texture, mechanical properties and electrical conductivity of Cu-ETP copper (Russian analogue — M1), as well
as the dependence of these characteristics on the orientation of the measurement direction relative to the cross-section
(from —45 to 90°). The specific electrical conductivity and strength characteristics of the material in the as-delivered con-
dition (hot-rolled) and the effect of annealing at a temperature of 450 °C of the original sample are investigated. Mechani-
cal tests for uniaxial tension, a study of microhardness using the Vickers method and a study of specific electrical conduc-
tivity based on measuring the parameters of the vortex field excited in the surface layers of the body are carried out. It is
found that ECAP processing leads to a significant increase in the ultimate tensile strength to 425 MPa compared to
the initial state of 300 MPa. The maximum tensile strength of 425 MPa is achieved at orientation angles relative to
the ECAP cross-section of —45°. A significant increase in microhardness to 1364—-1405 MPa, tensile strength to 350—
425 MPa and electrical conductivity to 101.4-102.4 % IACS is a consequence of the selected directions of cutting
the samples relative to the ECAP axis. This indicates the dependence of both mechanical and electrical properties of ul-
trafine-grained samples on the crystallographic texture orientation. A Cu-ETP copper sample subjected to ECAP with
a cutting angle deviating from the ECAP cross-section of the sample by 7.5° has the most optimal crystallographic orientation. In
this case, the values of microhardness and electrical conductivity reached 1405 MPa and 102.4 % IACS, respectively.

Keywords: crystallographic texture; strength; electrical conductivity; ultrafine-grained copper; equal-channel angular
pressing; structure.
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INTRODUCTION

Copper and low-alloyed copper alloys, due to their high
electrical conductivity, are widely used in mechanical engi-
neering for the manufacture of contacts and wires. Copper
parts must have a unique combination of properties: high
electrical conductivity, strength, ductility, and corrosion
resistance. Good technological properties and relatively low
cost determine the wide application of copper in industry
both in the form of alloys and in pure form. In the work [1],
it is shown that the mechanical strength and electrical con-
ductivity of these materials are primarily controlled by their
microstructure, the most important parameters of which are
the grain size and dislocation structure. Dislocations and

grain boundaries make a large contribution to increasing the
yield strength, but a smaller contribution to increasing the
specific electrical resistance [2].

In recent years, a promising research area has been the
formation of an ultrafine-grained (UFQG) structure with an
average grain size of less than 1 um, which contributes to
the manifestation of unique mechanical properties (high
strength, increased fatigue limit) [3; 4]. At the same time, it
is known that treatment by severe plastic deformation
(SPD) is accompanied by active movement of dislocations
and twinning, which leads to reorientation of grains and
formation of developed crystallographic textures [5; 6].
Crystallographic texture usually occurs as a result of

© Tarov D.V., Nesterov K.M., Islamgaliev R.K., Korznikova E.A., 2025
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directed external mechanical action, in this case — the SPD
process. The presence of a preferred orientation enhances
the anisotropy of the material properties and can significantly
change the performance characteristics of the product. There-
fore, the possibility of texture formation should be taken
into account when carrying out various deformation and
heat treatments [7]. In particular, in samples of pure copper
subjected to SPD, it was found that at the initial stages of
deformation, a strong preferred orientation of crystallites
occurs, which is characteristic of the simple shear texture
[5]. At the same time, an increase in the degree of accumu-
lated deformation contributes to the blurring of texture
maxima, which is of interest for studying the influence of
crystallographic texture on the strength and electrical pro-
perties of UFG copper.

The works are known that consider the influence of
crystallographic texture on the strength and electrical con-
ductivity of UFG copper produced by rotational forging [8]
and electrodeposition [9], but the studies in them were car-
ried out using the example of samples in the form of a wire
or films with a different crystallographic texture.

The purpose of the study is to analyze the structure and
crystallographic texture in ultrafine-grained samples of Cu-
ETP copper produced by equal-channel angular pressing
(ECAP) in order to identify structural factors leading to
achieving higher strength while maintaining high electrical
conductivity of the material.

METHODS

Materials and methods of research

A Cu-ETP (Russian analogue M1) copper commercial
rod with a diameter of 20 mm, GOST 859-2001 (Table 1),
was selected as the material for research.

To analyze the initial microstructure, two samples were
studied, one of which was in the as-delivered condition —
hot-rolled. The sample in the initial condition was annealed
at 450 °C for 2 h. Before annealing, the initial sample was
immersed in a melt of a mixture of KOH and NaOH salts to
prevent oxidation of the material surface.

The formation of the UFG structure in a billet with a di-
ameter of 20 mm and a length of 150 mm was carried out
by the ECAP method in eight passes along the B¢ route,
which involves rotating the sample between two subsequent
cycles counterclockwise for an angle of 90° around the lon-
gitudinal axis [6]. The passes of the billets were carried out
on equipment with an angle of intersection of the channels
of 120° at a temperature of 20 °C.

Preparation of samples for metallographic analysis
included cutting out samples (Fig. 1) on an ARTA-120
electrical discharge cutting-off machine taking into ac-
count the angles relative to the cross-section of ECAP of
the billet (0°; 7.5°;, £15°; £22.5°; +45°; 90°), grinding,
polishing, and etching.

Grinding of samples was carried out on a NERIS grind-
ing and polishing machine with a stepwise decrease in
the grain size of the sanding paper from P100 to P4000 at
a machine speed of 500—-600 rpm.

Polishing was carried out on diamond paste with
a gradual decrease in its grain size from 7/5 to 3/2. When
moving to the next paste number, the paste residues were
carefully removed from the metallographic section using
alcohol, and the polishing direction was changed by 90° to
ensure complete disappearance of the scratches from
the previous paste.

To identify the microstructure, the sample was etched.
The etchant composition: perchloric acid (HCl) — 50 %,
nitric acid (HNO3) — 25 %, acetic acid (CH;COOH) — 25 %.
The etching mode was selected experimentally.
The sample was etched for 2-3 s by dipping into the etchant,
then washed with distilled water and dried with filter paper.

Structural studies

Microstructure images were obtained using a JEM-6390
scanning electron microscope and a JEM-2100 transmission
electron microscope. Thin foils were prepared using
a Tenupol-5 device by jet electrolytic polishing at 22-24 V
using an electrolyte of the following composition: 920 ml
of water (H,O), 70 ml of orthophosphoric acid (H3PO.),
15 ml of glycerol (CsHs(OH)3). The ECAP structure of
the samples was studied in cross-section. The grain size
was calculated using the GrainSize program based on
the obtained structure images.

After ECAP processing, the Cu-ETP copper sample was
cut with the following orientations (angles) relative to
the ECAP cross-section of the billet: 0°; 7.5°; £15°; £22.5°;
+45°; 90°;, thickness 1.5-2.5mm, diameter 20 mm.
The analysis of texture formation processes in copper was
performed using a DRON-3m diffractometer equipped with
an automatic texture attachment. Filtered Cu—Ko; X-ray
radiation (0.15406 nm) was used to shoot pole figures.
Reflection imaging was carried out within the range of ra-
dial y angle from 0 to 75° and azimuthal 6 angle from 0
to 360°. The diameter of the irradiated area was 0.6 mm.
In the case of ECAP, the study was carried out in the geo-
metric centre of the longitudinal section of the billet.

Table 1. Chemical composition of Cu-ETP grade copper
Tabnuya 1. Xumuueckuii cocmas meou mapku M1

Content, %

Fe (0] Pb S Zn

Ag Sb Sn

99.9 <0.005 <0.05 <0.005 <0.004 <0.004

<0.003 | <0.002 <0.002 <0.002 <0.002 | <0.001
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Fig. 1. Scheme of orientations of cutting ECAP samples
Puc. 1. Cxema opuenmayuii svipesku PKYII obpasyos

The result was a set of intensities of reflected X-rays.
The experimental results calculated using the LaboTEX
software package (www.labosoft.com.pl) are presented as
complete pole figures in the shear plane.

Microhardness study

The measurements were carried out on a MicroMet
5101 device using the Vickers method in the cross-section
of the ECAP samples under a load of 100 g, the indenter
holding time was 10s. The results were recorded along
the sample diameter.

Electrical conductivity study

The specific electrical conductivity was determined
at room temperature by the eddy current method using
a VE-27NTs device with a relative measurement error of
2 %. Annealed pure copper with an electrical conductivity
of 58 MS/m (electrical resistance of 0.017241 pQ-m) corre-
sponds to the 100 % IACS designation according to
the IACS (International Annealed Copper Standard) inter-
national standard. The results of electrical conductivity
measurements in this paper are presented in % IACS, 1. e.
as a percentage of the electrical conductivity of pure copper.

Uniacxial tensile tests

The tests were carried out on a small sample defor-
mation device at room temperature at a rate of 3x1073 57!,

v

In each state, two samples with working base dimensions of
6.0x1.0%0.7 mm (Fig. 2) cut from the initial, annealed and
ECAP billets were tested.

RESULTS

The obtained microstructure images are shown in Fig. 3.
The initial structure of Cu-ETP copper consists of large
irregular-shaped grains with an average size of 7+4 pm
(Fig. 3 a). The grain distribution histogram shows that most
grains are located in the range of 2.5-10 um (Fig. 3 b).
The microhardness value in the initial state is 121165 MPa,
the electrical conductivity value was 101.3+1.36 % IACS.
Such electrical conductivity values were obtained due to
the presence of a relative error of the measuring device,
therefore, for the correct experiment and possible compari-
son of the results, the value obtained using the VE-27NTs
device was taken.

After heat treatment at 450 °C, the grain size increased
to 10.2+2.3 um (Fig. 3 ¢). The grain distribution histogram
shows that the majority of grains are located in the range of
5.5-15.5 um (Fig. 3 d). The microhardness value is 773+37 MPa,
and the electrical conductivity is 102.2+1.79 % IACS.

