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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.  

For citation: Kolibasov V.A., Ibatullin I.D., Novikov V.A. Development of a laboratory tribotechnical facility for 

testing PDC cutters for wear. Frontier Materials & Technologies, 2025, no. 1, pp. 9–19. DOI: 10.18323/2782-4039-

2025-1-71-1. 

 

INTRODUCTION 

Currently, the most popular drilling tools for drilling oil 

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 

abrasiveness. To determine the degree of wear of the bits 

(crowns), it is necessary to bring the tool to the surface.  

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 insert1 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 δ=0.28, 0.4, 

0.56, 0.8, 1.12, 1.6 mm at a rotation frequency of 

90 min−1. 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 

                                                           
1 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 Frontier Materials & Technologies. 2025. No. 1
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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 

Рис. 1. Схема испытаний PDC-резцов на изнашивание: 

1 – испытуемый резец; 2 – контртело (гранитный камень);  

F – нормальная нагрузка; S – поперечная подача;  

V – скорость вращения подвижного контртела 

 

 

 

 

 

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 

Рис. 2. Предлагаемая схема испытаний PDC-резцов на изнашивание: 

1 – испытуемый резец; 2 – контртело (алмазный отрезной диск);  

F – фиксированная нормальная нагрузка;  

V – скорость вращения диска 

 

 

 

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. 
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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 T – up to 600 °C, normal 

load Fn – up to 1000 N, friction force Ffr – 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 

 

 

 

 

 

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 
Рис. 3. Устройство для испытания PDC-резцов на абразивное изнашивание: 

1 – электродвигатель; 2 – шпиндельный узел; 3 – стойка; 4 – основание;  

5 – консольный стол; 6 – рычаг; 7 – груз; 8 – система сбора данных; 9 – тиски;  

10 – алмазный отрезной диск; 11 – фиксатор; 12 – охладитель; 13 – резец PDC; 14 – стяжка 
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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 

Рис. 4. Измерительный блок без корпуса: 

1 – моноблок; 2 – оправка; 3 – PDC-резец; 4 – болт хомута; 5 – датчики осевой нагрузки;  

6 – датчики силы трения (тангенциальной нагрузки); 7 – технологическое отверстие для термопары 

 

 

 

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 
Рис. 5. Оправка для контробразца.  

Оправка алмазного отрезного диска:  

1 – отверстие под фиксатор; 2 – установленный фиксатор; 3 – алмазный отрезной диск 

 

 

Frontier Materials & Technologies. 2025. No. 1 13



Kolibasov V.A., Ibatullin I.D., Novikov V.A.   “Development of a laboratory tribotechnical…” 

 

 

 

Fig. 6. Typical view of the PDC cutter test diagram 

Рис. 6. Характерный вид эпюры испытаний PDC-резцов 

 

 

 

 

 

Fig. 7. View of the worn surface of a polycrystalline diamond insert 

Рис. 7. Вид изношенной поверхности поликристаллической алмазной пластины 

 

 

 

     

 a b 

Fig. 8. Stepped structure of the wear surface of the polycrystalline diamond insert of PDC cutters: at magnification ×40 (a) and ×100 (b) 
Рис. 8. Ступенчатая структура поверхности изнашивания поликристаллической алмазной пластины PDC-резцов:  

при увеличении ×40 (a) и ×100 (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 

Таблица 1. Классификация PDC-резцов по стойкости к абразивному истиранию 

 

 

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 heterogeneous, 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 companies2. 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 Myasnikov Ya.V., Ionenko 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://сферанефтьигаз.рф/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 cutters3. 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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Аннотация: В практике бурения нефтегазовых скважин алмазными долотами, вооруженными PDC-резцами, имеют 

место случаи несоответствия качества резцов заявленному классу. При этом применяемые в настоящее время методы 

натурных испытаний, когда в качестве контртела используют гранитный камень, являются длительными и дорогостоя-

щими, что затрудняет их применение для оперативного входного контроля новых партий PDC-резцов, поступающих на 

сборку алмазных долот. Это обусловило необходимость разработки лабораторного триботехнического комплекса для 

количественной оценки способности PDC-резцов противостоять истиранию об абразивные материалы. Исследование 

посвящено разработке специализированного триботехнического комплекса, позволяющего проводить испытания на 

изнашивание PDC-резцов различных типоразмеров при трении об алмазосодержащий металлический забой, в качестве 

которого предложено использовать алмазные отрезные диски. В состав разработанного лабораторного триботехниче-

ского комплекса входят: электромеханический привод вращения (станок сверлильно-фрезерной группы); измеритель-

ный блок с датчиками нормальных нагрузок, силы трения и температуры саморазогрева резца при испытаниях; рычаж-

ный механизм нагружения; набор оправок для возможности установки PDC-резцов различных типоразмеров; система 

сбора данных и лицензионное программное обеспечение. Результаты апробации разработанного лабораторного трибо-
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технического комплекса на PDC-резцах различных партий показали, что испытания на новом оборудовании позволяют 

достаточно быстро получать данные о скорости изнашивания рабочих кромок PDC-резцов. Разработанные методики, 

оборудование и критерии можно использовать для возможности сертификации износостойкости PDC-резцов. 

Ключевые слова: алмазное долото; PDC-резец; триботехнический комплекс; алмазосодержащий металли-

ческий забой. 
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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 μm and a more uniform elemental distribution. The Сo19.8Cr17.5Zr15.3Mn27.7Ni19.7 alloy 

demonstrated the highest nanohardness (10 GPa) and Young’s modulus (161 GPa) during instrumental indentation with  

an indenter load of 50 mN. The Сo20.4Cr18.0Zr7.9Mn33.3Ni20.3 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 μm. As 

the indenter load increased to 5 N, the microhardness of the Сo19.8Cr17.5Zr15.3Mn27.7Ni19.7 alloy decreased compared  

to the Сo18.7Cr16.5Zr28.9Mn17.4Ni18.6 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 

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], 

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 

[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 M11 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 150·10−6 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 μm 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 Сo19.8Cr17.5Zr15.3Mn27.7Ni19.7 

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 

Сo19.8Cr17.5Zr15.3Mn27.7Ni19.7 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 μm. 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 μm and 56–68 μm  

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 

Таблица 1. Химический состав исследуемых образцов высокоэнтропийных сплавов в литом состоянии  

на основе системы CoCrZrMnNi, полученных методом вакуумной индукционной плавки 

 

 

Co, аt. % Cr, аt. % Zr, аt. % Mn, аt. % Ni, аt. % 

19.8 17.5 15.3 27.7 19.7 

20.4 18.0 7.9 33.3 20.3 

18.7 16.5 28.9 17.4 18.6 

 

 

 

     
 

 

     
 

 

     
 

 

Fig. 1. Elemental mapping of the Сo19.8Cr17.5Zr15.3Mn27.7Ni19.7 alloy.  

1–4 are sections of X-ray spectral microscanning. The arrows indicate the areas of dendrites measured in diameter 

Рис. 1. Элементное картирование сплава Сo19,8Cr17,5Zr15,3Mn27,7Ni19,7.  

1–4 – участки микрорентгеноспектрального сканирования.  

Стрелками показаны области замеряемых дендритов по диаметру 
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Table 2. The results of X-ray spectral microanalysis of the HEA presented in Fig. 1 

Таблица 2. Результаты микрорентгеноспектрального анализа ВЭС по спектрам, представленного на рис. 1 

 

 

Spectrum 
Element, at. % 

Cr Mn Zr Co Ni O 

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 – 

 

 

 

 

 

 

Fig. 2. Analysis of concentration heterogeneity of the Сo19.8Cr17.5Zr15.3Mn27.7Ni19.7 alloy a line length of 600 m 

Рис. 2. Анализ концентрационной неоднородности сплава Сo19,8Cr17,5Zr15,3Mn27,7Ni19,7 вдоль линии протяженностью 600 мкм 

 

 

 

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 
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Fig. 3. Elemental mapping of the Сo20.4Cr18.0Zr7.9Mn33.3Ni20.3 alloy.  

