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Abstract: In the study and analysis of additive technologies, special attention is paid to increasing the productivity and 

quality of printed products. However, to improve the 3D printing productivity, it is impossible to increase simply the speed 

of the squeegee without changing its shape or type. In this case, the quality of the powder layer may suffer, which will lead 

to a deterioration in the qualities of the final part. To study the effect of roller characteristics on the powder layer deposi-

tion, a series of computer simulations of simulation models was carried out. The effect of roller characteristics on the pow-

der layer applying, was assessed, for roller diameters of 30, 50, 70, 100, 150, 200, 250, 300 mm. The simulation was car-

ried out with three application methods: by a rotating and non-rotating roller, as well as by a rotating roller with additional 

powder feed. It was determined that when applying a layer with a rotating roller with additional powder feed, it is possible 

to achieve constancy of the forces acting on the roller. This can positively affect the homogeneity of the applied layer. 

The application of a layer by a rotating roller with additional powder feed is most suitable for 3D printers with a large print 

area. This method allows avoiding the movement of a large mass of powder over the previous layer, which positively in-

fluences the quality of the final part. The study revealed the influence of roller characteristics on the deposition of a pow-

der layer. In particular, with an increase in the roller diameter from 30 to 300 mm, the peak force value also increases. 

With an increase in the roller diameter by 7.9 %, the powder layer density also increases. It was found that the non-rotating 

roller is affected by the greatest force, and the forces acting on the rotating rollers differ slightly. A rotating roller, without 

adding powder, creates the densest layer and allows achieving a powder layer compaction of 5.35 %. 

Keywords: roller characteristics; powder layer; additive technologies; additive manufacturing; roller diameter; powder 

layer levelling; powder layer applying; powder layer density; squeegee.  
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INTRODUCTION 

Additive technologies are advanced technologies at 

the current stage of mechanical engineering development. 

They allow creating complex products that are impractical 

or impossible to produce using traditional methods. In 

the study and analysis of additive technologies, special at-

tention is paid to increasing the productivity and quality of 

printed products. Increasing requirements for the accuracy 

of a part leads to an increase in the time for its creation. 

The time of creating a part, consists of the time of applying 

the powder layer, and the time of its fusion. Powder deposi-

tion is a fundamental aspect of additive manufacturing, and 

requires great research efforts to improve the reliability and 

repeatability of the process, and consequently, the quality 

of printed components. 

The main device for applying and levelling the powder 

layer in additive installations is a squeegee. Currently, two 

squeegee designs are used, most often as a levelling device: 

in the form of a plate (blade) and in the form of a rotating 

roller. Roller application mechanisms are used when apply-

ing finely dispersed, or highly cohesive powders, to ensure 

the desired technological characteristics and/or properties 

of components. The blade-type squeegee has a simpler de-

sign and can be used to apply powders with high flowabi-

lity, that do not require large applied forces to overcome 

interparticle adhesion. 

To increase productivity, it is impossible to increase 

simply the squeegee speed without changing its shape or 

type. This may affect the quality of the powder layer, which 

will lead to a deterioration in the quality of the final part 

[1]. Therefore, the main trend in the field of powder apply-

ing and levelling, is to study possible squeegee designs to 

find a design with the highest deposition rate without losing 

the quality of the layer. 

Research shows that a high powder layer density is re-

quired to produce a high-quality layer, and a metal powder 

with the smallest average particle size should be used [2]. 

To improve the powder layer density, the author proposed 

technologies for powder layer compaction [3; 4], vibration 

application [5; 6], and repeated passing by rotating rollers 

[7; 8]. The geometry and speed of the levelling device have 

the greatest influence on the powder packing density [9; 

10]. The following squeegee profiles were considered – 

a square with a chamfer, a rotating and fixed roller [9], 

a parallelogram, a triangle and a square [10]. Research 

shows that by optimising the squeegee geometry, it is pos-

sible to achieve higher packing density values, and lower 

roughness of the applied powder layer [10; 11]. 

© Bogdanov V.M., 2024 
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The author considered 48 models with different pa-

rameters of the squeegee edge profile [11]. As a result, 

the optimum values for these parameters were deter-

mined. When comparing the optimised profile with 

the roller, it was noted that the squeegee with the opti-

mised profile created a slightly lower powder layer den-

sity (0.4 %) at the lowest speed (0.03 m/s). However, it 

turned out to be much less sensitive to increasing 

the squeegee speed, so that when the speed was in-

creased to 0.06 m/s, the powder layer density was 2 % 

higher for the squeegee with the optimised profile. This is 

a significant advantage and means that the speed can be 

increased (which means higher productivity) while main-

taining quality. When comparing the roughness of the pow-

der layer surface, it was found that the new squeegee 

profile is superior to the roller at all tested speeds, and 

has an average of 15 % lower roughness values [11]. 

A distinctive feature of the considered studies [3–11] is 

that the powder layer is applied to a smooth, hard surface. 

The literature does not consider the case of applying a new 

layer to the previous powder layer, and no studies have 

been found on the effect of the rotating roller diameter on 

the applied layer. The force acting on the roller from 

the powder side, and the distribution of this force over 

the surface, as well as the dependence of the compressive 

force and powder density on the roller diameter and on this 

application method are of interest. 

The purpose of the work is to identify the optimal me-

thod for applying a powder layer, by studying the influence 

of the rotating roller diameter on the quality of the applied 

layer using simulation modelling. 

METHODS 

Simulation model creation 

The simulation of the process of powder material apply-

ing and levelling was carried out using the Altair EDEM 

2021 software package. This is software for modelling bulk 

and granular materials. EDEM software package is based 

on the discrete element method (DEM) and is applicable to 

modelling and analysing the behaviour of coal, mined ores, 

soils, fibres, grains, tablets, powders, etc. 

Most additive technologies included in the PBF 

(Powder Bed Fusion) group have a similar process of 

powder layer applying. Fig. 1 shows the basic diagram 

of the process. 

The cycle of building each layer begins with raising 

the feeder platform and lowering the build platform by the layer 

thickness. Then, the squeegee moves along the platforms, 

simultaneously applying and levelling the powder material. 

Since only one powder layer will be applied during the pro-

cess simulation, a feeding hopper is not required. To simpli-

fy the simulation model, the preparation stage is limited to 

creating the previous powder layer and powder for applying 

a new layer. 

The created simulation model consists of two sections 

(Fig. 2). The first section is a hard surface simulating 

a feeder with metal powder, which will need to be applied 

as a new layer using a squeegee. The second section is 

a hard surface simulating a build platform lowered to 

the height of the layer being applied. This section contains 

an imitation of the finished applied layer. 

Metal powder applying to the finished layer imita-

tion is performed in three ways: 1) by a non-rotating 

roller; 2) by a rotating roller; 3) by a rotating roller 

with additional powder feed (Fig. 3). 

Identification and selection of modelling parameters 

First, it is necessary to select the application speed 

VROL and the roller rotation speed VROT. The application 

speed affects the powder layer roughness [12] (Fig. 4), 

which is one of the characteristics of the powder layer 

quality. Based on Fig. 4, we assume that the permissible 

roughnessof the applied layer surface is δ=7.5 μm. To obtain 

the powder layer surface of the required quality, the roller

Fig. 1. Basic diagram of the process of applying a powder layer  

Рис. 1. Принципиальная схема процесса нанесения порошкового слоя 
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linear speed VROL must not exceed 60 mm/s. In studies, the 

application speed was most often chosen equal to 

VROL=50 mm/s [10; 13; 14], which meets our requirements. 

The rotation speed VROT was chosen equal to 60 rpm assum-

ing that the roller rotation speed has little effect on the 

powder layer density, however, at high speeds, powder par-

ticles begin to be thrown above the surface, which can lead 

to the previous layer damage [15].  

To identify the optimal method for applying a powder 

layer, studies were conducted on a simulation model 

with different roller diameters: a non-rotating roller 

Ø50 mm, a rotating roller Ø30, 50, 70 mm, a rotating 

roller with the addition of powder Ø30, 50, 70, 100, 150, 

200, 250, 300 mm. 

The diameter of the powder particles used in 3D print-

ing varies from 20 to 100 μm. However, the available

Fig. 2. Simulation model 

Рис. 2. Имитационная модель 

a b c 

Fig. 3. Ways of applying a powder layer: 

а – a non-rotating roller; b – a rotating roller; c – a rotating roller with additional powder feed  

Рис. 3. Способы нанесения порошкового слоя: 

а – невращающийся ролик; b – вращающийся ролик; c – вращающийся ролик с подачей дополнительного порошка 

Fig. 4. Dependence of layer roughness on application speed 

Рис. 4. Зависимость шероховатости слоя от скорости нанесения 

Frontier Materials & Technologies. 2024. No. 4 11
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computer processing power will not be enough to simulate 

particles of such a small size in a short time, because when  

the particle diameter decreases, it is also necessary to de-

crease the time step, and therefore, the calculations will be 

more time-consuming. DSL 05 365 GOST 11964-81 shot 

was chosen as the powder material.  