After ECAP processing, the grain size decreased to
300 nm on average (Fig. 3 ¢). The grain distribution histo-
gram shows that the great number of grains are located in
the range of 250-324 nm (Fig. 3 1).

45

RO25

Fig. 2. The geometry of a specimen for mechanical tensile testing
Puc. 2. 'eomempus obpazya 01 MexaHu4eckux UCHbIMAHULL HA PACMAICEHUEe
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Fig. 3. Results of microscopy and grain size calculation:
a — structure of the initial sample; b — grain size (initial sample);
¢ — microstructure of the annealed sample; d — grain size (annealed sample);

e — dark-field TEM image of copper (ECAP);

f—grain size (ECAP)

Puc. 3. Pezyibmamol MUKDOCKONUL U PACUEMA PAZMEPOS 3ePHA.:
a — cmpyKmypa ucxo0Hoeo obpasya, b — pazmep 3epra (ucxoonwiil 0bpaszey);
€ — MUKPOCIPYKIMYPA OMOACHCEHHO20 0bpasya; d — pazmep 3epha (omodicocennvlil oopasey);
e — memnononvHoe usoopaxcenue [IOM meou (PKVII); f— pasmep 3epua (PKYII)
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As a result of texture analysis, direct pole figures were
obtained (Fig. 4), which were rearranged for further analy-
sis with a 90° rotation along the equatorial plane (Fig. 5).
After eight ECAP passes at 7=20 °C, on the (111) pole fi-
gure, clearly defined maxima are visible, the arrangement
nature of which is quite ordered (Fig.5). The crystallo-
graphic texture after eight ECAP passes can be described
by ideal orientations (Fig. 6) corresponding to the state after
simple shear taking into account the rotation by an angle of
60° counterclockwise. The (111) pole figure is charac-
terized by a set of seven maxima (Fig. 5 d): six maxima
are symmetrically located on the pole figure periphery
and one in its centre. These maxima correspond to
the 4 {111}<uvw>, B {hkl}<110>, and C {001}<110>
components of the simple shear texture. Their intensity
increases with increasing shear angle (from 0 to 22°).

The crystallographic textures of all sections of the cop-
per sample subjected to eight ECAP passes are identical
and are characterized by dominant {110}<111> compo-
nents (Fig. 5). At the same time, the pole figures obtained
for different sections are characterized by the fact that

the Ay, Ay, and C, maxima located on the periphery of

the pole figure shift toward its centre with an increase in
the cutting angle. In general, the finally formed texture can

be described by the main textural (111)[TT2], (111)[115],

(1T1fi10], (T17)fiT0], (1T2)i10], (T12)fiT0], and

(001)[1 10] maxima characteristic of simple shear textures.
The indicated Ay, 4y, Ay Ay, By, By, and Cyideal

orientations lie on the {111}0 and <110>0 fibres (Fig. 6).
For the (111) pole figure obtained for a 7.5° cut, a superpo-
sition of the recrystallization texture on the simple shear
texture is observed (Figs. 5 b and 6 b). The recrystallization
process is associated with the absorption of old grains by
new equiaxed grains with high-angle boundaries. It is acti-
vated when a certain deformation degree is reached. In
the case under consideration, in addition to the simple shear
texture component on the (111) pole figure, the formation

of dominant RI(T11[113], R2(120)211], R3(023)332],
and R4(T221§§1] components characteristic of the recrys-

tallization texture is observed (Fig. 6 b).

In sections of 15 and 22.5°, a broken symmetry of the
crystalline structure is observed. 0° section corresponds to
the crystalline texture of simple shear of the metal fcc lat-
tice. In section of 7.5°, the location of texture maxima cor-
responds to an absolutely symmetrical pattern of the crystal
structure, which indicates its greatest ordering and explains
the highest electrical conductivity (Fig. 4).

The mechanical test curves were obtained for the initial,
annealed initial (Fig. 7a) and ECAP-treated samples
(Fig. 7 b). After annealing the initial samples, a decrease in
the ultimate tensile strength from 300 to 210 MPa occurred
due to an increase in the average grain size, as well as
an increase in plasticity due to an increase in the stage of
strain hardening (Fig. 7 a). In the ECAP samples, different
values of the ultimate tensile strength were observed in the
range from 330 to 425 MPa depending on the angle of cut-
ting relative to the ECAP axis (Fig. 7 b). At the same time,
all the studied samples showed close values of relative

elongation before failure of about 5 %. Figs.8, 9 show
the changes in microhardness, ultimate tensile strength, and
electrical conductivity depending on the direction of sample
cutting relative to the ECAP axis, which indicates a strong
influence of the crystallographic texture on these characteri-
stics of the samples. The maximum (425 MPa) and mini-
mum (330 MPa) ultimate tensile strengths were observed at
orientation angles relative to the ECAP cross section of
—45° and 15°, respectively. The highest values of micro-
hardness and electrical conductivity were observed at 7.5° —
1405 MPa and 102.4 % IACS, respectively.

DISCUSSION

An increase in the strength properties of Cu-ETP copper
after grain structure refinement has already been observed
in the literature using the example of UFG samples pro-
duced by SPD [10; 11]. It can be explained by the well-
known Hall-Petch relationship [12; 13], which describes
the dependence of the yield strength on the average grain
size. In [14], it was noted that in order to achieve a combi-
nation of high strength and good electrical conductivity in
copper materials, grain refinement to an average size of
200 nm is sufficient. In the present work, a close average
grain size of 300 nm was observed in the ECAP samples, as
well as a high ultimate strength of 425 MPa close to
the values of 450 MPa previously observed in the pure cop-
per ECAP samples [15].

A combination of increased strength and electrical con-
ductivity values was also noted using the example of UFG
copper samples produced by electrodeposition [17], mul-
tiple rolling [18] and drawing [19], which were characterized
by the presence of a crystallographic texture. The features
of crystallographic texture in ECAP copper samples were
investigated in [20; 21]. In the work [20], it was noted that
there is a texture gradient in different directions of equal-
channel angular pressing of samples, which can create ani-
sotropy of mechanical properties in them. The work [21]
demonstrated that the electrical conductivity of ECAP cop-
per is affected by various structural factors, including grain
orientation and crystallographic texture. In this paper, it is
shown that the difference in strength and electrical conductivi-
ty of ECAP copper samples relative to different crystallo-
graphic directions can reach 20-30 and 23 %, respectively.

CONCLUSIONS

1. The structure of Cu-ETP copper in the initial state is
represented by grains of irregular shape with an average
size of 7 pm, subsequent annealing at 450 °C leads to an
increase in the grain size to 10.2 um. After ECAP pro-
cessing, the grain size decreased to 300 nm. ECAP pro-
cessing led to a significant increase in the tensile strength
compared to the initial state (300 MPa). The maximum
(425 MPa) and minimum (350 MPa) tensile strengths were
observed at orientation angles relative to the ECAP cross-
section of —45° and 15°, respectively.

2. A significant dependence of the change in microhard-
ness (1364-1405 MPa), tensile strength (350-425 MPa)
and electrical conductivity (101.4-102.4 % IACS) on the
directions of cutting of the samples relative to the ECAP
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Fig. 4. Direct pole figures of copper after eight ECAP passes in different sections:
a—0°%b-75%c—15°%d-225°
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a—0°%b—75%c—15%d—225°

86

Frontier Materials & Technologies. 2025. No. 1



Tarov D.V., Nesterov K.M., Islamgaliev R.K. et al. “Influence of crystallographic texture on the strength and electrical conductivity...”

RD RD

111
RPF

111
RPF

c d

Fig. 5. Rearranged direct pole figures in different studied states:
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Fig. 6. Positions of ideal orientations corresponding to the state after a simple shear
taking into account a rotation by an angle of 60° counterclockwise:
a — cubic orientation; b — R-orientation
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axis indicates a strong influence of the crystallographic
texture both on the mechanical and on the electrical proper-
ties of the UFG samples. The most favourable crystallo-
graphic orientation is exhibited by the Cu-ETP copper
sample with a cutting angle deviating from the cross-
section of the ECAP sample by 7.5°. In this case, the values
of microhardness and electrical conductivity reached
1405 MPa and 102.4 % IACS, respectively.

REFERENCES

1.

Murashkin M.Y., Sabirov 1., Sauvage X., Valiev R.Z.
Nanostructured Al and Cu alloys with superior strength
and electrical conductivity. Journal of Materials Sci-
ence, 2016, vol. 51, pp. 33-49. DOI: 10.1007/s10853-
015-9354-9.

Fu Qiangian, Li Bing, Gao Mingiang, Fu Ying, Yu Rong-
zhou, Wang Changfeng, Guan Renguo. Quantitative
mechanisms behind the high strength and electrical con-
ductivity of Cu-Te alloy manufactured by continuous ex-
trusion. Journal of Materials Science & Technology, 2022,
vol. 121, pp. 9-18. DOI: 10.1016/j.jmst.2021.12.046.

Fan G.J., Choo H., Liaw P.K., Lavernia E.J. Plastic de-
formation and fracture of ultrafine-grained Al-Mg
alloys with a bimodal grain size distribution. Acta
Materialia, 2006, vol.54, no.7, pp.1759-1766.
DOI: 10.1016/j.actamat.2005.11.044.

Cui Lang, Shao Shengmin, Wang Haitao, Zhang Guo-
qing, Zhao Zejia, Zhao Chunyang. Recent Advances in
the Equal Channel Angular Pressing of Metallic Materi-
als. Processes, 2022, vol. 10, no. 11, article number
2181. DOI: 10.3390/pr10112181.