1–4 are sections of X-ray spectral microscanning 

Рис. 3. Элементное картирование сплава Сo20,4Cr18,0Zr7,9Mn33,3Ni20,3.  

1–4 – участки микрорентгеноспектрального сканирования 

 

 

 
Table 3. The results of X-ray spectral microanalysis of the HEA presented in Fig. 3 

Таблица 3. Результаты микрорентгеноспектрального анализа ВЭС по спектрам, представленного на рис. 3 

 

 

Spectrum 
Element, at. % 

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 23.91 

4 45.92 21.78 1.00 21.75 10.55 
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Fig. 4. Determination of concentration heterogeneity of the Сo20.4Cr18.0Zr7.9Mn33.3Ni20.3 alloy a line length of 90 m 

Рис. 4. Определение концентрационной неоднородности сплава Сo20,4Cr18,0Zr7,9Mn33,3Ni20,3  

вдоль линии протяженностью 90 мкм  

 

 

 
Table 4. The results of X-ray spectral microanalysis of the HEA presented in Fig. 5 

Таблица 4. Результаты микрорентгеноспектрального анализа ВЭС по спектрам, представленного на рис. 5 

 

 

Spectrum 
Element, at. % 

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 μm (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 Сo19.8Cr17.5Zr15.3Mn27.7Ni19.7 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 Сo19.8Cr17.5Zr15.3Mn27.7Ni19.7 alloy decreases compared 

to the Сo18.7Cr16.5Zr28.9Mn17.4Ni18.6 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 HV0.5 (Fig. 7, Table 5). 

Thus, the alloy with the element content close to equimolar 

Сo18.7Cr16.5Zr28.9Mn17.4Ni18.6 alloy demonstrates better harde-

ning ability compared to alloys with a nominal zirconium con-

tent of 7 and 15 %. Mechanically (elastic modulus),  

the Сo20.4Cr18.0Zr7.9Mn33.3Ni20.3 and Сo18.7Cr16.5Zr28.9Mn17.4Ni18.6 
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Fig. 5. Elemental mapping of the Сo18.7Cr16.5Zr28.9Mn17.4Ni18.6 alloy.  

1–3 are sections of X-ray spectral microscanning 

Рис. 5. Элементное картирование сплава Сo18,7Cr16,5Zr28,9Mn17,4Ni18,6.  

1–3 – участки микрорентгеноспектрального сканирования 

 

 

 

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 c, 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 Сo20.4Cr18.0Zr7.9Mn33.3Ni20.3 

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 μm (Fig. 8 e, 8 f). The smallest dendritic grains are 

found in the Сo18.7Cr16.5Zr28.9Mn17.4Ni18.6 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 μm 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 

3 
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Fig. 6. Determination of concentration heterogeneity of the Сo18.7Cr16.5Zr28.9Mn17.4Ni18.6 alloy along a line length of 246 m  

Рис. 6. Определение концентрационной неоднородности сплава Сo18,7Cr16,5Zr28,9Mn17,4Ni18,6  

вдоль линии протяженностью 246 мкм 

 

 

 
Table 5. Changes in the mechanical properties of CoCrZrMnNi alloys depending on changes in the zirconium and manganese content 

Таблица 5. Изменение механических свойств сплавов CoCrZrMnNi в зависимости от изменения содержания циркония и марганца 

 

 

Average value 

Indenter penetration depth,  

nm 

Nanohardness,  

GPa 

Young’s modulus,  

GPa 

Microhardness, 

HV0.5 

Сo19.8Cr17.5Zr15.3Mn27.7Ni19.7 

425.41±0.28 10.05±1.03 161.67±20.57 484±58 

Сo20.4Cr18.0Zr7.9Mn33.3Ni20.3 

745.22±43.63 3.48±0.38 122.73±10.37 334±35 

Сo18.7Cr16.5Zr28.9Mn17.4Ni18.6 

454.30±23.45 8.95±0.83 109.96±10.41 537±57 
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Fig. 7. Optical image and loading–unloading graph of instrumental indentation of CoCrZrMnNi alloys: 

a – Сo19.8Cr17.5Zr15.3Mn27.7Ni19.7; b – Сo20.4Cr18.0Zr7.9Mn33.3Ni20.3; c – Сo18.7Cr16.5Zr28.9Mn17.4Ni18.6 

Рис. 7. Оптическое изображение и график разгружения – нагружения  

инструментального индентирования сплавов CoCrZrMnNi:  

a – Сo19,8Cr17,5Zr15,3Mn27,7Ni19,7; b – Сo20,4Cr18,0Zr7,9Mn33,3Ni20,3; c – Сo18,7Cr16,5Zr28,9Mn17,4Ni18,6 
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Fig. 8. Microstructure of CoCrZrMnNi alloys with different zirconium and manganese contents: 

a, b – SEM of the Сo19.8Cr17.5Zr15.3Mn27.7Ni19.7 alloy using SE and BSE detector;  

c, d – SEM of the Сo20.4Cr18.0Zr7.9Mn33.3Ni20.3 alloy using SE and BSE detector; 

e, f – SEM of the Сo18.7Cr16.5Zr28.9Mn17.4Ni18.6 alloy using SE and BSE detector 

Рис. 8. Микроструктура сплавов CoCrZrMnNi с разным содержанием циркония и марганца:  

a, b – СЭМ сплава Сo19,8Cr17,5Zr15,3Mn27,7Ni19,7 с использованием SE и BSE детектора;  

c, d – СЭМ сплава Сo20,4Cr18,0Zr7,9Mn33,3Ni20,3 с использованием SE и BSE детектора;  

e, f – СЭМ сплава Сo18,7Cr16,5Zr28,9Mn17,4Ni18,6 с использованием SE и BSE детектора 
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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 Сo18.7Cr16.5Zr28.9Mn17.4Ni18.6 alloy (537±57 HV0.5) 

(Table 5) exceeds the value for the Сo19.8Cr17.5Zr15.3Mn27.7Ni19.7 

composition close to equiatomic (484±58 HV0.5) [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 

5 μm and a more uniform distribution of elements  

in the Сo18.7Cr16.5Zr28.9Mn17.4Ni18.6 alloy compared to  

the Сo19.8Cr17.5Zr15.3Mn27.7Ni19.7 и Сo20.4Cr18.0Zr7.9Mn33.3Ni20.3 

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 CoCrZrMnNi 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 Сo19.8Cr17.5Zr15.3Mn27.7Ni19.7 alloy demonstrated 

the highest nanohardness (10 GPa) and Young’s modulus 

(161 GPa) during instrumental indentation. At the same 

time, the Сo20.4Cr18.0Zr7.9Mn33.3Ni20.3 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 

(5 N), the microhardness of the Сo19.8Cr17.5Zr15.3Mn27.7Ni19.7 

alloy decreased compared to the Сo18.7Cr16.5Zr28.9Mn17.4Ni18.6 

alloy, which may indicate more universal mechanical pro-

perties of alloys with a zirconium content of 20 at. %. 
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Аннотация: Изучены механические свойства и микроструктура высокоэнтропийных сплавов (ВЭС) системы 

CoCrZrMnNi, полученных вакуумно-индукционной плавкой, в зависимости от изменения содержания Zr и Mn. 