For the study, the powder granulometric composition 

having a normal distribution with a mean value of 

m=0.5 mm and a standard deviation of σ=0.05 was chosen, 

because wider ranges of particle sizes lead to greater fluctu-

ations in density and surface roughness due to the uneven 

distribution of particles [16]. 

The computer for the simulation has an Intel Core i3-

6100 3.70 GHz processor, 8 GB of RAM, and an NVIDIA 

GeForce GTX 1050 Ti video card. 

Processing the simulation results 

To measure the force acting on the roller, the entire 

study area was divided into layers. The height of each layer 

is equal to the diameter of the particles (0.5 mm). Data on 

the force acting on the roller from the powder along the X 

and Z axes were obtained from each separately selected 

area (Fig. 5). 

In the analysis, we will assume that the force is applied 

to the roller at the centre of the selected layer. After calcu-

lating the force, it is necessary to plot the force distribution 

over the roller surface. To do this, we will analytically cal-

culate the dependence of the angle α on the layer height. 

The calculation scheme is shown in Fig. 6. 

Calculation of the dependence of the angle α on the lay-

er height: 

 














R

t

R

tR
1arccoscos . 

 

Now, we can associate the obtained force values with 

the angle α, and apply them to the roller. As a result, you 

will get a graph of the force distribution over the roller. 

 

RESULTS  

From the graphs of the total force acting on a non-

rotating roller with a diameter of 50 mm, depending on  

the pressure angle, one can see that the force acting on  

the roller becomes smaller over time (Fig. 7). This is

 

 

 

 
 

Fig. 5. Calculation of the total force of powder pressure on the roller in each layer 

Рис. 5. Расчет общей силы давления порошка на ролик в каждом слое 

 

 

 

 

 

Fig. 6. Scheme for calculating the pressure angle α. 

R – roller radius; t – layer height; α – pressure angle 

Рис. 6. Схема для расчета угла давления α. 

R – радиус ролика; t – высота слоя; α – угол давления 
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explained by the fact that the amount of powder applied by 

the roller decreases over time. 

One of the most important parameters of the powder 

layer is its density. The maximum value of the powder layer 

density during application reached 4.573 g/cm3, which cor-

responds to a layer compaction of 1.61 %. According to 

GOST 11964-81, the bulk density of steel powder should 

be greater than 4.2 g/cm3, with a particle diameter of 

0.5 mm and a density of the particles themselves of more 

than 7.2 g/cm3. The result obtained satisfies this condition, 

which indicates the proximity of the characteristics of 

the simulated and real powders.  

From the graphs of the total force acting on a rotating 

roller with diameters of 30, 50 and 70 mm, depending on 

the pressure angle, it is evident that with an increase in the 

roller diameter, the peak force value also increases (Fig. 8). 

This can increase roller wear and reduce its service life. For 

a better understanding of the meaning of this graph (Fig. 8), 

the curves were applied to the roller, which allowed obtain-

ing a visual representation of the force distribution over 

the roller (Fig. 9). Analysing the maximum density values for 

the studied roller diameters, one can notice a clear depen-

dence manifested in an increase in density, with an increase 

in the roller diameter (Table 1). 

From the graphs of the total force acting on a rotating 

roller with additional powder feed, depending on the pres-

sure angle, it is evident that with an increase in the roller 

diameter from 30 to 300 mm, the peak force value increas-

es, and the pressure angle decreases (Fig. 10). From Table 2 

it is evident that as the roller diameter increases, the powder 

layer density also increases, and after overcoming the roller 

diameter of D=200 mm, it reaches a plateau and stops 

growing significantly. 

DISCUSSION 

The EDEM software package has proven itself as 

a promising tool for predicting the behaviour of bulk 

media [17]. The results of computer modelling using 

the discrete element method, qualitatively correspond 

to the data obtained in experiments [18]. Based on this, 

the obtained modelling results can be considered to 

correspond to reality. 

To identify the best application method, the graphs 

of the total force acting on a roller with a diameter of 

D=50 mm, depending on the pressure angle for each 

application method were compared (Fig. 11). As a re-

sult, it can be concluded that the non-rotating roller is 

affected by the greatest force, and the forces acting on 

rotating rollers differ slightly. When comparing the maxi-

mum density values for the studied application me-

thods, it can be concluded that a denser powder layer 

can be achieved when using a rotating roller without 

adding powder (Table 3). 

Based on the analysis of a series of computer simula-

tions of powder layer application, it was found that the total 

force acting on the rollers, without additional powder sup-

ply, becomes smaller over time. This is explained by 

the fact that the amount of powder applied by the roller 

decreases over time. This application method is suitable for 

3D printers with a small printing zone. As the printing zone 

increases, the amount of powder that needs to be applied 

also increases. This poses two problems. First, the powder 

bed height with a large printing zone may exceed the roller 

diameter, making it impossible to form a layer. Second, 

moving a large mass of powder over the previously applied 

layer may damage it, and adversely affect the quality of 

the final part. 

Fig. 7. Dependence of the total force acting on a non-rotating roller with a diameter of 50 mm on the pressure angle.  

Three time points of the steady-state application mode are given: start – 3.5 s, centre – 4.5 s, end – 5.5 s 

Рис. 7. Зависимость общей силы, действующей на невращающийся ролик диаметром 50 мм, от угла давления.  

Приведены три временные точки установившегося режима нанесения: начало – 3,5 с, центр – 4,5 с, конец – 5,5 с 
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Fig. 8. Dependence of the total force acting on a rotating roller on the pressure angle.  

Graphs are given for three roller diameters: 30, 50, 70 mm 

Рис. 8. Зависимость общей силы, действующей на вращающийся ролик, от угла давления. 

Приведены графики для трех диаметров ролика: 30, 50, 70 мм 

Fig. 9. Force distribution over the rollers with the diameters of 30, 50, 70 mm 

Рис. 9. Распределение силы по роликам с диаметрами 30, 50, 70 мм 

Table 1. Powder layer density and compaction for rotating rollers 

Таблица 1. Плотность и уплотнение порошкового слоя для вращающихся роликов 

Roller diameter, mm Layer density, g/cm3 Layer compaction, % 

Before application 4.500 – 

30 4.692 4.26 

50 4.740 5.35 

70 4.796 6.59 
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Fig. 10. Dependence of the total force acting on a rotating roller with additional powder feed on the pressure angle.  

Graphs are given for eight roller diameters: 30, 50, 70, 100, 150, 200, 250, 300 mm 

Рис. 10. Зависимость общей силы, действующей на вращающийся ролик с дополнительной подачей порошка, от угла давления. 

Приведены графики для восьми диаметров ролика: 30, 50, 70, 100, 150, 200, 250, 300 мм 

Table 2. Powder layer density and compaction for rotating rollers with additional powder feed 

Таблица 2. Плотность и уплотнение порошкового слоя для вращающихся роликов с дополнительной подачей порошка 

Roller diameter, mm Layer density, g/cm3 Layer compaction, % 

Before application 4.500 – 

30 4.675 3.89 

50 4.679 3.98 

70 4.682 4.04 

100 4.800 6.66 

150 4.810 6.89 

200 4.854 7.87 

250 4.849 7.75 

300 4.855 7.90 

When applying a layer with a rotating roller with 

an additional powder feed, it is possible to achieve 

a constant force acting on the roller, since there is 

the same amount of powder in front of the roller during 

application. This can have a positive effect on the ho-

mogeneity of the applied layer. 

It has been found that when the roller diameter increases 

from 30 to 300 mm, the peak force value also increases. 

This can increase roller wear and reduce its service life. 

With an increase in the roller diameter, the powder layer 

density also increases by 7.9 % and after overcoming 

the roller diameter of D=200 mm, the powder layer density 

reaches a plateau and stops growing significantly. 

Summarising the data, we can conclude that the non-

rotating roller is affected by the greatest force, and 

the forces acting on the rotating rollers, differ slightly. 

It was also found that a rotating roller without adding 

powder, creates the densest layer and allows achieving 

compaction of the powder layer by 5.35 %. The obtained 

data contradict the study, which revealed that a non-

rotating roller creates a 5 % denser layer than a rotating 

roller [9]. This discrepancy can be explained by a significant 
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Fig. 11. Dependence of the total force acting on a non-rotating roller and a rotating roller with additional powder feed  

on the pressure angle. Graphs are given for the roller with a diameter of 50 mm 

Рис. 11. Зависимость общей силы, действующей на невращающийся ролик, вращающийся ролик и вращающийся ролик 

с дополнительной подачей порошка, от угла давления. Приведены графики для ролика диаметром 50 мм 

Table 3. Powder layer density and compaction for various methods of application 

Таблица 3. Плотность и уплотнение порошкового слоя для различных способов нанесения 

Method of application Roller diameter, mm Layer density, g/cm3 Layer compaction, % 

Before application – 4.500 – 

Non-rotating roller 

50 

4.573 1.61 

Rotating roller 4.740 5.35 

Rotating roller with additional powder feed 4.679 3.98 

difference in the powder layer application speed (0.5 and 

50 mm/s). When analysing the effect of application 

speed on powder layer density, it was found that with an 

increase in application speed, the powder layer density 

tends to decrease linearly [9].  