Mao Qingzhong, Zhang Yusheng, Guo Yazhou,
Zhao Yonghao. Enhanced electrical conductivity and
mechanical properties in thermally stable fine-grained
copper wire. Communications Materials, 2021, no. 2,
article number 46. DOI: 10.1038/s43246-021-00150-1.

10.

11.

12.

.Fu H.H., Benson D.J.,

Damavandi E., Nourouzi S., Rabiee S.M., Jamaati R.,
Szpunar J.A. Effect of route BC-ECAP on microstruc-
tural evolution and mechanical properties of Al-Si—Cu
alloy. Journal of Materials Science, 2021, vol. 56,
pp. 3535-3550. DOI: 10.1007/s10853-020-05479-5.
Beyerlein 1.J., Toth L.S. Texture evolution in equal-
channel angular extrusion. Progress in Materials
Science, 2009, vol.54, no.4, pp.427-510.
DOI: 10.1016/j.pmatsci.2009.01.001.

Alateyah A.l, Ahmed M.M.Z., Zedan Y., El-Hafez H.A.,
Alawad M.O., El-Garaihy W.H. Experimental and Nu-
merical Investigation of the ECAP Processed Copper:
Microstructural Evolution, Crystallographic Texture and
Hardness Homogeneity. Metals, 2021, vol. 11, no. 4,
article number 607. DOI: 10.3390/met11040607.

Chen Jianqing, Su Yehan, Zhang Qiyu, Sun Jiapeng,
Yang Donghui, Jiang Jinghua, Song Dan, Ma Aibin.
Enhancement of strength-ductility synergy in ul-
trafine-grained Cu-Zn alloy prepared by ECAP and
subsequent annealing. Journal of Materials Research
and Technology, 2022, vol. 17, no. 2, pp. 433-440.
DOI: 10.1016/j.jmrt.2022.01.026.

Wang Y.M., Ma E. Three strategies to achieve uniform
tensile deformation in a nanostructured metal. Acta Ma-
terialia, 2004, wvol.52, no.6, pp.1699-1709.
DOI: 10.1016/j.actamat.2003.12.022.

Zhao Yong-Hao, Bingert J.F., Liao Xiao-Zhou et al. Simul-
taneously increasing the ductility and strength of ultrafine-
grained pure copper. Advanced Materials, 2006, vol. 18,
no. 22, pp. 2949-2953. DOI: 10.1002/adma.200601472.
Sanders P.G., Eastman J.A., Weertman J.R. Elastic and
tensile behavior of nanocrystalline copper and palladi-
um. Acta Materialia, 1997, vol. 45, no. 10, pp. 4019—
4025. DOI: 10.1016/S1359-6454(97)00092-X.

Meyers M.A. Analytical
and computational description of effect of grain size
on yield stress of metals. Acta Materialia, 2001, vol. 49,

Frontier Materials & Technologies. 2025. No. 1

89


https://doi.org/10.1007/s10853-015-9354-9
https://doi.org/10.1007/s10853-015-9354-9
https://doi.org/10.1016/j.jmst.2021.12.046
https://doi.org/10.1016/j.actamat.2005.11.044
https://doi.org/10.3390/pr10112181
https://doi.org/10.1038/s43246-021-00150-1
https://doi.org/10.1007/s10853-020-05479-5
https://doi.org/10.1016/j.pmatsci.2009.01.001
https://doi.org/10.3390/met11040607
https://doi.org/10.1016/j.jmrt.2022.01.026
https://doi.org/10.1016/j.actamat.2003.12.022
https://doi.org/10.1002/adma.200601472
https://doi.org/10.1016/S1359-6454(97)00092-X

Tarov D.V., Nesterov K.M., Islamgaliev R.K. et al. “Influence of crystallographic texture on the strength and electrical conductivity...”

no. 13, pp. 2567-2582.
6454(01)00062-3.

DOI: 10.1016/S1359-

als // Processes. 2022. Vol. 10. Ne 11. Article number
2181. DOI: 10.3390/pr10112181.

14.Lu Lei, Shen Yongfeng, Chen Xianhua, Qian Lihua, 5. Mao Qingzhong, Zhang Yusheng, Guo Yazhou,
Lu K. Ultrahigh strength and high electrical conductivi- Zhao Yonghao. Enhanced electrical conductivity and
ty in copper. Science, 2004, vol. 304, no. 5669, pp. 422— mechanical properties in thermally stable fine-grained
426. DOL: 10.1126/science.1092905. copper wire / Communications Materials. 2021. Ne 2.
15. Islamgaliev R.K., Nesterov K.M., Bourgon J., Champi- Article number 46. DOI: 10.1038/s43246-021-00150-1.
on Y., Valiev RZ. Nanostructured Cu-Cr alloy with ¢ Damavandi E., Nourouzi S., Rabiee S.M., Jamaati R.,
high strength and electrical conductivity. Journal of Ap-  Szpunar J.A. Effect of route BC-ECAP on microstruc.
plied Physics, 2014, vol. 115, no. 19, article number tural evolution and mechanical properties of Al-Si-Cu
194301. DOL: 10.1063/1.4874655. alloy // Journal of Materials Science. 2021. Vol. 56.
16. Dalla Torre F., Lapovok R., Sandlin J., Thomson P.F., P. 3535-3550. DOI: 10.1007/s10853-020-05479-5.
Davies C.H.J., Pereloma E.V. Microstructures and proper- 7. Beyerlein I.J., Toth L.S. Texture evolution in equal-
tllels60f copper Er(t)cesjs\jdt by ;qualz(():(f)lznnel le);t;usmn f%r channel angular extrusion // Progress in Materials
-16 passes. Acta Materialia, , vol.52, no. 16, . y B
pp. 4819-4832. DOI: 10.1016/j.actamat.2004.06.040. IS)%?,I‘;’S'I 012?09' . Y%O?M Ool\lf‘ 4 PAaTslo.
17. Sarada B.V., Pavithra Ch.L.P., Ramakrishna M., Rao TN., ¢ - = oo o Smi e
. . . . . ateyah AL, Ahmed M\M.Z., Zedan Y., El-Hafez H.A.,
Sundararajan G. Highly (111) textured copper foils with Alawad M.O.. El-Garaihy W H. Experimental and Nu-
high hardness and high electrical conductivity by pulse awa L. y WAL SXP )
reverse electrodeposition. Electrochemical and Solid- m§r10a1 Investigation (,)f the ECAP Progessed Copper:
State Letters, 2010, vol. 13, no.6, pp. D40-D42. Microstructural Evolgtlon, Crystallographic Texture and
DOI: 10.1149/1.3358145. Har.dness Homogeneity // Metals. 2021. Vol. 11. Ne 4,
18. Takata N., Lee Seong-Hee, Tsuji N. Ultrafine grained cop- Aticle pumber 607. DOIL: 103350/ meFl 1040607’.
per alloy sheets having both high strength and high electric 9. Chen Jlanqmg? SP Yehgn, Zhang Qiyu, Sun Jlap.er.lg,
conductivity. Materials Letters, 2009, vol. 63, no.21, Yang Donghui, Jiang Jinghua, Sqng Dan, Ma .Albm'
pp. 1757-1760. DOL: 10.1016/j.matlet.2009.05.021. Enhancement of strength-ductility synergy in ul-
19. Hanazaki K., Shigeiri N., Tsuji N. Change in micro- trafine-grained Cu-Zn alloy prepared by ECAP and
structures and mechanical properties during deep subsequent annealing // Journal of Materials Research
wire drawing of copper. Materials Science and Engi- and Technology. 2022. Vol. 17. Ne2. P. 433-440.
neering: A, 2010, vol. 527, no. 21-22, pp. 5699-5707. DOI: 10.1016/j. jmrt.2022.01.026.
DOI: 10.1016/{.msea.2010.05.057. 10. Wang Y.M., Ma E. Three strategies to achieve uniform
20. Skrotzki W., Trinkner C., Chulist R., Beausir B., tensile deformation in a nanostructured metal // Acta
Suwas S., Toth L.S. Texture heterogeneity in ECAP de- Materialia. 2004. Vol.52. Ne6. P.1699-1709.
formed copper. Solid State Phenomena, 2010, vol. 160, DOI: 10.1016/j.actamat.2003.12.022.
pp. 47-54. DOI: 10.4028/www.scientific.net/SSP.160.47. 11. Zhao Yong-Hao, Bingert J.F., Liao Xiao-Zhou et al. Simul-
21. Guo Tingbiao, Wei Shiru, Wang Chen, Li Qi, Jia Zhi. taneously increasing the ductility and strength of ultrafine-
Texture evolution and strengthening mechanism of grained pure copper // Advanced Materials. 2006. Vol. 18.
single crystal copper during ECAP. Materials Science Ne 22. P. 2949-2953. DOI: 10.1002/adma.200601472.
and Engineering: A, 2019, vol. 759, pp. 97-104. 12.Sanders P.G., Eastman J.A., Weertman J.R. Elastic and
DOL: 10.1016/j.msea.2019.05.042. tensile behavior of nanocrystalline copper and palladi-
um // Acta Materialia. 1997. Vol. 45. Ne 10. P. 4019—
4025. DOI: 10.1016/S1359-6454(97)00092-X.
CHUCOK JIMTEPATYPBI 13. Fu H.H., Benson D.J., Meyers M.A. Analytical and com-
1. Murashkin M.Y., Sabirov 1., Sauvage X., Valiev R.Z. putational description of effect of grain size on yield stress
Nanostructured Al and Cu alloys with superior strength of metals // Acta Materialia. 2001. Vol. 49. Ne 13. P. 2567—
and electrical conductivity // Journal of Materials Sci- 2582. DOI: 10.1016/S1359-6454(01)00062-3.
ence. 2016. Vol. 51. P.33-49. DOI: 10.1007/s10853-  14.Lu Lei, Shen Yongfeng, Chen Xianhua, Qian Lihua,
015-9354-9. Lu K. Ultrahigh strength and high electrical conductivi-
2. Fu Qiangian, Li Bing, Gao Mingiang, Fu Ying, Yu Rong- ty in copper // Science. 2004. Vol.304. Ne 5669.
zhou, Wang Changfeng, Guan Renguo. Quantitative P. 422-426. DOI: 10.1126/science.1092905.
mechanisms behind the high strength and electrical con- 15, Islamgaliev R.K., Nesterov K.M., Bourgon J., Champi-
ductivity of Cu-Te alloy manufactured by continuous ex- on Y., Valiev R.Z. Nanostructured Cu-Cr alloy with
trusion // Journal of Materials Science & Technology. high strength and electrical conductivity // Journal of
2022. Vol. 121. P. 9-18. DOI: 10.1016/j.jmst.2021.12.046. Applied Physics. 2014. Vol. 115. Ne 19. Article number
3. Fan G.J., Choo H., Liaw P.K., Lavernia E.J. Plastic 194301. DOI: 10.1063/1.4874655.
deformation and fracture of ultrafine-grained AI-Mg 6. Dalla Torre F., Lapovok R., Sandlin J., Thomson P.F.,
alloys with a bimodal grain size distribution // Acta Davies C.H.J., Pereloma E.V. Microstructures and proper-
Materialia. 2006. Vol. 54. Ne 7. P.1759-1766. ties of copper processed by equal channel extrusion for 1-
DOLI: 10.1016/j.actamat.2005.11.044. 16 passes // Acta Materialia. 2004. Vol.52. Ne16.
4. Cui Lang, Shao Shengmin, Wang Haitao, Zhang Guo- P. 4819-4832. DOI: 10.1016/j.actamat.2004.06.040.
qing, Zhao Zejia, Zhao Chunyang. Recent Advances in 17, Sarada B.V., Pavithra Ch.L.P., Ramakrishna M., Rao T.N.,
the Equal Channel Angular Pressing of Metallic Materi- Sundararajan G. Highly (111) textured copper foils with
90 Frontier Materials & Technologies. 2025. No. 1