Оценивается влияние процентного содержания Zr и Mn на микроструктуру и механические свойства (модуль Юн-

га, нанотвердость, микротвердость) ВЭС системы CoCrZrMnNi. Изучена связь варьирования процентного содер-

жания Zr и Mn с изменением размера зерен и механических свойств ВЭС. Исследования структуры, химического 

состава и распределения интенсивности характеристического рентгеновского излучения атомов выполнены c ис-

пользованием сканирующей электронной микроскопии. Методами сканирующей электронной микроскопии про-

демонстрировано, что в сплавах CoCrZrMnNi при увеличении содержания циркония и уменьшении содержания 

марганца ближе к эквиатомному составу структура материала становилась более однородной. Изменение про-

центного содержания циркония с 8 до 28 ат. % способствовало уменьшению зерна с 30 до 5 мкм и более однород-

ному элементному распределению. Сплав Сo19,8Cr17,5Zr15,3Mn27,7Ni19,7 в ходе инструментального индентирования  
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с нагрузкой на индентор 50 мН продемонстрировал наибольшее значение нанотвердости (10 ГПа) и модуля Юнга 

(161 ГПа). Сплав Сo20,4Cr18,0Zr7,9Mn33,3Ni20,3 обладает наименьшими параметрами нанотвердости, модуля Юнга, 

микротвердости среди других сплавов, что может быть связано с крупнозернистой структурой с размером зерна 

до 30 мкм. По мере увеличения нагрузки на индентор до 5 Н микротвердость сплава Сo19,8Cr17,5Zr15,3Mn27,7Ni19,7 

снижалась по сравнению со сплавом Сo18,7Cr16,5Zr28,9Mn17,4Ni18,6, что может указывать на более универсальные ме-

ханические свойства сплавов с эквиатомным содержанием циркония. 

Ключевые слова: структура; механические свойства; высокоэнтропийный сплав; вакуумная индукционная 

плавка; сканирующая электронная микроскопия; модуль Юнга; нанотвердость; микротвердость. 
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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, X7CrNiAl17-7), 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. 

Keywords: cutting ceramics; turning of stainless steel; turning process modelling; cutting speed. 
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INTRODUCTION 

Mechanical processing of hard-to-machine corrosion-

resistant stainless steels, such as 09H17N7Yu (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 

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. e., 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 12H18N10T, 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: 
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Here, normal stresses σ and shear stresses τ 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: 
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The element deformation is described by the εx, εy, εz, 

γxy, γyz, and γzx components, which are determined by  

the displacements of the u, υ, ω 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]: 
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where Py is the radial component of the cutting force;  

Pz is the main component of the cutting force;  

α is the main back angle;  

γ is the rake angle;  

r and Θ 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+(ZrAlNb)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 Q 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. 

 

 

 

 

 

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 

Рис. 1. Модель реализации имитационного (виртуального) проектирования инструментальных материалов: 

P – период стойкости; Q – затраты на инструмент; N – производительность; K – качество обработки 
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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 

Рис. 2. Обобщенная схема технологических процессов изготовления твердосплавного и керамического инструмента:  

TP1, TP2, TP3, TP4 – технологические процессы; 1, 2…9 – узловые точки разветвления технологических процессов 

 

 

 

If it was necessary to apply strengthening effects on  

the tool base material (for example, ion nitriding of  

the base, i. e. 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 μm, the coating may 

contain discontinuities, i. e. 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 

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 09H17N7Yu  

(EI 973) stainless steel (old designation is 0H17N7Yu (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 

13H15N 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). 12H18N10T 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/cm2. Information on the strength of this steel varies, 

for example, the ultimate strength is σ−1=279 MPa, 

σΒ=610 MPa, σ0.2=196–236 MPa. The closest substitutes 

are 08H18G8N2T and 12H18N9T steels. The analogues in 

the USA are 321, 321Н, S32109 steels, in Germany – 

Х12CrNiNi8-9.  

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 07H16N6 (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+(ZrAlNb)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, c, 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. 3 a, 3 b), and 

VOK-71 ceramics with a Ti+TiN+(NbZrTiAl)N coating 

(Fig. 3 c, 3 d), where a and b are the maximum primary 

stresses, c 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+(NbZrTiAl)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+(NbZrTiAl)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+(NbZrTiAl)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)+(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 09H17N7Yu  

(EU 1.4568, X7CrNiAl17-7) 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) 

Таблица 1. Период стойкости пластин из режущей керамики ВОК-71 при наружном точении стали 09Х17Н7Ю  

(скорость резания 120 –140 м/мин, подача 0,21 мм/об. заготовки, глубина резания 1 мм,  

без применения смазывающе-охлаждающих технологических сред) 

 

 

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. 

Примечание. Значения даны как среднее по 5 измерениям при коэффициенте вариации 0,27. 

 

 

 

 

       

 a b 

       

 c d 

Fig. 3. Results of simulation modelling of the stress state of the cutting tool 

when turning 09H17N7Yu steel with VOK-71 cutting ceramics (a, b) and VOK-71 cutting ceramics  

with a Ti+TiN+(NbZrTiAl)N coating (c, d): a, b – maximum primary stresses (MPa); 

c, 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 

Рис. 3. Результаты имитационного моделирования напряженного состояния режущего инструмента  

при точении стали марки 09Х17Н7Ю режущей керамикой марки ВОК-71 (а, b) и режущей керамикой ВОК-71 

с покрытием Тi+TiN+(NbZrTiAl)N (c, d): а, b – максимальные основные напряжения (МПа);  

c, d – результирующие скорости деформации (мм/с).  

Цветовая гамма демонстрирует диапазон иллюстрируемого параметра, слева внизу приведен график,  

отражающий динамику данного процесса 
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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+(NbZrTiAl)N coating at a cutting speed of 120 m/min with a cutting depth of 0.1 mm  

Таблица 2. Числовые значения величин, составляющих силы резания, при точении режущей керамикой ВОК-71  

с покрытием Тi+TiN+(NbZrTiAl)N при скорости резания 120 м/мин с глубиной резания 0,1 мм  

 

 

Resulting cutting force  

components 

Steel grade 

09H17N7Yu 12H18N10T 13H15N AM-3 

Cutting force longitudinal  

component Fx, N 
85.5/106 64.7/98 35.2/54 

Cutting force radial 

 component Fy, N 
305.2/382 308.0/396 310.1/404 

Cutting force vertical  

component Fz, N 
362.5/465 284.6/320 191.4/241 

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

Примечание. В знаменателе указаны значения для случая применения ВОК-71 без покрытия. 

 

 

 

Table 3. Results of simulation modelling of the coating architecture 

Таблица 3. Результаты имитационного моделирования архитектуры покрытия 

 

 

Grade of 

cutting 

ceramics 

Cutting speed 

Coating 

Тi+TiN+(NbZrTiAl)N Ti+Zr+ZrN+(ZrAlNb)N Ti+Zr+(TiCN)+(TiZrAl)СN 

Increase in the service life, times 

VOK-60 
up to 100 m/min 

3.2*   

VOK-71 3** 3.8***  

VOK-60 
from 100 m/min  

to 130 m/min 

3  3.5 

VOK-71 3.6  3.3 

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

** when increasing the cutting speed by 20 %; 

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

Примечание. * при повышении скорости резания на 25 %; 

** при повышении скорости резания на 20 %; 

*** при повышении скорости резания на 32 %. 

 

 

 

Table 4. Values of predicted cutting force components when turning 09H17N7Yu steel with cutting ceramics in different states 

Таблица 4. Значения прогнозируемых составляющих силы резания при точении стали 09Х17Н7Ю  

режущей керамикой, находящейся в разном состоянии 

 

 

Tool material 

Cutting force  

longitudinal  

component Fx, N 

Cutting force radial  

component Fy, N 

Cutting force  

vertical component  

Fz, N 

VOK-60 120 340 440 

VOK-60 with a Тi+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 Тi+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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Аннотация: Показана возможность применения в качестве токарного инструмента режущей керамики. Ис-

пользованы сменные типовые режущие пластины, выполненные из режущей керамики марок ВОК-60 и ВОК-71.  