In a study on optimising squeegee geometry, when compar-

ing an optimised profile with a roller, it was noted that the squee-

gee with an optimised profile created a slightly higher powder 

bed density (0.7 %) at an application speed of 50 mm/s [11].  

The study was the first to examine the influence of roll-

er diameter on powder bed density. The data obtained indi-

cate that the correct choice of application method can sig-

nificantly affect the quality of printed products. 

CONCLUSIONS 

1. The dependences of the roller characteristics on pow-

der layer application were revealed. In particular, with an

increase in the roller diameter from 30 to 300 mm, the peak 

force value also increases. With an increase in the roller 

diameter by 7.9 %, the powder layer density also increases, 

and after overcoming the roller diameter of D=200 mm, it 

reaches a plateau and stops growing significantly. 

2. When studying the application methods, it was found

that the non-rotating roller is affected by the greatest force, 

and the forces acting on the rotating rollers differ slightly. 

A rotating roller without adding powder creates the densest 

layer, and allows achieving compaction of the powder layer 

by 5.35 %. 

3. When optimising powder layer application for 3D

printers with a large printing area, it is recommended to se-

lect layer application using a roller with additional powder 

feed, since this helps to avoid moving a large mass of powder 

over the previously applied layer, which has a positive effect 

on the quality of the final product. This can also have a posi-

tive effect on the homogeneity of the applied layer. 
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Аннотация: При исследовании и анализе аддитивных технологий особое внимание уделяется повышению 

производительности и качества напечатанных изделий. Однако для повышения производительности 3D-печати 
нельзя просто увеличить скорость перемещения ракеля без изменения его формы или типа. Из-за этого может по-
страдать качество порошкового слоя, что приведет к ухудшению качеств конечной детали. Для исследования вли-
яния характеристик ролика на нанесение порошкового слоя проведена серия компьютерных моделирований ими-
тационных моделей. Оценка влияния характеристик ролика на нанесение порошкового слоя проводилась для диа-
метров ролика 30, 50, 70, 100, 150, 200, 250, 300 мм. Моделирование проводилось с тремя способами нанесения: 
вращающимся и невращающимся роликом, а также вращающимся роликом с подачей дополнительного порошка. 
Определено, что при нанесении слоя вращающимся роликом с дополнительной подачей порошка можно достичь 
постоянства сил, действующих на ролик. Это может положительно повлиять на однородность наносимого слоя. 
Нанесение слоя вращающимся роликом с дополнительной подачей порошка наиболее пригодно в 3D-принтерах  
с большой зоной построения. Данный способ позволяет избегать перемещения большой массы порошка по 
предыдущему слою, что положительно влияет на качество конечной детали. Выявлено влияние характеристик 
ролика на нанесение порошкового слоя. В частности, при увеличении диаметра ролика с 30 до 300 мм увеличива-
ется и значение пиковой силы. При увеличении диаметра ролика на 7,9 % увеличивается и плотность порошково-
го слоя. Выявлено, что на невращающийся ролик действует наибольшая сила, а силы, действующие на вращаю-
щиеся ролики, незначительно отличаются. Вращающийся ролик без добавления порошка создает наиболее плот-
ный слой и позволяет добиться уплотнения порошкового слоя на 5,35 %. 

Ключевые слова: характеристики ролика; порошковый слой; аддитивные технологии; аддитивное производ-
ство; диаметр ролика; разравнивание порошкового слоя; нанесение порошкового слоя; плотность порошкового 
слоя; ракель. 
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Abstract: The main challenge in using magnesium alloys, applied in medicine as biodegradable materials, is their 

difficult deformability, which in turn leads to frequent failure of samples during severe plastic deformation. This paper 

shows that the temperature mode of equal channel angular pressing (ECAP) of a Mg–Zn–Ca system magnesium alloy, 

which ensures deformation of samples without failure, can be determined based on the results of finite -element compu-

ter simulation of the stress-strain state of the billet, calculation of alloy damage using the Cockcroft–Latham model, and 

prediction of the sample failure area. Modelling showed that the surface area of the billet adjacent to the matrix inner 

corner during ECAP, is the area of possible failure of the magnesium alloy. The value of alloy damage during ECAP in 

this area at T=350 °C is less than 1, which corresponds to non-failure of the metal. To verify the computer simulation 

results, ECAP physical simulation was performed; billets without signs of failure  were produced. A study of the me-

chanical properties of the Mg–1%Zn–0.06%Ca magnesium alloy was conducted before and after ECAP processing ac-

cording to the selected mode: the ultimate strength limit increased by 45 %, the hardness increased by 16 %, while  

the plasticity increased by 5 %. 

Keywords: magnesium alloys; stress-strain state; finite-element computer simulation; alloy damage; equal channel an-

gular pressing; microhardness; ultimate strength limit. 
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INTRODUCTION 

In the last decade, magnesium alloys have attracted in-

creased attention from researchers studying biomaterials for 

medical use. These alloys contain chemical elements that 

interact beneficially with the human body. However, these 

alloys in the cast state have low strength, and corrosion 

resistance for their successful application when producing 

biosoluble implants used in maxillofacial surgery and or-

thopaedics [1; 2]. In this work, to increase the strength of 

the Mg–1%Zn–0.06%Ca alloy, one of the effective ap-

proaches was used – the formation of an ultrafine-grained 

structure in them by the severe plastic deformation methods 

[3–5], namely, processing of billets by equal channel angu-

lar pressing (ECAP).  

Cast magnesium alloys are difficult-to-form materi-

als, have low plasticity during deformation at room tem-

perature, and are prone to destruction [6–8]. In experi-

mental studies, the temperature of deformation treatment 

is often determined empirically, which requires consi-

derable time and material resources. The use of models 

of metal destruction, during pressure treatment, is  

an alternative to the experimental determination of the 

temperature regime.  

In the mechanics of pressure metal treatment, a quanti-

tative assessment of damage [9] – microscopic discontinu-

ities (submicro- and micropores, microcracks) of the metal 

is performed using indirect relative indicators. For ex-

ample, according to the methodology of V.L. Kolmogorov, 
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A.A. Bogatov1, the metal damage in the material point of 

the deformed body, is the ratio of the strain degree  

accumulated by the material point during the deformation 

process, to the maximum possible degree of metal strain 

accumulated by the moment of exhaustion of the ability to 

deform without fracture, i.e. by the moment of accumula-

tion of the metal maximum damage equal to 1, when mac-

rocracks occur in an avalanche-like manner – this moment 

is called destruction. If the accumulation of maximum 

damage equal to 1 occurs at a material point on the sur-

face of a deformed specimen, then the metal fracture at 

this point on the surface is visually detected by the ap-

pearance of a crack. If the accumulation of maximum 

damage equal to 1 occurs at any material point inside  

a deformed specimen, then the metal fracture at this point 

in the form of a pore is detected not visually, but using 

special equipment, for example, a device using ultra-

sonic radiation. 

In [10], it was shown for the first time that metal da-

mage within the Cockcroft–Latham model can be quanti-

tatively and indirectly calculated, taking into account  

the changing stress state, as the ratio of the specific work 

of positive internal forces (principal normal positive 

stresses), acting on a material point during deformation to 

the maximum possible specific work of positive internal 

forces, corresponding to the moment when the metal ex-

hausts its ability to deform without destruction. In [11; 12] 

it is shown that the normalised Cockcroft–Latham fracture 

model has a higher accuracy of predicting cracks in vari-

ous technological processes. This approach was further 

developed in [13; 14]. 

As noted in [15], the difficulty of choosing and opti-

mising the ECAP scheme is that the wall flow fields, 

“overhardening” and hidden damage are difficult to ob-

serve and poorly predicted. Therefore, the development of 

new and verification of existing methods for predicting 

metal fracture during ECAP, especially when applied to 

magnesium alloys, is an urgent and important task.  

A promising solution to this problem is the use of com-

puter simulation to analyse the processes of billet damage 

during ECAP, which is based on predicting the area of 

sample fracture [16]. 

The purpose of this study is to determine, using com-

puter simulation, such a temperature mode of equal 

channel angular pressing (ECAP) of Mg–Zn–Ca alloy, 

which ensures deformation of samples without fracture, 

and the achievement of increased mechanical properties 

in the alloy. 

 

METHODS 

The conducted studies included a physical experiment 

and finite-element computer simulation of the stress-strain 

state of the billet in the DEFORM-3D software package, as 

well as calculation of alloy damage. 

The initial cylindrical samples (billets) of Mg–1%Zn–

0.06%Ca magnesium alloy with a diameter of 20 mm and  

a length of 100 mm for physical simulation were made on  

                                                            
1 Plasticity and destruction / edited by V.L. Kolmogorov. M.: 

Metallurgy, 1977. 336 p.  

a lathe from a round cast produced by gravity casting.  