https://doi.org/10.1016/S1359-6454(01)00062-3
https://doi.org/10.1016/S1359-6454(01)00062-3
https://doi.org/10.1126/science.1092905
https://doi.org/10.1063/1.4874655
https://doi.org/10.1016/j.actamat.2004.06.040
https://doi.org/10.1149/1.3358145
https://doi.org/10.1016/j.matlet.2009.05.021
https://doi.org/10.1016/j.msea.2010.05.057
https://doi.org/10.4028/www.scientific.net/SSP.160.47
https://doi.org/10.1016/j.msea.2019.05.042
https://doi.org/10.1007/s10853-015-9354-9
https://doi.org/10.1007/s10853-015-9354-9
https://doi.org/10.1016/j.jmst.2021.12.046
https://doi.org/10.1016/j.actamat.2005.11.044
https://doi.org/10.3390/pr10112181
https://doi.org/10.1038/s43246-021-00150-1
https://doi.org/10.1007/s10853-020-05479-5
https://doi.org/10.1016/j.pmatsci.2009.01.001
https://doi.org/10.3390/met11040607
https://doi.org/10.1016/j.jmrt.2022.01.026
https://doi.org/10.1016/j.actamat.2003.12.022
https://doi.org/10.1002/adma.200601472
https://doi.org/10.1016/S1359-6454(97)00092-X
https://doi.org/10.1016/S1359-6454(01)00062-3
https://doi.org/10.1126/science.1092905
https://doi.org/10.1063/1.4874655
https://doi.org/10.1016/j.actamat.2004.06.040

Tarov D.V., Nesterov K.M., Islamgaliev R.K. et al. “Influence of crystallographic texture on the strength and electrical conductivity...”

high hardness and high electrical conductivity by pulse ering: A. 2010. Vol. 527. Ne21-22. P.5699-5707.

reverse electrodeposition // Electrochemical and Solid- DOI: 10.1016/j.msea.2010.05.057.
State Letters. 2010. Vol. 13. Ne 6. P.D40-D42. 20.Skrotzki W., Trdnkner C., Chulist R., Beausir B.,
DOI: 10.1149/1.3358145. Suwas S., Toth L.S. Texture heterogeneity in ECAP de-

18. Takata N., Lee Seong-Hee, Tsuji N. Ultrafine grained formed copper // Solid State Phenomena. 2010. Vol. 160.
copper alloy sheets having both high strength and high P. 47-54. DOI: 10.4028/www.scientific.net/SSP.160.47.
electric conductivity / Materials Letters. 2009. Vol. 63. 21.Guo Tingbiao, Wei Shiru, Wang Chen, Li Qi, Jia Zhi.

Ne 21. P. 1757-1760. DOI: 10.1016/j.matlet.2009.05.021. Texture evolution and strengthening mechanism of

19. Hanazaki K., Shigeiri N., Tsuji N. Change in micro- single crystal copper during ECAP // Materials Science
structures and mechanical properties during deep wire and Engineering: A. 2019. Vol. 759. P.97-104.
drawing of copper // Materials Science and Engine- DOI: 10.1016/j.msea.2019.05.042.

BausHue kpucrasjiorpaguyecko TeKCTypbl Ha IPOYHOCTH
U YJIEKTPOIIPOBOAHOCTD YJIbTPAMEJIKO3CPHUCTOM MeIu

Tapos /lanuna Bnaoumuposuu™®, ctyneHt Kadeapbl MaTepUATOBEACHUS U (DU3UKHA METAJIIOB
Hecmepoe Koncmanmun Muxaiinoeuu, KanaunaT GU3NKO-MaTEMaTHYESCKUX HAYK,
JOLEHT Kaeapsl MaTepHaIoBeIeHNs U (PH3UKH METaJLIOB

Hcnameanuee Punam Kaovixanoeuu, TOKTOp GU3NKO-MAaTEMaTHUECKUX HAYK,
npogeccop kKadeaprsl MaTepraIoBeICHNS 1 (PU3UKH METAIUIOB

Kopsnuxoea Enena Anexcandposna', 1oktop GU3HKO-MaTEMATUUECKUX HAYK,
npodeccop Kadeapsl MaTepHaIOBEACHUSA U GU3UKKH METAIOB

Ypumckuii ynusepcumem nayku u mexronoaui, Y¢pa (Poccus)

*E-mail: tarovdv@gmail.com IORCID: https://orcid.org/0000-0002-5975-4849

Tlocmynuna 6 peoaxyuio 05.07.2023 Ilepecmompena 09.11.2023 IHpunama k nyoauxayuu 04.02.2025

Annomayun: Pabora MOCBsICHA WCCIICAOBAHHUIO BIHSIHUS pPaBHOKAHAIBHOTO yrioBoro mpeccoBanus (PKVYII) na
CTPYKTYPY, KPHCTALIOrPahUUICCKYIO TEKCTYPY, MEXaHHUYCCKHE CBOMCTBA M 3JICKTPOIPOBOAHOCTh Meau Mapku M1, a Tak-
K€ 3aBUCHMOCTH 3THX XapaKTEPUCTHK OT OpPHUEHTAIMK HAPABICHNS N3MEPEHUsI OTHOCUTEIBHO MOMIEPEYHOro ceueHus (0T
—45 no 90°). UccnenoBaHbl yaenbHasi 3JIEKTPONPOBOTHOCT M NMPOYHOCTHBIE XapaKTEPUCTHKU MaTepHalla B COCTOSHHU
MOCTaBKH (TOpSYEKATaHOTO) U BIMSHUE OTXKHra npu temneparype 450 °C ucxonHoro obpasia. IIpoBeneHsl MexaHude-
CKHE WCTIBITAaHWA Ha OJHOOCHOE PAacTsHKEHHE, MCCIEIOBAaHME MHUKPOTBEPIOCTH MO METONy Bukkepca m mccienoBaHne
YZICIBHON 3JIEKTPOIIPOBOAHOCTH, OCHOBAHHOE Ha M3MEPEHHUH IapaMEeTPOB BHXPEBOTO MOJIS, BO30YKIaeMOTo B IOBEPX-
HOCTHBIX CJIOSIX Tela. Y CTaHOBJIEHO, yTo 00padoTka PKYII npuBoAMT K 3HAYUTEILHOMY YBEJIHMUSHHUIO MPe/esia MPOYHOCTH
1o 425 MIla mo cpaBHeHHIO ¢ ucxonHbIM coctostareM 300 MITa. MakcumanbHBIN nipenen npouHocT 425 MIla moctura-
eTcs IIpH yIilax OpUeHTanuii oTHocuTesbHO nonepednoro cedeHns PKYIT —45°. CymecTBeHHbIH pa30opoc B MOBBIICHUN
MUKPOTBEpAOCTH 10 3HaueHuil 1364-1405 MlIla, npegena mnpounoctu a0 350-425 MIla u 351eKTpOnpOBOJHOCTH
1o 101,4-102,4 % IACS sBnsieTcst caeCTBUEM BHIOPAHHBIX HANPABJICHHUH BBIPE3KH 00pa3oB oTHOcuTenbHO ocu PKVII.
OTO CBHIETENBCTBYET O 3aBUCUMOCTH HE TOJBKO MEXaHHUECKHX, HO M DJICKTPHUYECKUX CBOMCTB YIbTPAMEIKO3EPHUCTHIX
00pasIoB 0T OpHEHTALUH KprcTayutorpaduieckoil TekcTypsl. Hanbonee ontumanbHON KpHCTaUIOrpagMIecKOi OpUEHTH-
poBkoii obnmamaer obpasen menu Mapku M1, nonaseprayTeiii PKVYII ¢ yrimom pesa, oTCTymaromuM OT MONEPEYHOT0 ceve-
uust PKVYII o6pasna Ha 7,5°. B nanHOM ciiydae 3HaueHUs] MEKPOTBEPIOCTH 1 3IIEKTPONpoBoHOCTH Aocturanu 1405 MIla
n 102,4 % IACS cooTBETCTBEHHO.