В работе на основе имитационного моделирования в программной среде deform обоснована и затем эксперимен-

тально подтверждена возможность высокоскоростной обработки указанной режущей керамикой. Дополнительно 

предложено нанесение упрочняющих покрытий методом конденсации с ионной бомбардировкой, что обеспечило 

повышение скорости резания до 100 м/мин и более с повышением периода стойкости режущей керамики с 3 до 3,8 раз. 

Проведены исследования максимальных напряжений в инструментальном материале и скорости деформации об-

рабатываемого материала. Для выбора рациональных решений при имитационном моделировании использовали 

параметры «температура в зоне резания», «напряжения в инструментальном материале», «износ инструмента», 

что характеризует сложно-напряженное состояние материала инструмента. Переход от этих параметров к про-

гнозному проектированию режущей керамики выполняли путем измерения силы резания при натуральном реза-

нии. Измеренные значения составляющих силы резания использовали для расчета напряжений в инструменталь-

ном материале. В результате выполненного исследования подтверждена гипотеза о том, что режущая керамика 

способна работать в условиях обработки вязких труднообрабатываемых коррозионностойких специализирован-

ных нержавеющих сталей типа марки 09Х17Н7Ю (EU 1.4568, X7CrNiAl17-7), имеющих высокое содержание хро-

ма (16–17,5 %) и никеля (7–8 %). Предложены оригинальные технологические приемы повышения работоспособ-

ности режущей керамики за счет специальной термообработки и нанесения покрытий. В частности, термообра-

ботка в вакууме при температуре 1100–1400 °C в течение 20–40 мин повысила объемную прочность керамики,  

а дополнительная химико-термическая обработка путем ионного азотирования, выполненная на заключительном 

этапе термообработки, позволила легировать связку. 

Ключевые слова: режущая керамика; точение нержавеющей стали; моделирование процесса точения; ско-

рость резания.  
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Abstract: Cu55Ni6Mn4Zn (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-

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  

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 

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 Cu55Ni6Mn4Zn35 and Cu49Ni9Zn42 alloys and their melting and brazing temperatures 

Таблица 1. Состав сплавов Cu55Ni6Mn4Zn35 и Cu49Ni9Zn42, а также их температуры плавления и пайки 

 

 

Alloy 
Chemical composition, % wt. 

Тsolidus,  

°C 

Тliquidus,  

°C 

Тbrazing,  

°C 
Cu Zn Ni Mn Si 

Cu55Ni6Mn4Zn35 54–56 the rest 5.5–6.5 3.5–4.5 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 boundary1. 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]. 

                                                 
1 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 °C2,3. 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 10×1 mm matrix. The ingot temperature 

during pressing was 700 °C. The pressed band had dimen-

sions of 10×1 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 10×1 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 μm.  

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 40–70 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 

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 Cu55Ni6Mn4Zn35 (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 Cu10Si 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 μm 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;

 

 

 

 

 

Fig. 1. Scheme of induction brazing of a mining cutter model with the Cu55Ni6Mn4Zn35 brazing alloy  

Рис. 1. Схема индукционной пайки макета горного резца припоем Cu55Ni6Mn4Zn35 
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Frame 

Inductor Filler metal 
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 a b 

Fig. 2. Microstructure of Cu55Ni6Mn4Zn35 (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 

Рис. 2. Микроструктура слитков припоя Cu55Ni6Mn4Zn35 (МНМц55-6-4): a – промышленная плавка;  

b – экспериментальная плавка без раскисления фосфором и с введением кремния лигатурой 

 

 

 
Table 2. Results of X-ray spectral microanalysis of ingots in as-cast condition, % wt. 

Таблица 2. Результаты микрорентгеноспектрального анализа слитков в литом состоянии, % мас. 

 

 

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 

 

 

 

     

 a b 

Fig. 3. Microstructure of brazing alloy bands with different silicon content (not etched): а – 0.57 % of Si; b – 0.31 % of Si 

Рис. 3. Микроструктура лент припоя при различном содержании кремния (не травлено): а – 0,57 % Si; b – 0,31 % Si 

20 μm 20 μm 

20 μm 20 μm 
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 a b 

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 

Рис. 4. Микроструктура макета соединений горных резцов,  

выполненных припоем Cu55Ni6Mn4Zn35 (МНМц55-6-4) с содержанием кремния 0,2 % мас.: 

a – донная часть; b – боковая часть 

 

 

 

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 

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 μm). The structure in 

small gaps (less than 50 μm) 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

 

 

 

     

 a b 

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 

Рис. 5. Микроструктура макета соединений горных резцов, выполненных припоем Cu55Ni6Mn4Zn35 (МНМц55-6-4)  

с содержанием кремния 0,4 % мас.: a – донная часть; b – боковая часть 

50 μm 100 μm 

50 μm 100 μm 
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Fig. 6. The structure of the brazed seam at its thickness less than 50 μm 

Рис. 6. Структура паяного шва при его толщине менее 50 мкм 

 

 

 

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 μm.  

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 Cu55Ni6Mn4Zn35 (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 10×1 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 µm or 

more, compared to 2–4 µm 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 

areas 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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metal 

50 μm 
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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. %  

Рис. 7. Изменение содержания железа, кремния и никеля поперек паяного шва при содержании кремния в припое 0,4 % мас.  

 

 

 

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 alloy4 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, 

Filler 
metal 
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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. % 

Рис. 8. Разрушение паяного соединения вдоль границы «припой – сталь» при содержании кремния в припое 0,4 % мас. 

 

 

 

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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Аннотация: Медно-цинковый сплав Cu55Ni6Mn4Zn (МНМц55-6-4) широко применяется для пайки твердо-

сплавного инструмента и сталей. Однако наличие кремния в составе сплава (0,1–0,4 % мас.) может приводить к обра-

зованию хрупких силицидов железа, никеля и марганца, что негативно влияет на прочность паяных соединений. 

Цель исследования – определение влияния количественного содержания кремния в медно-цинковом припое, легиро-

ванном совместно никелем и марганцем, на структуру заготовок припоя перед пайкой и структуру и свойства пая-
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ных соединений. В работе использовались методы микроструктурного анализа, включая электронную микроскопию 

и микрорентгеноспектральный анализ, для изучения распределения силицидов в слитках, лентах и паяных швах. 

Результаты показали, что при содержании кремния до 0,2 % мас. силициды образуют мелкодисперсные включения, 

равномерно распределенные в объеме шва. Однако при увеличении содержания кремния до 0,4 % мас. наблюдается 

формирование сплошных слоев силицидов железа вдоль границы «припой – сталь», что приводит к хрупкому раз-

рушению соединений при механических нагрузках. Особенно критичным оказалось влияние малых зазоров при пай-

ке, где образование крупных кристаллов силицидов железа значительно снижает прочность соединений. Научная 

новизна работы заключается в установлении оптимального содержания кремния в сплаве (не более 0,2 % мас.) для 

минимизации негативного влияния силицидов на свойства паяных соединений. Полученные результаты могут быть 

использованы для разработки технологических рекомендаций при производстве припоев и пайке сталей, что позво-

лит повысить надежность и долговечность паяных соединений в промышленных условиях. 

Ключевые слова: пайка твердосплавного инструмента; Cu55Ni6Mn4Zn (МНМц55-6-4); влияние кремния на па-

яные соединения; силициды железа в паяных швах; микроструктура паяного шва; хрупкость паяных соединений; 

оптимизация состава припоя.  
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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 

(ESR90) 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 ESR65 

and ESR80 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 ESR65 is used in 

the calculations for Mg–Al–Zn alloys and ESR90 – 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.  