The Mg–1%Zn–0.06%Ca alloy was cast at the Solikamsk 

Experimental Metallurgical Plant (Russia). The chemical 

composition was determined using a Thermo Fisher Scien-

tific ARL 4460 OES optical emission spectrometer (USA), 

and is presented in Table 1. In order to equalise the chemi-

cal composition throughout the sample volume, and elimi-

nate the effects of dendritic liquation, the cast samples 

were heat-treated (subjected to homogenization anneal-

ing) in a Nabertherm muffle furnace at 450 °C for 24 h 

with cooling in water [17]. This state of the sample was 

taken as the initial one. 

Physical simulation was performed on an ECAP equip-

ment manufactured with an intersection angle of cylindrical 

channels of 120°. The tooling was heated to the required 

temperature using two electric heating elements in the form 

of clamps installed on the matrix. Before ECAP, the initial 

billet was heated in a chamber resistance furnace to  

the required temperature. Each subsequent ECAP pass was 

performed with a 90° rotation around the longitudinal axis 

of the billet. ECAP processing was carried out according to 

the mode described in [18] for the Mg–Zn–Ca system alloy: 

the first and second passes were performed at 400 °C; the 

third and fourth – at 350 °C; the fifth and sixth – at 300 °C; 

the seventh and eighth – at 250 °C. 

At the first stage of theoretical research, a thermoplastic 

problem was solved using the DEFORM-3D software 

product: the non-uniform stress-strain state in the volume of 

the billet was determined stepwise. Finite-element compu-

ter simulation of the billet stress-strain state during ECAP 

(Fig. 1) was carried out under the following assumptions 

(usually used in modelling practice): 

1) the problem was solved under conditions of a volu-

metric stress-strain state; 

2) under non-isothermal conditions, taking into account 

the thermal effect of plastic deformation at the initial tem-

perature of the billet (20…350) °C; 

3) the billet material model is a plastic medium, the 

yield stress dependences on the degree of deformation of 

the Mg–1%Zn–0.06%Ca alloy, obtained from the results of 

preliminary mechanical tensile tests in the temperature and 

strain rate ranges corresponding to those realised during 

ECAP, were entered in tabular form during the preparation 

of the database; 

4) the matrix and punch material for ECAP is a non-

deformable rigid medium with a temperature of 

(20…350) °C. 

The punch movement speed was set constant at 

0.56 mm/s (equal to the movement speed of the movable 

crosshead of the hydraulic press during ECAP, with  

a nominal force of 160 tf). The ψ index of friction (ac-

cording to Siebel) between the tool and the billet was 

taken equal to 0.3, and determined based on the results 

of preliminary virtual and physical modelling of the lon-

gitudinal upsetting of samples using graphite-molyb-

denum lubricant. The simulation was performed using  

a uniform grid of elements. The minimum size of  

the finite element (the length of the tetrahedron edge) 

was 1.2 mm. Verification of the results of computer si-

mulation with the specified assumptions, the number of 

finite elements and the results of physical modelling of 
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Table 1. Chemical composition of the Mg–1%Zn–0.06%Ca alloy 

Таблица 1. Химический состав сплава Mg–1%Zn–0,06%Ca 

 

 

Element mass content 

Zn Zr Al Fe Mn Ni Cu Si Ca Pb Sn 

0.953 ≤0.001 0.011 0.027 0.0026 0.0008 0.0008 0.0025 0.0641 0.018 ≤0.001 

 

 

 

 

 

Fig. 1. ECAP equipment diagram 

Рис. 1. Схема оснастки для РКУП 

 

 

 

ECAP, showed a relative excess of the calculated defor-

mation force over the value experimentally measured at 

the quasi-stationary stage of ECAP by 5 %. 

At the second stage, the alloy damage was calculated 

using the results of simulating the billet stress-strain state 

during ECAP, and the well-known Cockcroft–Latham frac-

ture model [19]. 

In the DEFORM-3D software package for predicting 

the failure of metals and alloys under large plastic   

deformation, the Cockcroft–Latham fracture model is 

traditionally used as the main technique. However, it 

does not take into account the effect of the metal stress 

state on the maximum possible value of the specific 

work of positive internal forces, corresponding to  

the moment when the metal exhausts its ability to deform 

without failure. 

According to the Cockcroft–Latham fracture model,  

the condition of nonfailure of a material point is verified by 

the inequality: 

ultcс  ,                                 (1) 

 

where the left-hand side of the inequality i
i

dc
i





 



0

1  is 

the damage index, the Cockcroft–Latham energy index of 

the relative specific work of elementary tensile forces, 

σ1 is the principal positive normal stress, 

σi is the stress intensity, 

εi is the deformation intensity; 

cult is the ultimate (maximum possible) value of the Cock-

croft–Latham index corresponding to the moment of metal 

fracture. 

Metal fracture in accordance with the Cockcroft–Latham 

fracture model occurs when the condition c≥cult is met. 

The damage was calculated using the formula obtained 

in [10] that takes into account the effect of the stress state 

on the ultimate (maximum possible) value of the Cock-

croft–Latham index: 
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where r is the number of stages of deformation of the mate-

rial point; 
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k dC
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1,

,

1  is the increment of the Cockcroft–

Latham index (the increment of the specific work of  

the positive internal forces acting on the material point at 

the k-th stage of deformation of the billet material point);  

Frontier Materials & Technologies. 2024. No. 4 21



Volkova E.P., Khudododova G.D., Botkin A.V. et al.   “Computer prediction of fracture of magnesium alloy cylindrical billet…” 

 

εi, k is the degree of deformation accumulated by the mate-

rial point of the billet by the beginning of the k-th stage of 

deformation;  

εi, k+1 is the degree of deformation accumulated by the ma-

terial point of the billet by the end of the k-th stage of de-

formation;  

σ1 is the principal positive normal stress;  

σi is the stress intensity;  

(σ1/σi)av is average value of the ratio of the principal normal 

stress to the stress intensity at the k-th stage of deformation 

of the material point of the billet;  

εi,p is degree of deformation accumulated by the material 

point of the sample by the moment of fracture (quantitative 

measure of alloy plasticity) at a constant value of the σ1/σi 

stress state index. 

Functions 

16.0ln19.0 1
, 
















i
pi ; 

(3) 

18.0ln21.0 1
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determining the plasticity of the Mg–1%Zn–0.06%Ca mag-

nesium alloy at temperatures of 20 and 350 °C, depending 

on the stress state index were found experimentally using 

the method given in [20]. 

To take into account the change in the stress state in-

dex of the material point, the damage in it was calculated 

for r=150 stages, while the duration of all deformation 

stages was the same and equal to ts=1 s, satisfying  

the condition [10]: 
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where S is the area determined using the graph of the stress 

state index σ1/σi of the material point of the billet, versus 

the deformation time. The alloy damage during ECAP was 

calculated for the material point, with the maximum value 

of the c damage index in the billet area determined, based 

on the simulation results. 

The calculation of the alloy damage using formulas (2), 

(3), and the results of modelling the stress-strain state of the 

billet was performed in Excel, since the DEFORM-3D 

software product developers do not provide the ability for  

a user to enter any constitutive relations, metal fracture 

models, etc. into the solver. 

Microhardness (HV) was measured using the Vickers 

method on an Emco-Test Durascan 50 micro-macro-

hardness tester, with an indenter load of 0.49 N and a hold-

ing time of 10 s. Microhardness measurements were per-

formed using disk-shaped specimens with a diameter of 

20 mm and a thickness of 1.5 mm, cut in the transverse 

direction from a deformed billet. For each specimen,  

20 measurements were taken. Tensile tests were performed 

on an Instron 5982 testing machine at room temperature 

and a strain rate of 10−3 s−1 on the specimens with a work-

ing part size of 0.6×1×4.5 mm3. Flat specimens were cut 

from the disk-shaped samples. At least 5 specimens were 

tested for each condition. 

 

RESULTS 

Results of computer simulation 

The distribution of the damage index obtained by com-

puter simulation showed that the surface area of the billet, 

adjacent to the inner corner of the matrix during ECAP, is 

the area of possible fracture of the magnesium alloy 

(Fig. 2). The point from this area indicated in Fig. 2 enters 

the plastic deformation zone when the matrix outlet channel 

is completely filled with the alloy, i.e., at the steady-state 

stage of ECAP. 

A significant increase in the c damage index (Fig. 3) 

at the point of the billet occurs in the time interval  

of 68–85 s due to the action of the σ1 positive normal 

stress (Fig. 4). 

The degree of deformation (Fig. 5) at the material point 

in the time range of 68–85 s, as well as the damage index, 

increases. 

The value of metal damage at T=20 °C calculated by 

formula (2) was obtained equal to ω=1.19. Therefore,  

the condition ω<1 is not met, and the billet will fail during 

ECAP deformation in the first pass in the area of the sur-

face adjacent during ECAP to the inner corner of the ma-

trix. The calculated value of the alloy damage at T=350 °C 

was obtained as ω=0.9, which is less than 1, the nonfailure 

condition of the metal ω<1 is met, and the billet will not fail 

during the first pass of ECAP. 