Kniwouesvie cnosa: xpuctamorpaguyeckas TEKCTypa; MPOYHOCTH; JJIEKTPOIPOBOAHOCTD; YJIbTPAMEIKO3epHHCTAs
Me/lb; paBHOKaHAJIBHOE YIJII0BOE MMPECCOBAHNE; CTPYKTYpa.

Bnazooapuocmu: ViccnenoBaHue BBITIOJTHEHO NMPHU MOJJCPKKe MUHHCTEPCTBA HAYKU U BBHICIIEr0 oOpa3oBaHus Poc-
cuiickoii Mezepanyy B paMKax rocyaapcrseHHoro 3ananus «lccnenoBanne QU3NKO-XUMHYECKUX M MEXAHUYECKHX MPO-
1eccoB mpu (HopMooOpa30BaHUK M YIPOYHCHUH JeTajei IS aBHAaKOCMHUYECKOH M TpaHcmopTHOH TexHUKW» Ne FEUE-
2023-0006.

CTaTbs TOJTOTOBJICHA 10 MaTepHraliaM JOKJIAI0B y9acTHUKOB X1 MexayHapo O Kokl « PU3NYecKoe MaTepruao-
Begernney (ILIOM-2023), TompsitTH, 11-15 cenTsdps 2023 roxa.

Jna yumuposeanusa: Tapos JI.B., Hecrepo K.M., Ucnamramues P.K., Kopsuukosa E.A. Biusaue kpucramiorpadu-
YEeCKOW TEKCTYpBl Ha TIPOYHOCTH U 3JIEKTPOIPOBOIHOCTD YIIbTpaMenko3epHucTor Meau // Frontier Materials & Technolo-
gies. 2025. Ne 1. C. 81-91. DOI: 10.18323/2782-4039-2025-1-71-7.

Frontier Materials & Technologies. 2025. No. 1 91


https://doi.org/10.1149/1.3358145
https://doi.org/10.1016/j.matlet.2009.05.021
https://doi.org/10.1016/j.msea.2010.05.057
https://doi.org/10.4028/www.scientific.net/SSP.160.47
https://doi.org/10.1016/j.msea.2019.05.042
https://orcid.org/0000-0002-5975-4849

FOR AUTHORS

GENERAL PUBLICATION REQUIREMENTS

The journal publishes two versions of papers: in Russian and in English. The data
of manuscript has to be original and never submitted or published before in other
journals. All submitted papers are checked in the Anti-Plagiarism system (“Antiplagiat”
system).

For publication, authors need to submit an application to the editorial office by sending
the materials to the e-mail of the journal vektornaukitgu@yandex.ru or by uploading them
to their personal account on the website https://www.vektornaukitech.ru.

Required structural elements of the manuscript

UDC identifier;
the title of the scientific manuscript;
copyright sign and year;
information about the authors: surname and initials of the author, academic degree,
academic status, occupation; company, city, country; ORCID. The author corresponding
to the editorial staff should provide his/her E-mail;

— abstract (200-250 words) should contain a brief summary of the paper’s concept
in order to interest a potential reader;

— keywords (the main criterion of choosing keywords is their potential value to
summarize the content of the document or to help the readers to find the document);

— acknowledgements to individuals, granting organizations;

— the text of the manuscript structured in accordance with the rules;

— references (at least 20 sources).

Article structure

The structure of the article should conform to the IMRAD (Introduction, Methods,
Results, and Discussion) standard, applied by Science World Community:

— INTRODUCTION
- METHODS

— RESULTS

- DISCUSSION

— CONCLUSIONS

Tables and figures formatting

Tables and figures should not fall outside the page layout. The use of landscape
pages is not allowed. The titles of the tables and figures captures are required. If the
text contains figures, diagrams, and tables from other literary sources, it is necessary
to indicate where they were taken from..

Formulas typing

Formulas are edited in Microsoft Equation 3 formula editor. Formulas should not be
longer than 80 mm. The size of the formula is 100 %. Converting formulas to figures is not
allowed.

References and citations formatting

References are listed in the order of citation in the article. Reference list should
not include the sources not cited in the article. In the journal it is not common to cite
textbooks and study guides, except the flagship in their respective field, thesis papers and
synopsis of a thesis. Not less than a quarter of the sources listed in the reference list should
be published in the last 3-5 years. References to print publications only are acceptable
(excluding e-journals). References to internet sites are not accepted. Not more than 20 %
of the sources can be references on the own author’s publications. If a cited source has
a DO, the DOI should be indicated at the end of bibliographic description of this source.
All DOIs should be valid links



doi: 10.18323/2782-4039-2025-1-71-8

Mathematical modelling to predict
the tensile strength of additively manufactured AlSi10Mg alloy
using artificial neural networks

Sunita K. Srivastava*', researcher
of Department of Mechanical Engineering
N. Rajesh Mathivanan?®, PhD,
professor of Department of Mechanical Engineering
PES University, Bangalore (India)

IORCID: https://orcid.org/0009-0005-2174-2067
20RCID: https://orcid.org/0000-0003-1903-2005

*E-mail: sunita.shri45@gmail.com

Received 10.09.2024 Revised 29.10.2024 Accepted 25.11.2024

Abstract: Integrating machine learning in additive manufacturing to simulate real manufacturing outcomes can signifi-
cantly reduce the cost of manufacturing through selective manufacturing. However, limited research exists on developing
a prediction model for the mechanical properties of the material. The input variables include key selective laser melting
process parameters such as laser power, layer thickness, scan speed, and hatch spacing, with tensile strength as the output.
The artificial neural network (ANN) based mathematical model is compared with a second-degree polynomial regression
model. The robustness of both models was further assessed with the new data points beyond those used in the development
of ANN-based mathematical model and regression model. The results demonstrate that the proposed ANN-based mathe-
matical model offers superior accuracy, with a mean absolute percentage error (MAPE) value of 4.74 % and the R? (good-
ness of fit) value of 0.898 in predicting the strength of AlSil0Mg. The ANN-based mathematical method also demon-
strates the strong performance on the new data, achieving a regression value of 0.68. This concludes that the model shows

sufficient proof to consider a viable option for predicting the tensile strength.
Keywords: AlSi10Mg alloy; additive manufacturing; artificial neural network (ANN); machine learning; selective laser

melting; mathematical model.
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INTRODUCTION

Additive manufacturing has been the cornerstone of in-
dustrial innovation for several decades and has seemingly
adapted to handle diverse materials including metal, alloy,
polymer, composite, etc. It offers various processes such as
binder jetting, fused deposition, powder bed fusion, sheet
lamination, material jetting, etc. to meet diverse manufac-
turing requirements. The fabrication of the metals or com-
posite is majorly done by selective laser melting and laser
metal deposition. Additive manufacturing is a preferred
manufacturing process for the aluminium alloy and alumi-
nium metal matrix composite for its ability to deliver great
accuracy, lesser lead time, cost effectiveness, and superior
part qualities compared to conventional manufacturing
methods [1]. Pure aluminium however poses challenges
during laser melting because of its high reflectivity absorb-
ing only 7 % of the incident laser energy. In contrast, sili-
con has a high laser absorptivity of around 70 %, which
makes aluminium-silicon alloys an ideal candidate for se-
lective laser melting (SLM) due to their enhanced laser
absorption [2]. Among the aluminium-silicon alloys,
AlSi10Mg stands out as extremely promising because of its
excellent mechanical properties and lightweight characteris-
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tics. The alloy is very popular in the automobile and aero-
space sectors for its exceptional mechanical attributes and
remarkable thermal conductivity.

However, the printing parameters of the SLM process
such as laser power, layer thickness, scan speed, hatch
spacing etc. have a significant impact on the properties
of the material, which can be modulated to get the opti-
mum product. For instance, the densification property of
the metal can be controlled by varying the laser energy
density, which is the combined form of all four process
parameters (laser power, layer thickness, scan speed and
the hatch spacing). The adjustment helps to achieve
the desired mechanical properties of the metal such as
tensile strength, compressive strength, hardness, and
microhardness, etc. [3].

Machine learning, which is the subset of artificial in-
telligence plays a vital role in generating a model/system
by enabling automatic learning from the provided data
and improving the accuracy without any extensive pro-
gramming [4].

Within this realm, an artificial neural network (ANN),
a part of deep learning, mimics the working principle of
a human brain. It has interconnected nodes within its
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architecture that simulate the biological neurons. The ANN
architecture comprises of input layers (comprising inde-
pendent variables), hidden layers (comprising one or more)
and output layers (comprising dependent variables). Each
node of a layer is connected to the next set of nodes through
weights, biases and a transfer function to send the signal.
ANN uses the training data to establish the connection be-
tween input and output. It learns and fine-tunes the accura-
cy of the model through iterative learning which makes it
a very powerful tool in the domain of artificial intelligence
[5]. The basic ANN architecture used in this study is de-
picted in the Fig. 1.

This model can be used for the prediction of unknowns
and for finding optimal solutions by analysing the influence
of input parameters. However, there are very few studies
have been performed in this area.