It was shown that it is the effective solidification range, and 

not the full solidification interval, that determines the manu-

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 

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 TSReq were calculated as the 

difference between the liquidus temperature and the equi-

librium solidus temperature; the total nonequilibrium solidi-

fication range TSRnoneq – 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 a result, TRSeq and TRSnoneq 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 Mg17Al12 phase in the eutectic with (Mg). A similar 

solidification pattern was observed in the Mg–1%Zn 

(Fig. 1 c) 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 (T65%, 

T80%, T90%, Tn.s., Teq.s., Tliq), calculated ESR values corre-

sponding to formation of 65, 80 and 90 % solid phases 

(ESR65, ESR80, ESR90), calculated values of equilibrium 

and nonequilibrium TSR (TSReq, TSRnoneq) 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 Al8Mn5 phase (Fig. 2 a). Under equilibrium conditions, 

solidification ends at 489 °C, and under nonequilibrium 

conditions – at 412 °C, which corresponds to TSReq=140 °C 

and TSRnoneq=217 °C (Table 2). In the process of nonequi-

librium solidification, the (Mg), Al11Mn4 and Al4Mn phases 

are formed by eutectic and peritectic reactions, and  

the Al11Mn4 and Al8Mn5 phases dissolve (Fig. 2 a). Solidi-

fication of the ML10 alloy begins at 737 °C with the for-

mation of the α-Zr phase, then the (Mg) and Mg41Nd5 phas-

es appear (Fig. 2 b). In this case, in the ML10 alloy, 

TSRnoneq=237 °C (Table 2), i.e. wider than in the ML5 al-

loy. However, in this case, ESR65 in the ML10 alloy is sig-

nificantly narrower – 55 °C versus 139 °C in the ML5 alloy 

(Table 2). Results of calculations of critical T65%, T80%, 

T90%, Tn.s., Teq.s., and Tliq temperatures and ESR65, ESR80, 

ESR90, TSReq, TSRnoneq intervals for different multicompo-

nent alloys based on the Mg–Al–Zn (ML1, ML2, ML3, 

ML4, ML5, 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 HBI.
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 a b 

         

 c d 

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; c – Mg–1%Zn; d – Mg–2%Zn (L – liquid phase) 

Рис. 1. Изменение массовой доли твердых фаз в процессе неравновесной кристаллизации  

(пунктир – равновесная кристаллизация) двойных сплавов:  

a – Mg–0,75%Al; b – Mg–1,5%Al; c – Mg–1%Zn; d – Mg–2%Zn (L – жидкая фаза) 

 

 

 
Table 1. Values of calculated temperatures and ranges for alloys of the Mg–Al and Mg–Zn systems  

Таблица 1. Значения расчетных температур и интервалов для сплавов систем Mg–Al и Mg–Zn  

 

 

Al, % 
T65 %, 

°С 

T80 %, 

°С 

T90 %, 

°С 

Tn.s., 

°С 

Teq.s., 

°С 
Tliq, °С 

ESR65, 

°С 

ESR80, 

°С 

ESR90, 

°С 

TSReq, 

°С 

TSRnoneq, 

°С 

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 

 

 

 

         

 а 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 

Рис. 2. Изменение массовой доли твердых фаз в процессе неравновесной кристаллизации  

(пунктир – равновесная кристаллизация) многокомпонентных сплавов: a – МЛ5; b – МЛ10 

 

 

 

DISCUSSION 

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 c). During solidification of 

the Mg–1.5%Al and Mg–2%Zn alloys, a nonequilibrium 

excess of the Mg17Al12 phase appears at a temperature of 

437 °C (Fig. 1 b) and MgZn2 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 TSRnoneq values 

are in good agreement with the ESR value. In the Mg–Al 

system alloys (Fig. 3 b), the calculated dependences of 

ESR90 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 

ESR90. 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 ESR65 and ESR80 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  

Таблица 2. Значения расчетных температур и интервалов для многокомпонентных сплавов  

 

 

Alloy 
T65 %, 

°С 

T80 %, 

°С 

T90 %, 

°С 

Tn.s., 

°С 

Teq.s., 

°С 

Tliq,  

°С 

ESR65, 

°С 

ESR80, 

°С 

ESR90, 

°С 

TSReq, 

°С 

TSRnoneq, 

°С 

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 

 
 
 

  
 a b 

  
 c d 

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 

Рис. 3. Магниевый угол фазовых диаграмм систем Mg–Al (a) и Mg–Zn (c) (пунктир – неравновесный солидус)  
и зависимости расчетных значений эффективного интервала кристаллизации ESR (для разного количества твердых фаз),  

полного равновесного интервала кристаллизации TSReq, полного неравновесного интервала кристаллизации TSRnoneq  
и экспериментальных значений показателя горячеломкости HBI для двойных сплавов систем Mg–Al (b) и 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  

Таблица 3. Значения эффективного интервала кристаллизации ESR и полного равновесного интервала кристаллизации TSR 

в сравнении с экспериментальным показателем горячеломкости для многокомпонентных сплавов  

 

 

Alloy ESR65, °С ESR80, °С ESR90, °С TSReq, °С TSRnoneq, °С HBI, mm 

ML3 247 226 177 67 268 42.5 

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 

ML15 269 234 159 253 391 28 

 

 

 

  

 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 
Рис. 4. Сопоставление расчетных значений эффективного интервала кристаллизации ESR 

(для разного количества твердых фаз) и экспериментальных значений показателя горячеломкости HBI 

для многокомпонентных сплавов на основе систем: a – Mg–Al–Zn; b – Mg–Zn–Zr и Mg–Nd–Zr 
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closely as possible on the linear dependence for the calcu-

lated values of ESR65 (Fig. 4 a). The obtained dependence 

can be described by a simple linear equation with a confi-

dence probability of R2=0.99: 

 

HBI=0.11×ESR + 14.                           (1) 

 

For the Mg–Zn–Zr and Mg–Nd–Zr systems, the calcu-

lated ESR90 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 R2=0.94: 

 

HBI=0.1×ESR+13.2.                            (2) 

 

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 R2=0.96: 

 

HBI=0.12×ESR+12.5.                            (3) 

 

Equation (3) can be applied in the first approximation to 

both groups of alloys, if ESR65 is used in the calculations 

for Mg–Al–Zn alloys and ESR90 – 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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Аннотация: Магниевые сплавы систем Mg–Al и Mg–Zn имеют широкий эффективный интервал кристаллиза-

ции (ЭИК) и, как следствие, склонны к горячеломкости при литье. Существует несколько методик анализа и рас-

чета горячеломкости магниевых сплавов, но они являются очень трудоемкими. В связи с этим цель исследования – 

разработать модель расчета показателя горячеломкости (ПГ) по величине расчетного эффективного интервала 
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кристаллизации, установив и проанализировав их связь в двойных и многокомпонентных сплавах на основе си-

стем Mg–Al и Mg–Zn. Расчет ЭИК проведен с использованием программы Thermo-Calc (база данных TTMG3). 

ЭИК рассчитывался как разница между температурой образования заданного количества твердых фаз и темпера-

турой неравновесного солидуса. Показана хорошая корреляция рассчитанных значений ЭИК с ПГ как в двойных, 

так и в многокомпонентных магниевых сплавах. В сплавах системы Mg–Al расчетные зависимости ЭИК при 90 % 

твердых фаз (ЭИК90) показывают наилучшую корреляцию с экспериментальными значениями ПГ. В двойных 

сплавах системы Mg–Zn наблюдается качественно такая же зависимость. Однако четкой корреляции между ЭИК  

и ПГ не отмечено. Наиболее близкий характер демонстрируют зависимости ЭИК65 и ЭИК80. По связи ПГ и ЭИК 

рассмотренные многокомпонентные сплавы в первом приближении разделены на 2 группы: первая – сплавы си-

стемы Mg–Al–Zn, вторая – Mg–Zn–Zr и Mg–Nd–Zr. В пределах этих групп зависимость ПГ и ЭИК имеет близкий  

к линейному характер. Для описания зависимости всех сплавов можно применить одно уравнение при условии 

использования в расчетах ЭИК65 для сплавов системы Mg–Al–Zn и ЭИК90 для сплавов систем Mg–Zn–Zr и Mg–

Nd–Zr. Предложенная модель позволит легко и быстро произвести расчет ПГ, что весьма актуально при разработ-

ке новых высокотехнологичных магниевых сплавов.  