Physical experiment results 

Fig. 6 a shows an image of sample 1 deformed in one 

pass at room temperature – the sample failed into two sepa-

rate parts. One of the parts shows a macrocrack in the area 

of the billet adjacent during deformation to the inner corner 

of the matrix. Fig. 6 b shows an image of sample 2 de-

formed in one pass at T=400 °C – there are no visible signs 

of failure on the sample. The results of the studies of  

the mechanical properties of the samples are shown in 

Fig. 7 and listed in Table 2. 

Fig. 7 a shows the stress-strain diagram of the studied 

alloy before and after ECAP. The Mg–1%Zn–0.06%Ca 

alloy in the homogenised state has a strength of 144 MPa. 

In the deformed state, its strength increased with an in-

crease in the strain degree using the ECAP method. Thus, 

after 8 ECAP passes, the strength increased to 210 MPa, 

which is 45 % higher compared to the alloy in the homoge-

nised state (Fig. 7 a, Table 2). The yield strength increased 

significantly – from 42 MPa in the homogenised state to 

68 MPa after ECAP deformation. This result indicates  

the importance of ECAP for increasing the strength properties 

of this alloy. The microhardness of the homogenised state of 

the Mg–1%Zn–0.06%Ca alloy was 44±2.8 HV. The micro-

hardness value increased from 44±2.8 to 51.2±3.4 HV as  

a result of plastic deformation by the ECAP method, with  

a strain degree of ε=5.04, accumulated over 8 passes 

(Fig. 7 b, Table 2). 
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 a b 

Fig. 2. Scheme of the position of the material point selected for damage calculation and the distribution of the c index  

in the longitudinal section of the virtually deformed billet at the initial temperature:  

a – Т=20 °C; b – T=350 °C 
Рис. 2. Схема положения материальной точки, выбранной для расчета поврежденности, и распределение показателя с  

в продольном сечении виртуально деформированной заготовки при начальной температуре:  

a – Т=20 °C; b – T=350 °C 

 

 

 

      

 a b 

Fig. 3. Change in damage index over time at a point: a – Т=20 °C; b – T=350 °C 

Рис. 3. Изменение во времени показателя поврежденности в точке: a – Т=20 °C; b – T=350 °C 

 

 

 

      

 a b 

Fig. 4. Change of the σ1/σi index of the stress state at a material point of the billet over time:  

a – Т=20 °C; b – T=350 °C 

Рис. 4. Изменение во времени показателя σ1/σi напряженного состояния в материальной точке заготовки:  

a – Т=20 °C; b – T=350 °C 
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 a b 

Fig. 5. Change in the degree of deformation in a material point of the billet over time: a – Т=20 °C; b – T=350 °C 

Рис. 5. Изменение во времени степени деформации в материальной точке заготовки: a – Т=20 °C; b – T=350 °C 

 

 

 

            

 a b 

Fig. 6. Samples after one equal channel angular pressing (ECAP) pass:  

a – Т=20 °C; b – T=400 °C (arrow indicates the ECAP pass direction) 

Рис. 6. Образцы после одного прохода равноканального углового прессования (РКУП):  

a – Т=20 °C; b – T=400 °C (стрелкой указано направление прохода при РКУП) 

 

 

 

DISCUSSION 

Functions (3) defining the plasticity of Mg–1%Zn–

0.06%Ca magnesium alloy at temperatures of 20 and 

350 °C, depending on the stress state index, established 

experimentally within the conducted studies correspond to 

the known pattern – the plasticity of magnesium alloys 

increases significantly with increasing temperature.  

The conducted studies have shown for the first time  

the possibility of successful application of the Cockcroft–

Latham fracture model, taking into account the varying 

stress state [10], to the Mg–1%Zn–0.06%Ca alloy to de-

termine the processing temperature. Until recently, this 

model was successfully applied to steels [14] and titanium 

alloys [21]. Based on the results of computer simulation of 

the stress-strain state of the billet, and calculation of metal 

damage in the area with the most unfavorable stress state 

(σ1>0), it was decided to perform physical simulation of 

ECAP for the first pass at an initial temperature of  

the billet and tooling equal to 400 °C. This temperature 

was chosen with a conservative value, to ensure guaran-

teed nonfailure of the billet in the physical experiment.  

It was shown theoretically and experimentally that at  

the initial sample temperature of less than 250 °C, crack-

ing occurs precisely in the area of the billet, where the c 

damage index has a maximum value according to the re-

sults of computer simulation. Earlier in the work [22], 

Front  
end 

Front  
end 
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 a b 

Fig. 7. Results of mechanical tests:  

a – stress-strain curve of the Mg–1%Zn–0.06%Ca alloy before and after ECAP;  

b – comparison of the initial microhardness and microhardness obtained after ECAP 

Рис. 7. Результаты механических испытаний:  

a – диаграмма растяжения сплава Mg–1%Zn–0,06%Ca до и после РКУП;  

b – сравнение исходной и полученной после РКУП микротвердости 

 

 

 
Table 2. Results of tensile tests of samples and microhardness measurements  

Таблица 2. Результаты испытаний на растяжение образцов и измерения микротвердости 
 

 

State Т, °C НV (average value) σUTS, MPa σ0.2, MPa δ, % 

Initial state 20 44.0±2.8 144 42 18 

After ECAP 20 51.2±3.4 210 68 23 

 

 

 

similar behaviour of an alloy with a similar composition 

was noted for the specified processing temperature range.  

Physical simulation of billets in 8 passes showed  

the successful use of a well-known approach, ECAP with 

a gradual decrease in the processing temperature [18],  

as applied to the Mg–1%Zn–0.06%Ca alloy. Samples that 

were not destroyed in the first pass at T=400 °C were sub-

jected to subsequent successful ECAP deformation  

in 7 more passes with a decrease in temperature from 400 

to 250 °C.  

The results of modelling the distribution of strain degree 

in the billet are in good agreement with the analytical esti-

mate of the strain degree for 8 passes ε=5.04 performed 

using the well-known formula [23]: 

 
















 











 





22
cos

22
ctg2

3
ec

N
i ,       (5) 

 

where N is the number of passes;  

Ψ is the external angle;  

Φ is the internal angle. 

During the calculation, the external angle was taken to 

be 20°; the internal angle (the angle of intersection of  

the channels corresponding to the equipment in Fig. 1) was 

120°. The value of deformation of 0.63 for one ECAP pass 

calculated using formula (5) is in good agreement with  

the value obtained by modelling (Fig. 5). 

As in [18], an increase in the mechanical properties 

of the magnesium alloy was found, but not as significant, 

which is due to the lower content of calcium in the com-

position: the tensile strength increased by 45 %,  

the hardness – by 16 % compared to the homogenised 

state. This is probably caused by the formation of  

a structure with a finer average grain size due to the in-

crease in the strain degree to 5. 

 

CONCLUSIONS 

1. The use of complex modelling of the process of 

severe plastic deformation of magnesium alloys, includ-

ing computer and physical simulation on an experimental 

equipment, allows developing modes of billet defor-

mation due to the alloy damage calculation using  

the Cockcroft–Latham model. Physical simulation of 

sample deformation confirmed the possibility of deter-

mining the thermomechanical mode of ECAP of a mag-

nesium alloy of the Mg–Zn–Ca system, which ensures 
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deformation of samples without destruction, by computer 

simulation. The results of physical modelling are in good 

agreement with the values of damage calculated during 

computer simulation: room temperature ω=1.19 (ω≥1, 

failure condition) corresponded to sample failure during 

severe plastic deformation; T=350 °C and ω=0.9 (ω<1, 

nonfailure condition) corresponded to nonfailure of  

the sample. This demonstrates the reliability of the pro-

cessing mode obtained by complex modelling and  

the validity of its application to bulk billets.  

2. Severe plastic deformation is an effective method for 

improving mechanical properties: after 8 ECAP passes,  

the alloy strength values increased from 144 to 210 MPa, 

which is 45 % higher compared to the homogenised state of 

the untreated sample, the microhardness value increased as 

well from 44±2.8 to 51.2±3.4 HV. 

 

REFERENCES 

1. Sun Yu, Zhang Baoping, Wang Yin, Geng Lin,  

Jiao Xiaohu. Preparation and characterization of a new bi-

omedical Mg-Zn-Ca alloy. Materials and Design, 2012, 

vol. 34, pp 58–64. DOI: 10.1016/j.matdes.2011.07.058. 

2. Vinogradov A., Merson E., Myagkikh P., Linderov M., 

Brilevsky A., Merson D. Attaining High Functional Per-

formance in Biodegradable Mg-Alloys: An Overview of 

Challenges and Prospects for the Mg-Zn-Ca System. 

Materials, 2023, vol. 16, no. 3, article number 1324. 

DOI: 10.3390/ma16031324. 

3. Valiev R.Z., Zhilyaev A.P., Lengdon T.Dzh. Obemnye 

nanostrukturnye materialy: fundamentalnye osnovy  

i primeneniya [Bulk nanostructural materials: funda-

mental principle and application]. Sankt Petersburg, 

Eko-Vektor Publ., 2017. 479 p. 

4. Martynenko N.S., Anisimova N.Y., Rybalchenko O.V. et 

al. Rationale for Processing of a Mg-Zn-Ca Alloy by 

Equal-Channel Angular Pressing for Use in Biodegradable 

Implants for Osteoreconstruction. Crystals, 2021, vol. 11, 

article number 1381. DOI: 10.3390/cryst11111381. 