Shubham et al. [6] assessed six different machine
learning models such as deep learning, bagging, decision
tree, linear regression, random forest and ridge regression
to evaluate the influence of manufacturing parameters
such as laser power, scan speed, scan space, and island
size on the tensile strength of Al1Si10Mg alloy. It was con-
cluded that deep learning and decision trees can have pre-
diction accuracy of up to 99 and 89 % respectively. It was
also highlighted that laser power is the most influencing
parameter among all the four parameters considered.
Ghetiya et al. [7] explored the machine learning approach
to optimise the process parameters of friction stir welding
of aluminium plates. The input welding parameters con-
sidered are tool rotational speed, welding speed, tool
shoulder diameter and axial force. An ANN model was
developed utilising a backpropagation algorithm to predict
the tensile strength for the given process parameters.
The results show a good alignment of the model with
the experimental values and can be used as an alternate
way to calculate the tensile strength.

M. Khalefa [8] developed the ANN model from the
experimental data of stir-casting manufactured Al-Si

alloy. The application of the model is to predict
the effect of silicon content on tensile strength, hard-
ness, and wear loss. The obtained results exhibit that
the predicted values satisfactorily align with the experi-
mental values with mean square error (MSE) of 0.0335,
0.0023, and 0.014 for the tensile test, the hardness test,
and the wear loss respectively. Alamri et al. [9] ex-
plored the prediction of the part quality that includes
assessing relative density, surface roughness, and hard-
ness in relation to laser power, hatch spacing, scan ve-
locity and layer thickness of selective laser melting
manufactured AISi10Mg alloy. This study has used five
different supervised learning algorithms such as artifi-
cial neural network (ANN), support vector regression
(SVR), kernel ridge regression (KRR), random forest
(RF), and Lasso regression to compare the results.
The ANN was found to be outperformed among other
models based on computation results. Additionally,
laser power and scan speed emerged as the predominant
parameters influencing relative density and hardness,
while layer thickness and scan speed impact the surface
roughness the most.

Given limited research, this study develops a novel
approach to integrate an ANN-based mathematical mo-
del and regression model to predict the tensile strength
of additively manufactured (SLM) AlSil0Mg alloys
based on available data.

The emphasis of the study is on the development of
a correlation between tensile strength and selective laser
melting parameters such as laser power, layer thickness,
scan speed, and hatch spacing. Furthermore, this research
contributes valuable insight into using a machine learning
model to predict material properties without the need of
actual experimentation.

The objective of this work is to enhance the ability to
predict and optimise the material properties from the expe-
rimental data and to provide better control over the produc-
tion process, through a reliable predictive model.

Hidden

Fig. 1. Architecture of an artificial neural network
Puc. 1. Apxumexmypa uckyccmeennoll HetlpoHHOl cemu
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The work aims to support a more cost and time effective
approach for the material assessment. In doing so, this
study lays a foundation for future research by integrating
machine learning and neural network models into additive
manufacturing.

METHODS

Data collection for the artificial neural network
and regression model

The input dataset for the ANN and regression models
are gathered from the existing literature for the as-built
AlSi10Mg sample fabricated via a selective laser melting
process. Additionally, a new experiment was conducted
in this study as part of data collection for the ANN mo-
del. The ANN model and regression model were deve-
loped using 108 data points (Appendix 1) and a further
27 data points (Appendix 2) were used to assess the pre-
cision of the model selected randomly. The model’s pre-
dicted output was compared with the experimental value
reported in the literature. Both the artificial neural net-
work and regression models were implemented using
MATLAB R2023b. The model utilises the laser power
denoted by (P), layer thickness denoted (7), scan speed
denoted by (V), and hatch spacing denoted by (H) as
the input variables. The input data range for the ANN
model was taken as 150-1000 W for laser power, 20—
80 pm for layer thickness, 195-2400 mm/s for the scan
speed, and 42-240 um for hatch spacing.

Experiment

The gas-atomised AlISil0Mg powder of average particle
size range 20—63 pm was used in the manufacturing which
primarily consists of up to 10 % silicon, a trace amount of
magnesium and iron. The detailed composition of the pow-
der is shown in Table 1.

The samples were fabricated using the SLM process in
RenAM 500E machine (UK). The key manufacturing pa-
rameters of the manufacturing include laser power is
275 W, layer thickness is 30 um, scanning speed is
2000 mm/s and hatch distance is 80 um. The build chamber
was filled with 99.999 % pure argon gas to protect from the
oxidation of the powder. The building direction has been
kept horizontal and the layers were oriented to an angle of
67° from the preceding layer. The temperature of the build
plate was maintained at 80 °C initially to avoid failure due
to the change in temperature between the bottom layer and
the building plate.

The flat-type sub-size tensile test specimens of
gauge length 25 mm were manufactured following
the ASTM E8 standard as shown in Fig. 2. The as-built
components were kept at stress relieved at 300+10 °C
for 2 h and air cooled.

Tensile tests were conducted on the universal testing
machine, model ETM (Wance, China) of 50 kN capacity
at a strain rate of 1 mm/min. The axial displacement was
monitored by a computer integrated video extensometer
connected to a tensile testing machine which captures
real-time elongation data to construct the stress—strain
diagram.

The yield strength was determined using the 0.2 % off-
set method using the stress—strain Excel graph. First,
the linear (elastic) region of the stress-strain graph was
identified to determine the slope (elastic modulus). A line
was then drawn parallel to this linear part of the graph,
passing through 0.2 % of the strain (Y-axis). The yield
strength is defined as the point where the offset line inter-
sects the stress—strain curve.

Development of an artificial neural network

MATLAB R2023b version was used to implement
the ANN model using the neural network fitting tool within
the deep learning toolbox. A supervised machine learning
approach was employed to predict the strength of the mate-
rial. The training was run for the target epoch value of 1000
with four input variables (laser power, layer thickness, scan
speed/velocity, and hatch spacing/distance) and two outputs
(yield and tensile strength).

It is worth noting that the neural network uses two two-
layer feedforward designs. The input layer and output layer
use hyperbolic tangent (tansig) and liner (purelin) transfer
function respectively as shown in Fig. 3.

The neural network structure consists of 10 neurons in
the hidden layers and 2 neurons corresponding to the output
variables. This configuration is selected based on the com-
plexity and performance requirements of the ANN model.
The hidden layer is designed to effectively extract features
from the input layers. A common approach to determine
the number of neurons in the hidden layer is to double
the number of neurons in the input layer and add the num-
ber of neurons in the output layer'.

The adopted data is categorised into three different
categories randomly training, validation, and testing in
80:10:10 ratio. The Levenberg—Marquardt algorithm
(trainlm) is used for the training of the ANN model,
which is often considered the fastest back-propagation
algorithm. The input and output data are normalised be-
tween —1 and +1 to achieve dimensional consistency and
to achieve compatibility with tansig transfer function
using equation (1) [10]:

Mnormzz;\;(Ni _]Cv[min)_l, (1)
max min

where M, is normalised parameters;

N; is actual data;

Npin and Ny are the minimum and maximum values of

the actual data respectively.

Polynomial regression analysis

A multivariate polynomial regression model was created
using MATLAB to create the correlation between the de-
pendent variable (ultimate tensile strength) and independent
variables (laser power, layer thickness, scan speed/velocity,
and hatch spacing/distance). The same experimental results
that were used to develop the ANN model are utilised for

! Livshin I. Artificial Neural Networks with Java: Tools
for Building Neural Network Applications. Chicago, 2019. 575 p.
DOI: 10.1007/978-1-4842-4421-0.
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Table 1. Composition of AISi10Mg powder
Taonuya 1. Cocmag nopowxa AlSil0Mg

Element Al Si Mg Fe N o Ti Zn Mn Ni Cu Pb Sn
Mass. % Balance 9-11 0.25-0.45 <0.25 <020 | <0.20 | <0.15 | <0.10 | <0.10 | <0.05 | <0.05 | <0.02 | <0.02
100 mm

e— 30 mm —)l R6 mm

T \Z — —

10 mm \ 6 mm
I T § PR RN
j&—— 32 mm —>
Fig. 2. Sample details: a — sample dimension; b — fabricated sample
Puc. 2. [lapamempul obpazya: a — pazmepol; b — obpaszey
Hidden Output
Input b b Output
4 w w 2

J .

10

Fig. 3. Network architecture
Puc. 3. Apxumexmypa cemu
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the multivariate regression model. The multi-variant poly-
nomial regression, fit/m facilitates the modelling of the rela-
tion between multiple input predictors and a single re-
sponse. The model computes coefficients for each set of
variables and the intercept terms. It determines the impact
of each predictor on the response variable. The second-
degree polynomial function is calculated using statistics and
machine learning toolbox:

N
Y(X)=ag+) " aX;+
N N i
+> G Xi X+ > X}

where Y is the predicted response;
ay is the intercept coefficient;

2

a;X; are the linear terms;

a;X;X; are the interaction terms;

a; X, 2 are the square terms.

RESULTS

Experimental values

The tensile test of the SLM fabricated specimen is per-
formed as per ASTM ES8 standard and results are present-
ed in the Table 2. In the tensile test, the specimen is bro-
ken in the direction perpendicular to the applied force as
shown in Fig. 4. The tensile strength of the specimen is
reported as 436.95 MPa at the maximum force of 15.7 KN
and the specimen exhibits an elongation of 9.59 %.
The failure of the specimen is identified as brittle and
sudden occurring before the material entered the plastic

zone as shown in stress—strain diagram (Fig. 5). The yield
strength was found to be 58 MPa, calculated using
the 0.2 % proof/offset method.

Artificial neural network results

The performance of the developed ANN is assessed us-
ing various evaluations and analytical metrics. The com-
prehensive output of the ANN is shown in Table 3.

ANN regression plot for overall training, validation, and
test data for yield and tensile strength is shown in Fig. 6.
The X-axis represents the value of the target (experimental
data) and the Y-axis shows the output data predicted using
the ANN model. The dotted line illustrates the ideal corre-
lation where actual and predicted values are equal, while
the solid line represents the actual/true correlation between
the X and Y axis.