Ключевые слова: магниевые сплавы; горячеломкость; эффективный интервал кристаллизации; термодинами-

ческие расчеты; неравновесная кристаллизация. 
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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 Al3Sc nanoparticles. After heat treatment at a tempera-

ture of 440 °C for 4 h, Al3Sc 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 Al3Sc 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 

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, 

which increases strength due to the formation of reinforcing 

Al3Sc nanoparticles with the L12 structure, improves weld-

ability, corrosion properties and helps modify the grain 

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 Al3Sc 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 Al3Sc particles. This occurs be-

cause erbium, having a higher diffusion coefficient than 

scandium, forms Al3Er nanoparticles with aluminium with 

an L12 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 Al3Sc 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 Al3Sc particles has not been studied previously. There 

are only studies of the effect of erbium and hafnium on 

Al3Sc 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 20×40×400 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–Sc2, Al–Zr5, Al–Hf2, Al–Er5 grades and Mn90Al10 

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 AlSc2, 

AlZr5, Al–Hf2, Al–Er5 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–Er5 

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 

Таблица 1. Химический состав сплавов 1590, 1590-3, 1590-4, 1599 

Alloy 
Weight content of elements, % 

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. 

Примечание. * – содержание Er, Hf согласно расчету. 
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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 μm. 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 2 h 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 24 h 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 Al3Sc 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 

Рис. 1. Динамика изменения микротвердости сплавов марок 1590, 1590-3, 1590-4, 1599 в литом состоянии 

и после термической обработки при температуре 370 °С и выдержке от 2 до 96 ч 

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 

Рис. 2. Динамика изменения микротвердости сплавов марок 1590, 1590-3, 1590-4, 1599 в литом состоянии 

и после термической обработки при температуре 440 °С и выдержке от 2 до 96 ч 
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 a b 

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)Al3Sc reflex;  

b – micro-electron-diffraction pattern, [100]Al zone axis 

Рис. 3. Электронно-микроскопические изображения микроструктуры сплава 1590-3 в литом состоянии: 

а – темнопольное изображение в рефлексе (110)Al3Sc;  

b – микроэлектронограмма, ось зоны [100]Al 

 

 

 

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 Al3Sc 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 

 

 

 

     

 a 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)Al reflex 

Рис. 4. Электронно-микроскопические изображения микроструктуры сплава 1590-4 в литом состоянии: 

а – светлопольное изображение; b – темнопольное изображение в рефлексе (111)Al 
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 c d 

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)Al3Sc reflex; b, c – light-field images; 

d – micro-electron-diffraction pattern, [103]Al zone axis 

Рис. 5. Электронно-микроскопические изображения микроструктуры сплава 1590-3 после отжига при 440 °С в течение 4 ч: 

а – темнопольное изображение в рефлексе (110)Al3Sc; b, c – светлопольные изображения; 

d – микроэлектронограмма, ось зоны [103]Al 

 

 

 

ones, mainly 15–25 nm in size (formed earlier during cool-

ing of the ingot) (Fig. 6). 

In the bright-field images, Al6Mn 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 15 nm and more are also preserved, and particles with  

a diameter of 30 nm and more are also formed. 

74 Frontier Materials & Technologies. 2025. No. 1



Ragazin A.A., Aryshenskiy E.V., Aryshenskiy V.Yu. et al.   “Effect of erbium and hafnium microalloying on the formation of Al3Sc…” 

 

     

 a b 

     

 c d 

 

e  

Fig. 6. Electron microscopic images of the microstructure of the 1590-4 alloy after annealing at 440 °C, 4 h: 

a, c, d – light-field images; b – dark-field images in the (110)Al3Sc reflex; e – micro-electron-diffraction pattern, [110]Al zone axis 

Рис. 6. Электронно-микроскопические изображения микроструктуры сплава 1590-4 

 после отжига при 440 °С в течение 4 ч: 

a, c, d – светлопольные изображения; b – темнопольное изображение в рефлексе (110)Al3Sc;  

e – микроэлектронограмма, ось зоны [110]Al 
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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]Al zone axis 

Рис. 7. Электронно-микроскопические изображения микроструктуры сплава 1590-3 после отжига при 440 °С в течение 48 ч: 

a, b, c – светлопольные изображения; d – микроэлектронограмма, ось зоны [112]Al 

 

 

 

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 Al3Sc 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 Al3Sc particles increases. 

The highest value of microhardness in the as-cast state 

for the 1590-4 alloy in Fig. 1 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 Al3Sc 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(ScZrHf) particles from the solid supersaturated solu-

tion, and the drop in microhardness after 24 h of annealing 

76 Frontier Materials & Technologies. 2025. No. 1



Ragazin A.A., Aryshenskiy E.V., Aryshenskiy V.Yu. et al.   “Effect of erbium and hafnium microalloying on the formation of Al3Sc…” 

 

     

 a b 

     

 c d 

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]Al zone axis 

Рис. 8. Электронно-микроскопические изображения микроструктуры сплава 1590-4 после отжига при 440 °С в течение 48 ч: 

a, b, c – светлопольные изображения; d – микроэлектронограмма, ось зоны [112]Al 

 

 

 

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 Al3Sc 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 Al3Sc 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 Al3Sc 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 Al3Er 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 Al3Er particles and the se-

cond stage at 400–450 °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 Al3Sc 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 Al3Sc 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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Аннотация: Исследовано влияние добавок гафния и эрбия на формирование микроструктуры при термиче-

ской обработке алюминиевых сплавов с высоким содержанием магния, дополнительно легированных скандием  

и цирконием. Для исследования методом литья в стальной кокиль были получены слитки из алюминиевых спла-

вов с высоким содержанием магния, легированного скандием, эрбием и гафнием с содержанием в диапазонах 

0,03–0,16 % и 0,05–0,16 % соответственно. После отливки образцы подвергали термической обработке при темпе-

ратуре 370 и 440 °С с выдержкой от 2 до 96 ч. Были исследованы изменения микротвердости в зависимости от 

термической обработки. Для сплавов 1590-3 и 1590-4 в литом состоянии и после термической обработки при тем-

пературе 440 °С в течение 2 и 48 ч с помощью просвечивающей микроскопии исследовали тонкую микрострукту-

ру и крупные интерметаллиды. Установлено, что добавки гафния и эрбия приводят к повышению микротвердости 

за счет уменьшения размера и увеличения количества наночастиц Al3Sc. После проведения термической обработ-

ки при температуре 440 °С в течение 4 ч во всех исследуемых сплавах происходит выпадение частиц Al3Sc, име-

ющих одинаковый размер (8 нм) и плотность, однако с увеличением времени выдержки в сплаве с меньшим со-

держанием гафния и большим содержанием эрбия размер частиц увеличивается в 2 раза по сравнению с частица-

ми сплава, где содержание гафния больше, а содержание эрбия низкое. 

Ключевые слова: алюминиевые сплавы; микролегирование; скандий; гафний; эрбий; формирование частиц 

Al3Sc; микротвердость; микроструктура; наночастицы. 
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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 (UFG) structure with an 

average grain size of less than 1 μm, 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 
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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 ВС 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 (CH3COOH) – 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 (H2O), 70 ml of orthophosphoric acid (H3PO4), 

15 ml of glycerol (C3H5(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 1.5–2.5 mm, 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–K1 X-ray 

radiation (0.15406 nm) was used to shoot pole figures. 