5. Medeiros M.P., Lopes D.R., Kawasaki M., Langdon T.G., 

Figueiredo R.B. An Overview on the Effect of Severe Plas-

tic Deformation on the Performance of Magnesium for Bi-

omedical Applications. Materials, 2023, vol. 16, no. 6, ar-

ticle number 2401. DOI: 10.3390/ma16062401. 

6. Rezaei-Baravati A., Kasiri-Asgarani M., Bakhsheshi-

Rad H.R., Omidi M., Karamian E. Microstructure, Biodeg-

radation, and Mechanical Properties of Biodegradable Mg-

Based Alloy Containing Calcium for Biomedical Applica-

tions. Physical Mesomechanics, 2023, vol. 26, no. 2, 

pp. 176–195. DOI: 10.1134/S1029959923020078. 

7. Alper Incesu, Ali Gungor. Mechanical properties and 

biodegradability of Mg–Zn–Ca alloys: homogeniza-

tion heat treatment and hot rolling. Journal of mate-

rials science. Materials in medicine, 2020, vol. 31, 

no. 12, article number 123. DOI: 10.1007/s10856-

020-06468-5. 

8. Roche V., Koga G.Y., Matias T.B., Kiminami C.S., 

Bolfarini C., Botta W.J., Nogueira R.P., Jorge Junior A.M. 

Degradation of Biodegradable Implants: The Influence of 

Microstructure and Composition of Mg-Zn-Ca Alloys. 

Journal of Alloys and Compounds, 2019, vol. 774, 

pp. 168–181. DOI: 10.1016/j.jallcom.2018.09.346. 

9. Kolmogorov V.L. Numerical simulation of large plastic 

deformations and failure of metals. Kuznechno-

shtampovochnoe proizvodstvo, 2003, no. 2, pp. 4–16. 

10. Botkin A.V., Valiev R.Z., Stepin P.S., Baymukhame-

tov A.Kh. Estimation of metal damage during cold plas-

tic deformation using the Cockcroft–Latham failure 

model. Deformatsiya i razrushenie materialov, 2011, 

no. 7, pp. 17–22. EDN: NXAHSN. 

11. Kwak Eun Jeong, Bok Cheon Hee, Seo Min Hong,  

Kim Taek-Soo, Kim Hyoung Seop. Processing and 

mechanical properties of fine-grained magnesium by 

equal channel angular pressing. Materials Transac-

tions, 2008, vol. 49, no. 5, pp. 1006–1010.  

DOI: 10.2320/matertrans.MC200725. 

12. Christiansen P., Nielsen C.V., Martins P.A.F., Bay N. 

Predicting the onset of cracks in bulk metal forming by duc-

tile damage criteria. Procedia Engineering, 2017, vol. 207, 

pp. 2048–2053. DOI: 10.1016/j.proeng.2017.10.1106. 

13. Vlasov A.V. On the application of the Cockroft–Latham 

criterion to predict fracture in cold forging. Izvestiya 

Tulskogo gosudarstvennogo universiteta. Tekhnicheskie 

nauki, 2017, no. 11-1, pp. 46–58. EDN: ZVLXNV. 

14. Matveev M.A. Numerical estimation of the probability 

of metal failure under hot plastic deformation by means 

of the Cockcroft – Latham criterion. Nauchno-

tekhnicheskie vedomosti SPbPU. Estestvennye i inzhe-

nernye nauki, 2017, vol. 23, no. 2, pp. 109–126.  

DOI: 10.18721/JEST.230211. 

15. Shtremel M.A. Razrushenie. Razrushenie materialov 

[Destruction. Destruction of materials]. Moscow, MISIS 

Publ., 2014. Kn. 1, 670 p. 

16. Chen Xuewen, Yang Zhen, Zhang Bo, Sun Jiawei,  

Su Zhiyi, Mao Yiran. An Inverse Optimization Method 

for the Parameter Determination of the High-Temperature 

Damage Model and High-Temperature Damage Graph of 

Ti6Al4V Alloy. Materials, 2023, vol. 16, article number 

4770. DOI: 10.3390/ma16134770. 

17. Khudododova G.D., Kulyasova O.B., Nafikov R.K., 

Islamgaliev R.K. The structure and mechanical proper-

ties of biomedical magnesium alloy Mg–1%Zn–

0.2%Ca. Frontier Materials & Technologies, 2022, 

no. 2, pp. 105–112. DOI: 10.18323/2782-4039-2022-2-

105-112. 

18. Kulyasova O.B., Islamgaliev R.K. The influence of  

the structural changes in the Mg-1%Zn-0,2%Ca alloy, pro-

duced by ECAP on its mechanical properties. Vestnik 

Ufimskogo gosudarstvennogo aviatsionnogo tekhni-

cheskogo universiteta, 2018, vol. 22, no. 3, pp. 24–29. 

EDN: YAAWLZ. 

19. Cockcroft M.G., Latham D.J. Ductility and Workability 

of metals. Journal of the Institute of Metals, 1968, 

vol. 96, pp. 33–39. 

20. Botkin A.V., Valiev R.Z., Kublikova A.A., Dubinina S.V. 

Determining the shear plasticity of metals on the basis of 

torsion-tension tests. Steel in Translation, 2013, vol. 43, 

no. 6, pp. 360–364. DOI: 10.3103/S096709121306003X. 

21. Gao Lin, Zhao Jiang, Quan Guo-zheng, Xiong Wei,  

An Chao. Study on the Evolution of Damage Degrada-

26 Frontier Materials & Technologies. 2024. No. 4

https://doi.org/10.1016/j.matdes.2011.07.058
https://doi.org/10.3390/ma16031324
https://doi.org/10.3390/cryst11111381
https://doi.org/10.3390/ma16062401
https://doi.org/10.1134/S1029959923020078
https://doi.org/10.1007/s10856-020-06468-5
https://doi.org/10.1007/s10856-020-06468-5
https://doi.org/10.1016/j.jallcom.2018.09.346
https://elibrary.ru/nxahsn
https://doi.org/10.2320/matertrans.MC200725
https://doi.org/10.1016/j.proeng.2017.10.1106
https://elibrary.ru/zvlxnv
https://doi.org/10.18721/JEST.230211
https://doi.org/10.3390/ma16134770
https://doi.org/10.18323/2782-4039-2022-2-105-112
https://doi.org/10.18323/2782-4039-2022-2-105-112
https://elibrary.ru/yaawlz
https://doi.org/10.3103/S096709121306003X


Volkova E.P., Khudododova G.D., Botkin A.V. et al.   “Computer prediction of fracture of magnesium alloy cylindrical billet…” 

 

tion at Different Temperatures and Strain Rates for Ti-

6Al-4V Alloy. High Temperature Materials and Pro-

cesses, 2018, vol. 38, pp. 332–341. DOI: 10.1515/htmp-

2018-0091. 

22. Kozulyn A.A., Skripnyak V.A., Krasnoveikin V.A., Skrip-

nyak V.V., Karavatskii A.K. An investigation of physi-

co-mechanical properties of ultrafine-grained magnesi-

um alloys subjected to severe plastic deformation. Rus-

sian Physics Journal, 2015, vol. 57, no. 9, pp. 1261–

1267. DOI: 10.1007/s11182-015-0372-5. 

23. Iwahashi Y., Wang J., Horita Z., Nemoto M., Lang-

don T.G. Principle of equal-channel angular pressing for 

the processing of ultra-fine-grained materials. Scripta 

Materialia, 1996, vol. 35, no. 2, pp. 143–146.  

DOI: 10.1016/1359-6462(96)00107-8. 

 

СПИСОК ЛИТЕРАТУРЫ 

1. Sun Yu, Zhang Baoping, Wang Yin, Geng Lin,  

Jiao Xiaohu. Preparation and characterization of a new bi-

omedical Mg-Zn-Ca alloy // Materials and Design. 2012. 

Vol. 34. P. 58–64. DOI: 10.1016/j.matdes.2011.07.058. 

2. Vinogradov A., Merson E., Myagkikh P., Linderov M., 

Brilevsky A., Merson D. Attaining High Functional Per-

formance in Biodegradable Mg-Alloys: An Overview of 

Challenges and Prospects for the Mg-Zn-Ca System // 

Materials. 2023. Vol. 16. № 3. Article number 1324. 

DOI: 10.3390/ma16031324. 

3. Валиев Р.З., Жиляев А.П., Лэнгдон Т.Дж. Объемные 

наноструктурные материалы: фундаментальные ос-

новы и применения. СПб.: Эко-Вектор, 2017. 479 с. 

4. Martynenko N.S., Anisimova N.Y., Rybalchenko O.V. 

et al. Rationale for Processing of a Mg-Zn-Ca Alloy 

by Equal-Channel Angular Pressing for Use in Bio-

degradable Implants for Osteoreconstruction // 

Crystals. 2021. Vol. 11. Article number 1381.  

DOI: 10.3390/cryst11111381. 