It is observed that the correlation coefficient (R-value)
for the overall output of the training, validation, and test
data is 0.96, 0.94, and 0.91 respectively. The overall
R-value is 0.96 which shows a strong correlation between
actual (target) and predicted output.

The value at which MSE between actual and predict-
ed values converges is shown by the best validation of
the performance curve. The back-propagation algorithm
calibrates the values of weights and biases with each
iteration and generates the lowest MSE value. The num-
ber of epochs represents the number of iterations per-
formed by the network to converge it to a minimum [11].
The performance curve of this study is shown in Fig. 7,
which shows the best performance of the model of value
0.024 at epoch 44. From the performance curve, it was
evident that there is no over-fitting observed. Additional-
ly, similar trends have been observed for training, test-
ing, and validation data.

Table 2. Tensile test results
Tabnuya 2. Pe3ynomamol ucnolmanuii Ha pacmsdiceHue

Mechanical properties Values
Yield stress, MPa 58
Tensile strength, MPa 436.95

Elongation, % 9.59
Maximum force, KN 15.73

Fig. 4. Fractured sample
Puc. 4. Paspywennviii 06pazey
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Fig. 5. Stress—strain diagram
Puc. 5. [luazpamma «nanpsicenue — depopmayusiy
Table 3. Artificial neural network output
Taonuua 3. Bvixoomnvle 0anHble UCKYCCMEEHHOU HeUPOHHOU cemu
ANN output Value
Epoch value 50
R-value — training 0.96
R-value — validation 0.94
R-value — test 0.91
R-value — all 0.96
MSE 0.0155

Development of mathematical formula based on ANN

Once the ANN model is trained it can be translated
into a mathematical equation or model by integrating
transfer function using weights and biases as depicted
in equation [10]:

i m
Y =by+ Zk—l(wk x sig(b it D Ko D - @

where Y is the normalised output variables;

by is the bias at the output layer;

wy 1s the weight that connects between the £t hidden layer
and the single output neuron;

b 1s the bias at the kth neuron of the hidden layer;

h and m are the number of neurons in the hidden layer and
input layers, respectively;

wit is the connection weight between the ith input variable
and the hidden layer;

X; is the normalised input variable;

Jsig 18 the transfer function used to train the ANN.

The number of neurons connected to the input and hid-
den layer is #=10. The adopted transfer function between
the input and output layers is tansig (fu; = tansig) and
purelin respectively.

Therefore, the equation (3) can be converted into equa-
tion [12]:

TS, =—0.0825+[W]x[q] , 4)
where 7S, is the normalised tensile strength;
[W]=[1.279-01180 0.6628 —2.9155 2.6693

~2.8315-03615 32800 0.7236 - 1.8831];
[q] = [tanh A, tanh 4, tanh 4; tanh A, tanh 4
tanh 4, tanh 4, tanh 4 tanh 4y tanh 4 ,];

X —X
e’ —e
tanh = f(x)=———.
e¥+e*
The normalised variables 4; to 419 can be calculated us-
ing matrix equations:
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[ 4] [ 04549 -0.2335 1.5844 —1.7360] [-2.5042]
A, 0.6977  0.1801  4.0404  3.2143 1.6432
4, 0.5458 57727 43710 —6.2395 4.3932
Ay | |-1.9850 —0.4610 12824 —0.8306|[ P] |-0.6902
As | | —-45821 02266 13249 -1.1109|| T L 13
Aq —-2.520 54207 1.8587  0.2827 ||V | |-0.7925
A4, | |-04423 0.1586 —0.5219 3.0538 ||H| | 0.3307
A | |-09543 27184  0.4837  0.6755 -0.6097
4, 1.6739 -2.8579 03978  2.3733 -0.9304

| 4| | 12295 32789 -2.5835 1.1224 | | —2.5837 |

The normalised tensile strength in equation (4) needs to where 7S, is the de-normalised tensile strength, the mini-
be de-normalised to derive the required predictive mathe- mum and maximum values of input tensile strength are 160
matical equation. The de-normalised equation to predict the and 478.8 MPa respectively.

tensile strength is shown in equation (5): Hence equation (5) represents the ANN-based mathe-
matical model to predict the tensile strength for the provid-
7S +1)x318.8 ed value of laser power, layer thickness, scan speed, and

TS, _ (TS, +1)x3188 o ) P Y P

hatch spacing.

Training: R=0.9573 Validation: R=0.94466
o 1 S = - | 1
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Fig. 6. Regression plot
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Best Validation Performance is 0.023688 at epoch 44

Train
Validation
Test

Mean Squared Error (mse)

10—3 L

0 5 10 15 20

25 30 35 40 45 50

50 Epochs

Fig. 7. Performance plot
Puc. 7. I'pagpux s¢hpexmusrocmu

Polynomial regression analysis using MATLAB

The experimental results are fitted in the quadratic equa-
tion (2) resulting in the proposed regression model as
shown in equation:

T.S=-33.83+3.1866x P—0.0435xT +0.2681 xV —
—29162x H —-0.0313xPxT —0.0004x PxV —
—0.0182xPxH—-0.0068xT xV +

+0.1159% T x H +0.0025xV x H +0.0005x P +
+0.0186xT? —=0.0001x V> +0.0045 x H>

. (6)

where 7.5 is the tensile strength;
P is the laser power;

T is the layer thickness;

V is the scan speed;

H is the hatch spacing.

DISCUSSION

Validation of mathematical formula based on ANN

The comparison between ANN predicted output and
mathematical model predicted output is plotted in Fig. 8.
Evidently, the proposed mathematical model replicates
the ANN output perfectly with a goodness of fit of
(R*>)=1 and can be used to predict the tensile strength
without running the ANN model. Fig. 9 shows the trend
comparison between actual experimental values and pre-
dicted output. The mean absolute percentage error
(MAPE) between the experimental and predicted value
stands at 4.74 % which demonstrates quite a good accu-
racy. The goodness of fit (R?) between the ANN predict-

ed data and actual experimental value is 0.898
(Fig. 10 a). This indicates that the predicted value
matches the actual value by 89.8 %.

Validation of regression model

The calculated goodness of fit between the experimental
value and predicted value using the polynomial regression
model is 0.68, which means the predicted value aligns with
the experimental value with an accuracy of 68 %, as shown
in Fig. 10 b.

Additionally, the mean absolute percentage error
(MAPE) calculated between experimental and predicted
values are 8.83 %, which shows a moderate level of de-
viation with respect to experimental values. Fig. 11
shows the trend comparison between actual and pre-
dicted values.

F-test and standard error of the regression
coefficients

The F-test of the regression model is performed to as-
sess the predictive power and the significance of the rela-
tionship between dependent and independent variables
using equations from:

sST=>(v,~¥)
sse="(7, -7
o517,

100
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Fig. 8. Tensile strength predicted using ANN vs mathematical model
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Fig. 9. Experimental vs predicted values of tensile strength (ANN)
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Fig. 10. Comparison of the measured vs predicted tensile strength:
a — ANN-based model; b — polynomial regression model
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MSR:S‘S'_R;
k
MSE:SS—E;
n—k-1

..M
F —statistic= s
MSE

where SST is total sum of squares;
SSR is regression sum of squares;
SSE is residual sum of squares;
MSR is mean square for regression;
MSE is mean square for error;

Y; is experimental values;

Y is mean of experimental values;

Y, is predicted values;

k is No of independent variable;
n—k—1 is degrees of freedom.

Since F calculated 13.36>Fcar at the 0.05 significance
level, there is statistically significant relationship between
the predictor and response variable.

The standard error of the regression coefficient
measures the variability of the estimated coefficients if the
study were repeated. It measures the uncertainty associated
with the regression model and how much it is expected to
vary due to sampling variability. The analysis is performed
using MATLAB using equations:

1 R T, ¥, H RT, BN

1\ » T, V, H, BT, PV,
X:

_1 PH Tl’l V}’l Hl’l })il Tn Pn VI’I
PH, TV, TH, V,H, P> T> Vv H?
1441 171 1441 1441 1 1 1 1
PIHZ T2V2 T2H2 VZHZ PZ2 TZ2 V22 1122
P}{ T.V T.H V}i };2 fz V.2 ﬁz
nttn n"n n*tn 2442 n n n n

Residual Variance, 6> = SSR ;

n—p

Variance — Covariance Matrix of Coefficients,
Var (B)z *(xx)™.

The standard errors are the square roots of the diagonal
elements of variance-covariance matrix:

Standard error of Coefficients

SE(ﬁ)z Jdiag(Var (3 ).

The result of the study is summarised in Table 4. As
stated, the standard error of the coefficient provides
the measure of uncertainty of the coefficients. The rela-
tively small error indicates the precise estimate and sig-
nificance of the impact of the coefficient as seen for
the variables V, V2, P2, T*, H?, P-T, P-V, P-H, T-V, and
V-H. In contrast, the relatively large standard error for
the variable T and the intercept suggest that the estima-
tions are not very precise and likely to vary more across
the samples.

Validation of proposed models with the new data sets

ANN-based mathematical and polynomial regression
models are validated on the new set of 27 data points, the
datasets beyond those that are used in the model develop-
ment. The experimental values of the data points are col-
lected from the previous literature. ANN-based mathemati-
cal equation (5) and polynomial regression equation (6)
were used for the prediction of the tensile strength of the
new input datasets and the same was compared with the
experimental values to assess the robustness of the model.
The validation was done using statistical parameters such as
goodness of fit (R-square) to measure how well the model
fits the data, mean absolute percentage error (MAPE) to
provide the relative accuracy of the prediction, mean abso-
lute error (MAE) to measure overall prediction error and
root mean squared error (RMSE) to find out the impact of
the larger error as outlined in equations:

RZ—1— Sum of squares of residuals

Total sum of squares

Mean absolute percentage error (MAPE) =

_ l Z Prediction — Actual 100 5
n Actual

Mean absolute error (MAE) =

= l Z|Prediction - Actual| .
n

Root Mean Square Error (RMSE) =

\/Z(Prediction — Actual )2

n

Fig. 12 illustrates the comparison of experimental
values with an ANN-based mathematical model and poly-
nomial regression model. The mean error percentage was
found to be 11.1 and 16.8 % for ANN-based equation
and polynomial regression model respectively.
The summary of the validation of the two models is
shown in Table 5.