Reflection imaging was carried out within the range of ra-

dial  angle from 0 to 75° and azimuthal  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 

Таблица 1. Химический состав меди марки М1 

Content, % 

Cu Fe O Pb S Zn Ag Sb As Ni Sn Bi 

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 

Рис. 1. Схема ориентаций вырезки РКУП образцов 

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 10 s. 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 μΩ∙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, i. e. 

as a percentage of the electrical conductivity of pure copper. 

Uniaxial tensile tests 

The tests were carried out on a small sample defor-

mation device at room temperature at a rate of 3×10−3 s−1. 

In each state, two samples with working base dimensions of 

6.0×1.0×0.7 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 μm 

(Fig. 3 a). The grain distribution histogram shows that most 

grains are located in the range of 2.5–10 μm (Fig. 3 b). 

The microhardness value in the initial state is 1211±65 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 μm (Fig. 3 c). The grain distribution histogram 

shows that the majority of grains are located in the range of 

5.5–15.5 μm (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 e). The grain distribution histo-

gram shows that the great number of grains are located in 

the range of 250–324 nm (Fig. 3 f). 

Fig. 2. The geometry of a specimen for mechanical tensile testing 

Рис. 2. Геометрия образца для механических испытаний на растяжение 

−45°  22.5° −15°      0°   7.5°  15°   °   45° 
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a b 

c d 

e f 

Fig. 3. Results of microscopy and grain size calculation:  

a – structure of the initial sample; b – grain size (initial sample);  

c – microstructure of the annealed sample; d – grain size (annealed sample);  

e – dark-field TEM image of copper (ECAP); f – grain size (ECAP) 

Рис. 3. Результаты микроскопии и расчета размеров зерна:  

a – структура исходного образца; b – размер зерна (исходный образец);  

c – микроструктура отожженного образца; d – размер зерна (отожженный образец); 

e – темнопольное изображение ПЭМ меди (РКУП); f – размер зерна (РКУП) 
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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 T=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 A {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 *
1A , *

2A 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   211111 ,   211111 , 

  110111 ,   011111 ,   110211 ,   011121 , and 

  110001 maxima characteristic of simple shear textures.

The indicated A , *
1A , 

*

2A , A , B , B , and C ideal 

orientations lie on the {111}θ and <110>θ 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   1131111R ,   1121202R ,   2330233R ,

and   1222214R  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. 7 a) 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 2–3 %, 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 μm, subsequent annealing at 450 °C leads to an 

increase in the grain size to 10.2 μm. 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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a 

b 

c 

d 

Fig. 4. Direct pole figures of copper after eight ECAP passes in different sections:  

a – 0°; b – 7.5°; c – 15°; d – 22.5° 

Рис. 4. Прямые полюсные фигуры меди после 8 проходов РКУП в различных сечениях: 

a – 0°; b – 7,5°; c – 15°; d – 22,5° 
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a b 

c d 

Fig. 5. Rearranged direct pole figures in different studied states:  

a – 0°; b – 7.5°; c – 15°; d – 22.5° 

Рис. 5. Перестроенные прямые полюсные фигуры в различных исследованных состояниях: 

a – 0°; b – 7,5°; c – 15°; d – 22,5° 

a b 

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 

Рис. 6. Положения идеальных ориентировок, соответствующих состоянию после простого сдвига 

с учетом поворота на угол 60° против часовой стрелки:  

a – кубическая ориентировка; b – R-ориентировка 
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a 

b 

Fig. 7. Curves of mechanical tests of samples:  

a – initial and annealed; b – cut at different cross-sections from ECAP billet 

Рис. 7. Кривые механических испытаний образцов:  

a – исходного и отожженного;  

b – вырезанных при различных сечениях из РКУП заготовки 

Fig. 8. Orientation angle dependence curves microhardness and electrical conductivity 

Рис. 8. Кривые зависимости от угла ориентации микротвердости и электропроводности 
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Fig. 9. Orientation angle dependence curves strength and elongation 

Рис. 9. Кривые зависимости от угла ориентации прочности и удлинения 

 

 

 

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. 
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Аннотация: Работа посвящена исследованию влияния равноканального углового прессования (РКУП) на 

структуру, кристаллографическую текстуру, механические свойства и электропроводность меди марки М1, а так-

же зависимости этих характеристик от ориентации направления измерения относительно поперечного сечения (от 

−45 до 90°). Исследованы удельная электропроводность и прочностные характеристики материала в состоянии 

поставки (горячекатаного) и влияние отжига при температуре 450 °C исходного образца. Проведены механиче-

ские испытания на одноосное растяжение, исследование микротвердости по методу Виккерса и исследование 

удельной электропроводности, основанное на измерении параметров вихревого поля, возбуждаемого в поверх-

ностных слоях тела. Установлено, что обработка РКУП приводит к значительному увеличению предела прочности 

до 425 МПа по сравнению с исходным состоянием 300 МПа. Максимальный предел прочности 425 МПа достига-

ется при углах ориентаций относительно поперечного сечения РКУП −45°. Существенный разброс в повышении 

микротвердости до значений 1364–1405 МПа, предела прочности до 350–425 МПа и электропроводности  

до 101,4–102,4 % IACS является следствием выбранных направлений вырезки образцов относительно оси РКУП. 

Это свидетельствует о зависимости не только механических, но и электрических свойств ультрамелкозернистых 

образцов от ориентации кристаллографической текстуры. Наиболее оптимальной кристаллографической ориенти-

ровкой обладает образец меди марки М1, подвергнутый РКУП с углом реза, отступающим от поперечного сече-

ния РКУП образца на 7,5°. В данном случае значения микротвердости и электропроводности достигали 1405 МПа  

и 102,4 % IACS соответственно. 

Ключевые слова: кристаллографическая текстура; прочность; электропроводность; ультрамелкозернистая 

медь; равноканальное угловое прессование; структура. 
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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 R2 (good-

ness of fit) value of 0.898 in predicting the strength of AlSi10Mg. 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-

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 AlSi10Mg 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 AlSi10Mg 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) AlSi10Mg 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.  

 

 

 

 
 

Fig. 1. Architecture of an artificial neural network 
Рис. 1. Архитектура искусственной нейронной сети 
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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 (T), 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 µm for layer thickness, 195–2400 mm/s for the scan 

speed, and 42–240 µm for hatch spacing. 

Experiment  

The gas-atomised AlSi10Mg powder of average particle 

size range 20–63 μm 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 μm, scanning speed is 

2000 mm/s and hatch distance is 80 μm. 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 layer1. 

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]: 

 

 
1

2

minmax

min 





NN

NN
M i

norm ,                  (1) 

 

where Mnorm is normalised parameters; 

Ni is actual data;  

Nmin and Nmax 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

                                                            
1 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 AlSi10Mg powder 
Таблица 1. Состав порошка AlSi10Mg 

 
 

Element Al Si Mg Fe N O Ti Zn Mn Ni Cu Pb Sn 

Маss. % Balance 9−11 0.25−0.45 <0.25 <0.20 <0.20 <0.15 <0.10 <0.10 <0.05 <0.05 <0.02 <0.02 

 
 
 
 
 
 

 
a 

 
b 

Fig. 2. Sample details: a – sample dimension; b – fabricated sample 

Рис. 2. Параметры образца: a – размеры; b – образец 

 
 
 
 
 
 

 
 

Fig. 3. Network architecture 

Рис. 3. Архитектура сети 
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the multivariate regression model. The multi-variant poly-

nomial regression, fitlm 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: 

 

 

 



 


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2
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,                  (2)  

 
where Y is the predicted response;  

0a  is the intercept coefficient; 

ii Xa  are the linear terms; 

jiij XXa  are the interaction terms;  

2
iij Xa  are the square terms. 