5. Medeiros M.P., Lopes D.R., Kawasaki M., Langdon T.G., 

Figueiredo R.B. An Overview on the Effect of Severe 

Plastic Deformation on the Performance of Magnesium 

for Biomedical Applications // Materials. 2023. Vol. 16. 

№ 6. Article number 2401. DOI: 10.3390/ma16062401. 

6. Rezaei-Baravati A., Kasiri-Asgarani M., Bakhsheshi-

Rad H.R., Omidi M., Karamian E. Microstructure, Bio-

degradation, and Mechanical Properties of Biodegradable 

Mg-Based Alloy Containing Calcium for Biomedical 

Applications // Physical Mesomechanics. 2023. Vol. 26. 

№ 2. P. 176–195. DOI: 10.1134/S1029959923020078. 

7. Alper Incesu, Ali Gungor. Mechanical properties and 

biodegradability of Mg–Zn–Ca alloys: homogenization 

heat treatment and hot rolling // Journal of materials sci-

ence. Materials in medicine. 2020. Vol. 31. № 12. Arti-

cle number 123. DOI: 10.1007/s10856-020-06468-5. 

8. Roche V., Koga G.Y., Matias T.B., Kiminami C.S., 

Bolfarini C., Botta W.J., Nogueira R.P., Jorge Junior A.M. 

Degradation of Biodegradable Implants: The Influence of 

Microstructure and Composition of Mg-Zn-Ca Alloys // 

Journal of Alloys and Compounds. 2019. Vol. 774. P. 168–

181. DOI: 10.1016/j.jallcom.2018.09.346. 

9. Колмогоров В.Л. Численное моделирование боль-

ших пластических деформаций и разрушения ме-

таллов // Кузнечно-штамповочное производство. 

2003. № 2. С. 4–16. 

10. Боткин А.В., Валиев Р.З., Степин П.С., Баймухаме-

тов А.Х. Оценка поврежденности металла при хо-

лодной пластической деформации с использованием 

модели разрушения Кокрофт – Латам // Деформация 

и разрушение материалов. 2011. № 7. С. 17–22. 

EDN: NXAHSN. 

11. Kwak Eun Jeong, Bok Cheon Hee, Seo Min Hong,  

Kim Taek-Soo, Kim Hyoung Seop. Processing and 

mechanical properties of fine-grained magnesium by 

equal channel angular pressing // Materials Trans-

actions. 2008. Vol. 49. № 5. P. 1006–1010.  

DOI: 10.2320/matertrans.MC200725. 

12. Christiansen P., Nielsen C.V., Martins P.A.F., Bay N. Pre-

dicting the onset of cracks in bulk metal forming by ductile 

damage criteria // Procedia Engineering. 2017. Vol. 207.  

P. 2048–2053. DOI: 10.1016/j.proeng.2017.10.1106. 

13. Власов А.В. О применении критерия Кокрофта – 

Лэтэма для прогнозирования разрушения при хо-

лодной объемной штамповке // Известия Тульского 

государственного университета. Технические науки. 

2017. № 11-1. C. 46–58. EDN: ZVLXNV. 

14. Матвеев М.А. Оценка вероятности разрушения ме-

талла при горячей пластической деформации с по-

мощью критерия Кокрофта – Латама // Научно-

технические ведомости СПбПУ. Естественные  

и инженерные науки. 2017. Т. 23. № 2. С. 109–126. 

DOI: 10.18721/JEST.230211. 

15. Штремель М.А. Разрушение. В 2-х кн. Кн. 1: Разру-

шение материалов. М.: МИСИС, 2014. 670 с. 

16. Chen Xuewen, Yang Zhen, Zhang Bo, Sun Jiawei,  

Su Zhiyi, Mao Yiran. An Inverse Optimization Method for 

the Parameter Determination of the High-Temperature 

Damage Model and High-Temperature Damage Graph of 

Ti6Al4V Alloy // Materials. 2023. Vol. 16. Article number 

4770. DOI: 10.3390/ma16134770. 

17. Худододова Г.Д., Кулясова О.Б., Нафиков Р.К., Ис-

ламгалиев Р.К. Структура и механические свойства 

биомедицинского магниевого сплава Mg–1%Zn–

0,2%Ca // Frontier Materials & Technologies. 2022. 

№ 2. С. 105–112. DOI: 10.18323/2782-4039-2022-2-

105-112. 

18. Кулясова О.Б., Исламгалиев Р.К. Влияние структур-

ных изменений на механические свойства сплава Mg-

1%Zn-0,2%Ca, полученного методом равноканального 

углового прессования // Вестник Уфимского государ-

ственного авиационного технического университета. 

2018. Т. 22. № 3. С. 24–29. EDN: YAAWLZ. 

19. Cockcroft M.G., Latham D.J. Ductility and Workability 

of metals // Journal of the Institute of Metals. 1968. 

Vol. 96. P. 33–39. 

20. Боткин А.В., Валиев Р.З., Кубликова A.A., Дуби-

нина С.В. Исследование пластичности металла при 

сдвиге на основе результатов испытаний образцов 

кручением, совместным с растяжением (сжатием) // 

Известия высших учебных заведений. Черная Ме-

таллургия. 2013. № 6. С. 60–65. DOI: 10.17073/0368-

0797-2013-6-60-65. 

21. Gao Lin, Zhao Jiang, Quan Guo-zheng, Xiong Wei,  

An Chao. Study on the Evolution of Damage Degrada-

Frontier Materials & Technologies. 2024. No. 4 27

https://doi.org/10.1515/htmp-2018-0091
https://doi.org/10.1515/htmp-2018-0091
https://doi.org/10.1007/s11182-015-0372-5
https://doi.org/10.1016/1359-6462(96)00107-8
https://doi.org/10.1016/j.matdes.2011.07.058
https://doi.org/10.3390/ma16031324
https://doi.org/10.3390/cryst11111381
https://doi.org/10.3390/ma16062401
https://doi.org/10.1134/S1029959923020078
https://doi.org/10.1007/s10856-020-06468-5
https://doi.org/10.1016/j.jallcom.2018.09.346
https://elibrary.ru/nxahsn
https://doi.org/10.2320/matertrans.MC200725
https://doi.org/10.1016/j.proeng.2017.10.1106
https://elibrary.ru/zvlxnv
https://doi.org/10.18721/JEST.230211
https://doi.org/10.3390/ma16134770
https://doi.org/10.18323/2782-4039-2022-2-105-112
https://doi.org/10.18323/2782-4039-2022-2-105-112
https://elibrary.ru/yaawlz
https://doi.org/10.17073/0368-0797-2013-6-60-65
https://doi.org/10.17073/0368-0797-2013-6-60-65


Volkova E.P., Khudododova G.D., Botkin A.V. et al.   “Computer prediction of fracture of magnesium alloy cylindrical billet…” 

 

tion at Different Temperatures and Strain Rates for Ti-

6Al-4V Alloy // High Temperature Materials and Pro-

cesses. 2018. Vol. 38. P. 332–341. DOI: 10.1515/htmp-

2018-0091. 

22. Козулин А.А., Скрипняк В.А., Красновейкин В.А., 

Скрипняк В.В., Каравацкий А.К. Исследование 

физико-механических свойств ультрамелкозерни-

стых магниевых сплавов после интенсивной пла-

стической деформации // Известия высших учеб-

ных заведений. Физика. 2014. Т. 57. № 9. С. 98–

104. EDN: SXZFZX. 

23. Iwahashi Y., Wang J., Horita Z., Nemoto M., Lang-

don T.G. Principle of equal-channel angular pressing 

for the processing of ultra-fine-grained materials // 

Scripta Materialia. 1996. Vol. 35. № 2. P. 143–146. 

DOI: 10.1016/1359-6462(96)00107-8. 

 

Компьютерное прогнозирование разрушения цилиндрической заготовки  

из магниевого сплава в процессе равноканального углового прессования 
 

Волкова Елена Павловна1, младший научный сотрудник  

Научно-исследовательского института физики перспективных материалов 

Худододова Ганджина Дастамбуевна2, младший научный сотрудник  

Научно-исследовательского института физики перспективных материалов 

Боткин Александр Васильевич3, доктор технических наук,  

профессор кафедры материаловедения и физики металлов 

Валиев Руслан Зуфарович*4, доктор физико-математических наук, профессор,  

директор Научно-исследовательского института физики перспективных материалов 

Уфимский университет науки и технологий, Уфа (Россия) 
 

*E-mail: ruslan.valiev@ugatu.su 1ORCID: https://orcid.org/0009-0004-7183-4077 
2ORCID: https://orcid.org/0000-0002-1273-8518 
3ORCID: https://orcid.org/0000-0001-9522-280X 
4ORCID: https://orcid.org/0000-0003-4340-4067 

 

 
Поступила в редакцию 03.05.2024 Пересмотрена 18.09.2024 Принята к публикации 21.10.2024 

 

Аннотация: Основной сложностью в использовании магниевых сплавов, применяемых в медицине в качестве 

биоразлагаемых материалов, является труднодеформируемость, что, в свою очередь, приводит к частым разруше-

ниям образцов во время интенсивной пластической деформации. В работе показано, что температурный режим 

равноканального углового прессования (РКУП) магниевого сплава системы Mg–Zn–Ca, обеспечивающий дефор-

мирование образцов без разрушения, возможно определять по результатам конечно-элементного компьютерного 

моделирования напряженно-деформированного состояния заготовки, расчета поврежденности сплава c использо-

ванием модели Кокрофта – Лэтэма и прогнозирования области разрушения образца. Моделирование показало, что 

поверхностная область заготовки, примыкающая при РКУП к внутреннему углу матрицы, является областью воз-

можного разрушения магниевого сплава. Значение поврежденности сплава при РКУП в этой области при 

T=350 °C меньше 1, что соответствует неразрушению металла. Для верификации результатов компьютерного мо-

делирования выполнено физическое моделирование РКУП, получены заготовки без признаков разрушения. Про-

изведено исследование механических свойств магниевого сплава Mg–1%Zn–0,06%Ca до и после обработки РКУП 

по выбранному режиму: предел прочности повысился на 45 %, твердость увеличилась на 16 %, при этом пластич-

ность повысилась на 5 %. 