Comparison and validation with prior research

The experimental results of tensile properties assess-
ment of SLM fabricated AlSilOMg sample demonstrate
strong consistency with the previous studies [13-17].
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Table 4. Standard error of a regression coefficient

Tabnuya 4. Cpeonee ksaopamuueckoe omxionenue Kodgguyuenma pespeccuu

Variable Coefficient Standard errors of the regression
Intercept —33.83 156.8213
P 3.1866 0.5771
T —0.0435 4.3601
14 0.2681 0.0783
H -2.9162 0.741
pP-T —0.0313 0.006
PV —0.0004 0.0002
P-H —0.0182 0.0024
v —0.0068 0.0015
T"H 0.1159 0.0134
V-H 0.0025 0.0007
P? 0.0005 0.0003
i 0.0186 0.0397
V2 —0.0001 0
H 0.0045 0.0022
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= 200 .
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Fig. 12. Experimental vs predicted values of tensile strength for new data points
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Table 5. Summary of the validation of ANN-based and regression models
Taoauua 5. Pesynomam oyenku modenu na ochose MHC u peepeccuonnoii mooenu

Evaluation metric ANN based mathematical model Polynomial regression model
R-square (R?) 0.68 0.25
Mean absolute error (MAE) 39.44 61.17
Mean absolute percentage error (MAPE) 11.10 16.89
Root mean square error (RMSE) 50.37 79.28

The tested specimen exhibited significantly higher tensile
strength approximately 25 % higher than that of conven-
tionally cast specimens [18].

The developed ANN model and regression model clear-
ly show the dependency of the output on the key process
parameters 1. e. laser power, layer thickness, hatch spacing,
and scan speed. The observation aligns with the previous
studies, which identified the laser power and scan speed as
the common predominant influencing factors on the materi-
al properties [6; 9].

The results clearly show that the ANN model outper-
formed the regression model, showing superior predictabi-
lity for the material properties. This aligns with previous
studies, that highlight the ability of the ANN model to
handle complex, multi-functional, non-linear relationships
[6; 9; 19]. For example, M. Khalefa [8] achieved an MSE
of 0.0335 for tensile strength prediction using ANN, while
other researchers [9] reported MSE values of 0.232, 0.395,
0.122 for relative density, surface roughness, and hardness
respectively. Similarly, Ghetiya et al. [7] achieved the MSE
value less than 3 % using an ANN model for tensile
strength prediction. In this study, the accuracy of the ANN
surpasses some earlier findings by predicting material pro-
perties with an MSE value of 0.0155 and an overall R value
0f 0.96. This improvement is attributed to the use of a wider
range of datasets for model training, which enhances its
reliability and provides a comprehensive representation of
the problem [20].

Contributions and implications of the study

The current study contributes to the additive manufac-
turing field by providing a precise machine learning based
approach for the prediction of material properties using
input process parameters. The work narrows down on the
prediction of tensile strength of SLM manufactured
AlSil0Mg alloy, offering a useful tool for manufacturing
and design engineers.

This finding also offers a practical and efficient solu-
tion by minimising manufacturing time and resource
usage. By enabling the real time optimisation of manu-
facturing costs, the research supports the production of
high-quality parts.

Furthermore, as the machine learning model is
trained to predict the properties under various condi-
tions, the study also provides further advancements in
this area by encouraging input parameters optimisation

to reduce material defects through the correlation be-
tween the inputs and outputs.

The study presents a boarder implication as it empowers
the adoption and integration of machine learning applica-
tions in additive manufacturing. The work further promotes
the artificial intelligence, data driven approach in advanced
material properties optimisation.

Limitation of proposed ANN model

The proposed ANN model comes with certain limita-
tions as follows:

1. The input variables should fall within the range of
minimum and maximum range of the variables used in the
development of the ANN model.

2. The input and output should be normalised using
equation (1) before feeding it into the ANN model.

3. ANN is a complex system compared to the regression
model, which requires more computational resources. ANN
typically requires more datasets to train the model effec-
tively. The availability of a limited experimental dataset can
limit the capability of the ANN and cause overfitting.

CONCLUSIONS

In this study an artificial neural network model is
adapted as a mathematical equation model and a regression
model is developed to predict the tensile strength of addi-
tively manufactured (SLM) AlISi10Mg alloy based on exist-
ing experimental data. The effectiveness of the ANN-based
mathematical model is then evaluated and compared to
the regression model on the datasets distinct from those
used in the model development. The following conclusion
can be drawn from the study:

1. The proposed ANN-based mathematical model ex-
hibits superior performance compared to the regression
model with the R? (goodness of fit) value of 0.898 against
0.685 of the regression value for the input data sets used for
the model development. The ANN-based mathematical
model also performed comparatively well for the new data-
sets yielding a regression value of R? as 0.68.

2. Notably, the ANN-based mathematical model
demonstrates low mean absolute percentage error of 4.74,
and 11.1 % for the datasets used for model development
and the new input data-sets respectively.

3. This concludes that the accuracy of the ANN-based
mathematical model is good enough to consider it as
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the viable option for the prediction. However, the effica-
cy of the ANN model is limited for the new input data-
sets, because of the limited data availability. The inclu-
sion of more datasets into the development and validation
of the ANN model is expected to bring more accuracy.
Exploring various neural network techniques and fine
tuning the hyperparameters can improve the model per-
formance further.
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Annomayun: BHenpeHne MalIMHHOTO OOyYeHHUs B aJIMTUBHOE MPOM3BOJACTBO JII MOJETUPOBAHUSI PEATbHBIX pe-
3yJIbTATOB MOXKET 3HAUUTENILHO CHU3UTB €r0 CTOMMOCTh 3a CUET CEeJIeKTHBHOTO ITPON3BOACTBA. B HacTosIee Bpems cylie-
CTBYET HEJOCTATOYHO HCCIICIOBAHUM, OCBAIICHHBIX pa3pad0TKe MOJEIH MPOTHO3HPOBAHHUS MEXaHUYECKUX CBOMCTB Ma-
Tepuana. BxoaHble epeMeHHbIE MPEIOKEHHON MOJAENH BKIIIOYAIN KITIOYEBBIE MapaMeTphl Ipolecca CEeJIeKTUBHOM Jia-
3epHOH IITaBKH, TaKHe KaK MOIIHOCTB Jia3epa, TONIIMHA CJIOSl, CKOPOCTh CKaHWPOBAHMS U IIAr IITPUXOBKH, HA BBIXOZE
MoJTy4as peAelt MpoYyHocTH. MaTeMaTiudeckas MoJiellb Ha OCHOBE UCKYCCTBEHHON HEHPOHHOW CETH CpaBHUBAIACH C MO-
JIeTIbI0 MTOJITMHOMHUAIBHOM perpecciu BTOpoi creneHd. HaneskHOCTh 00enx Mojenei JOMOJTHUTEIBHO OLEHUBANIACh C HO-
BBIMH Ha0OpaMH JAaHHBIX, OTJMYHBIX OT T€X, KOTOPBIC UCIOIBb30BAIKNCH MIPH pa3pabOTKe MaTeMaTHYSCKONH MOJIEIH Ha OC-
HOBE MCKYCCTBEHHOI HEHPOHHOI CETH M MOJIEH perpeccuu. Pe3ynbTaThl OKA3aly, YTO MPeJIOKEHHAs MaTeMaTHIecKast
MOJIETIb HAa OCHOBE MCKYCCTBEHHOIH HEHpPOHHOH ceTH obecredynBaeT NPEBOCXOJHYIO TOYHOCTH: MPH IPOrHO3HMPOBAHHUU
npounocty cmtaBa AlSil0Mg cpennee abconroTHoe nporeHTHOe oTkioHeHue (MAPE) cocrasuio 4,74 %, kputepuii co-
orBeTcTBHA R?=0,898. MareMaTudecKnii METOI Ha OCHOBE MCKYCCTBEHHOHW HEMPOHHOM CETH TAKKe IOKa3al BBICOKYIO
MPOM3BOIMTEIBHOCTh Ha HOBBIX JIAaHHBIX — 3HaueHue perpeccun pocturano 0,68. Takum oOpazom, pa3paboTaHHYIO MO-
JleNIb BO3MOXKHO PacCMaTpUBaTh KaK NIEPCIIEKTUBHBIA BapUAHT JUIsl IPOTHO3UPOBAHUS IIPEJEIIa IPOYHOCTU MaTepuana.

Kntouegvie cnosa: cinas AlSi10Mg; annuTrBHOE MPONU3BOACTBO; HCKyCcCTBeHHAs HerporHas cets (MHC); mammaHOE
o0ydeHue; ceNIeKTUBHA JIa3epHast TUIABKa; MaTeMaTH4YecKast MOJICTIb.

Jna yumupoeanusa: Upusacrasa C.K., MatuBanan H.P. Marematuyeckass MOAeNb MPOTHO3UPOBAHUS TIpeIesa mpoy-
HoctH cruiaBa AlSilOMg, H3rOTOBIEHHOTO aJJUTUBHBIM CIIOCOOOM, C WCIOJIH30BAHWEM HCKYCCTBEHHBIX HEHPOHHBIX Ce-
teit // Frontier Materials & Technologies. 2025. Ne 1. C. 93-110. DOI: 10.18323/2782-4039-2025-1-71-8.
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