 

RESULTS 

Experimental values 

The tensile test of the SLM fabricated specimen is per-

formed as per ASTM E8 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 
Таблица 2. Результаты испытаний на растяжение 

 
 

Mechanical properties Values 

Yield stress, MPa 58 

Tensile strength, MPa 436.95 

Elongation, % 9.59 

Maximum force, KN 15.73 

 
 
 

 
 

Fig. 4. Fractured sample 
Рис. 4. Разрушенный образец 
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Fig. 5. Stress–strain diagram 

Рис. 5. Диаграмма «напряжение – деформация» 

 

 

 
Table 3. Artificial neural network output 

Таблица 3. Выходные данные искусственной нейронной сети 

 

 

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]:  
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where Y is the normalised output variables; 

b0 is the bias at the output layer;  

wk is the weight that connects between the kth hidden layer 

and the single output neuron;  

bhk is 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;  

wik is the connection weight between the ith input variable 

and the hidden layer;  

Xi is the normalised input variable;  

fsig is the transfer function used to train the ANN. 

The number of neurons connected to the input and hid-

den layer is h=10. The adopted transfer function between 

the input and output layers is tansig (fsig = tansig) and 

purelin respectively. 

Therefore, the equation (3) can be converted into equa-

tion [12]: 

 

   Tn qWTS  0825.0 ,                   (4) 

 
where TSn is the normalised tensile strength; 

   66932915526628011800279.1 . .. .W   

8831.17236028003361508315.2  . . . ; 

   54321 tanhtanhtanhtanhtanh AAAAAq   

109876 tanhtanhtanhtanhtanh AAAAA ; 

 

 
xx

xx
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ee
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




tanh . 

The normalised variables A1 to A10 can be calculated us-

ing matrix equations:
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The normalised tensile strength in equation (4) needs to 

be de-normalised to derive the required predictive mathe-

matical equation. The de-normalised equation to predict the 

tensile strength is shown in equation (5):  

 

 
160

2

8.3181



 n

d

TS
TS ,                 (5) 

where TSd is the de-normalised tensile strength, the mini-

mum and maximum values of input tensile strength are 160 

and 478.8 MPa respectively. 

Hence equation (5) represents the ANN-based mathe-

matical model to predict the tensile strength for the provid-

ed value of laser power, layer thickness, scan speed, and 

hatch spacing.  

 

 

 

 
 

Fig. 6. Regression plot 

Рис. 6. График регрессии 
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Fig. 7. Performance plot 

Рис. 7. График эффективности 

 

 

 

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: 

 

222

2

0045.00001.00186.0

0005.00025.01159.0

0068.00182.0

0004.00313.09162.2

2681.00435.01866.383.33.

HVT

PHVHT

VTHP

VPTPH

VTPST











, (6) 

 

where T.S 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 

(R2)=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 (R2) 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: 

 

 2  YYSST i ; 

 

 2ˆ  YYSSR i ; 

 

  
2ˆ

ii YYSSE ; 
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Fig. 8. Tensile strength predicted using ANN vs mathematical model 

Рис. 8. Предел прочности, рассчитанный с помощью ИНС и математической модели 

 

 

 

 

 

 

 

Fig. 9. Experimental vs predicted values of tensile strength (ANN) 

Рис. 9. Экспериментальные и спрогнозированные значения предела прочности (ИНС) 
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a 

 

b 

Fig. 10. Comparison of the measured vs predicted tensile strength:  

a – ANN-based model; b – polynomial regression model 

Рис. 10. Сравнение экспериментального и спрогнозированного предела прочности:  

a – модель на основе ИНС; b – модель полиномиальной регрессии 

 

 

 

 

 
 

Fig. 11. Experimental vs predicted values of tensile strength (polynomial regression) 

Рис. 11. Экспериментальные и спрогнозированные значения предела прочности (полиномиальная регрессия) 
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k

SSR
MSR  ; 

 

1


kn

SSE
MSE ; 

 

MSE

MSR
statisticF  , 

 

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; 

Yi is experimental values; 

Y  is mean of experimental values; 

iŶ  is predicted values; 

k is No of independent variable; 

n−k−1 is degrees of freedom. 

Since F calculated 13.36>Fcritical 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: 
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pn

SSR


2σ Variance,Residual ; 

 

Variance – Covariance Matrix of Coefficients, 
 

    12σβ̂Var
 XX . 

 

The standard errors are the square roots of the diagonal 

elements of variance-covariance matrix: 

 

Standard error of Coefficients 
 

    β̂VardiagˆSE  . 

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, T2, H2, 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: 

 

squares of sum Total

residualsofsquaresofSum
12 R ; 

 

100
Actual

ActualPrediction1

(MAPE)errorpercentageabsoluteMean









n

; 

 

 



ActualPrediction
1

(MAE)errorabsoluteMean

n

; 

 

 

n

 




2
ActualPrediction

(RMSE)ErrorSquareMeanRoot

. 

 

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 AlSi10Mg sample demonstrate 

strong consistency with the previous studies [13–17]. 
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Table 4. Standard error of a regression coefficient  

Таблица 4. Среднее квадратическое отклонение коэффициента регрессии  

 

 

Variable Coefficient  Standard errors of the regression 

Intercept −33.83 156.8213 

P 3.1866 0.5771 

T  −0.0435 4.3601 

V  0.2681 0.0783 

H  −2.9162 0.741 

P∙T −0.0313 0.006 

P∙V −0.0004 0.0002 

P∙H −0.0182 0.0024 

T∙V −0.0068 0.0015 

T∙H 0.1159 0.0134 

V∙H 0.0025 0.0007 

P2 0.0005 0.0003 

T2 0.0186 0.0397 

V2 −0.0001 0 

H2 0.0045 0.0022 

 

 

 

 

 

 
 

Fig. 12. Experimental vs predicted values of tensile strength for new data points 

Рис. 12. Экспериментальные и спрогнозированные значения предела прочности для новых точек данных 
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Table 5. Summary of the validation of ANN-based and regression models 

Таблица 5. Результат оценки модели на основе ИНС и регрессионной модели 

 

 

Evaluation metric ANN based mathematical model Polynomial regression model 

R-square (R2) 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 i. 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 

of 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 

AlSi10Mg 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) AlSi10Mg 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 R2 (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 R2 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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Аннотация: Внедрение машинного обучения в аддитивное производство для моделирования реальных ре-

зультатов может значительно снизить его стоимость за счет селективного производства. В настоящее время суще-

ствует недостаточно исследований, посвященных разработке модели прогнозирования механических свойств ма-

териала. Входные переменные предложенной модели включали ключевые параметры процесса селективной ла-

зерной плавки, такие как мощность лазера, толщина слоя, скорость сканирования и шаг штриховки, на выходе 

получая предел прочности. Математическая модель на основе искусственной нейронной сети сравнивалась с мо-

делью полиномиальной регрессии второй степени. Надежность обеих моделей дополнительно оценивалась с но-

выми наборами данных, отличных от тех, которые использовались при разработке математической модели на ос-

нове искусственной нейронной сети и модели регрессии. Результаты показали, что предложенная математическая 

модель на основе искусственной нейронной сети обеспечивает превосходную точность: при прогнозировании 

прочности сплава AlSi10Mg среднее абсолютное процентное отклонение (MAPE) составило 4,74 %, критерий со-

ответствия R2=0,898. Математический метод на основе искусственной нейронной сети также показал высокую 

производительность на новых данных – значение регрессии достигало 0,68. Таким образом, разработанную мо-

дель возможно рассматривать как перспективный вариант для прогнозирования предела прочности материала. 

Ключевые слова: сплав AlSi10Mg; аддитивное производство; искусственная нейронная сеть (ИНС); машинное 

обучение; селективная лазерная плавка; математическая модель. 
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