Ключевые слова: магниевые сплавы; напряженно-деформированное состояние; конечно-элементное компьютерное 

моделирование; поврежденность сплава; равноканальное угловое прессование; микротвердость; предел прочности. 
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Abstract: The authors have studied for the first time the phase composition, microhardness and fine structure of  

the VT23 (α+β)-titanium alloy, with stable and metastable β-phase, after torsional deformation in a Bridgman chamber 

under a pressure of 4 GPa at room temperature. It has been found that the alloy microhardness, depending on the true de-

gree of deformation under high hydrostatic pressure, changes along a curve with a maximum. The role of stress-induced 

βm→α" martensitic transformation in the formation of alloy structure, and microhardness under high-pressure torsion was 

revealed. The highest microhardness of the alloy with stable β-phase was 395 HV 0.05, and with metastable – 

470 HV 0.05. At the same time, the maximum microhardness of metastable alloy, compared to stable alloy, was shifted to 

the region of lower true strain е=2.6. Using X-ray diffraction analysis, and transmission electron microscopy methods, 

made it possible to trace the evolution of alloy structure under high-pressure deformation consisting in grinding of α-, and 

α"-phase plates compared to the quenched state, as well as in the development of deformation βm→α", and α"→βm mar-

tensitic transformations. An increase in the degree of deformation by high-pressure torsion to е=7.7...7.9, regardless of  

the deformation stability of the β-phase, leads to a decrease in the alloy microhardness to a level of 185...205 HV 0.05. 

This is associated with the development of the dynamic recrystallisation process, and the formation of equiaxed α-phase 

nanoparticles with a size of 20...50 nm. The differences in the loading-unloading curves revealed by kinetic indentation, 

corresponded to the nature of the change in the VT23 alloy microhardness, depending on the quenching temperature and 

the true deformation degree. 

Keywords: VT23 titanium alloy; phase composition; Bridgman chamber; high-pressure torsion; true deformation de-

gree; metastable β-phase; martensitic transformations. 
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INTRODUCTION 

The strength of titanium alloys for structural purposes 

can be effectively increased by means of thermomechanical 

treatment, using methods of severe plastic deformation 

(SPD), or “megaplastic deformation” (MD) [1–3]. The high 

level of strength properties of these materials while main-

taining a sufficient reserve of plasticity and ductility, is 

determined by the formation of an ultrafine-grained (UFG) 

or nanocrystalline microstructure, with predominantly high-

angle grain boundaries (HAB) under intense deformation [3]. 

Among the known SPD methods, such as equal channel 

angular pressing, multi-axial isothermal forging, accumula-

tive pack rolling with layer bonding (Accumulative Roll 

Bonding – ARB process), allowing increasing significantly 

the strength properties of metallic materials, due to the for-

mation of UFG, and nanocrystalline structure while main-

taining sufficient plasticity [4], the method of torsion 

(shear) under pressure has become widespread. Such de-

formation treatment, with the imposition of high hydrostatic 

pressure, due to the implementation of the “softest” stress-
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strain state, allows achieving very high true deformation 

degrees (e≈8) without destroying the samples [5; 6].  Ac-

cording to the data of [4], high-pressure torsion at room 

temperature allows increasing significantly the tensile 

strength of VT1-00 pure titanium, and Ti–6Al–4V (VT6) 

alloy to the level of σu=1200 MPa and σu=1750 MPa, 

respectively due to the creation of an UFG and nanocrys-

talline structure with a grain size of up to 80–100 nm. To 

achieve the best combination of strength and plastic 

properties of titanium, and its alloys after SPD torsion 

under pressure, it is advisable to use additional short-

term low-temperature annealing at temperatures of 300–

400 °C. In a number of titanium alloys, after high-

pressure torsion, as a result of β→ω- and partial α→ω-

transitions, the formation of an embrittling ω-phase 

characteristic of high-pressure deformation in an amount 

from tenths to tens of percent was recorded, and the pos-

sibility of developing a reverse ω→α-transformation 

during SPD was found [7; 8]. 

In [9], when studying the features of phase and structu-

ral transformations in metastable titanium alloys under SPD 

conditions, it was found that during high-pressure torsion of 

the metastable Ti-5553 alloy (Ti–5Al–5V–5Mo–3Cr),  

the grain microstructure refinement to d<50 nm is achieved, 

due to the crushing of the initial β-grains by plates of the 

forming stress α"-martensite. When high (critical) defor-

mation degrees are reached, the β-phase is stabilised, with 

respect to the formation of deformation martensite and  

the reverse α"→β-martensite transformation develops.  

The authors of [10] revealed a change in the shape and dis-

persion of strengthening precipitates, as well as an increase 

in the microhardness of the aged metastable Ti–15Mo alloy 

after high-pressure torsion deformation, compared to  

the undeformed state. Formation of stress-assisted α"-mar-

tensite in titanium alloys with deformation-metastable  

β-phase, activates the processes of dispersion hardening, 

and promotes additional strengthening during subsequent 

annealing (aging) [3]. 

One should note that a comparative study of the ef-

fect of SPD in Bridgman anvils, on the structure and 

mechanical properties of domestic two-phase titanium 

alloys in a stable and metastable state has not been pre-

viously conducted. 

The aim of the work is to study the effect of the accu-

mulated degree of deformation by compression and torsion 

under pressure on the microhardness, phase composition 

and fine microstructure of the domestic two-phase VT23 

alloy in a stable and metastable state with respect to plastic 

deformation. 

METHODS 

The initial material was two-phase VT23 titanium 

alloy (Ti–5Al–5V–2Mo–Cr) produced by PJSC VSM-

PO-AVISMA Corporation (Russia). The chemical compo-

sition of the VT23 titanium alloy was determined using  

a NITON XL2 980 GOLDD X-ray fluorescence spectrome-

ter (Table 1), and complied with OST1 90013-81. 

The blanks of VT23 titanium alloy in the as-delivered 

condition after annealing at 750 °C, were quenched from 

temperatures of 800 and 860 °C in water, in order to form 

different β-phase stability, since according to the data [11; 

12], after quenching from 800 °C, the β-phase is in a state 

stable with respect to mechanical loading, and after quench-

ing from 860 °C, it is in a metastable state. 

The process of intensive plastic (megaplastic) defor-

mation of monolithic samples of VT23 titanium alloy 

with a height of 0.5 mm and a diameter of 10 mm, was 

carried out at room temperature in a Bridgman chamber 

by compression, under a pressure of 4 GPa followed by 

torsion. Steel anvils with a contact pad diameter of 

10 mm were used in the work. Torsion under a pressure 

of 4 GPa was carried out with the lower anvil rotating at 

a speed of ω=0.3 rpm. The rotation angle φ varied within 

the range from 0 to 1080° (0...3 revolutions). The true 

accumulated deformation was estimated using the rela-

tionship given in [13]: 
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where φ is the rotation angle during torsion;  

r is the disk radius;  

h0 is the initial disk thickness;  

hК is the disk thickness after deformation. 

Kinetic microindentation was performed on a Fischer-

scope HM2000 XYm measuring system (Germany), using  

a Vickers indenter and WIN-HCU software at a maximum 

load of 0.005 N. The measurement error did not exceed 

2 %. The measurements were taken at the middle of  

the sample radius. X-ray phase analysis of the samples was 

performed on a DRON-3 diffractometer in Co-Kα radiation, 

in the angle range of 25–105° with a step of 0.05°. Electron 

microscopic analysis of the microstructure of VT23 titani-

um alloy was carried out by transmission electron micro-

scopy (TEM) on a JEOL JEM-2100 plus microscope (Japan) 

at an accelerating voltage of 80 keV. Preparation of thin 

foils for research included cutting out blanks 300...500 µm 

 

 

 
Table 1. Chemical composition of the VT23 alloy, wt. % 

Таблица 1. Химический состав сплава ВТ23, мас. % 

 

 

Element Ti V Al Mo Cr Fe Si Zr 

Content 85.870 4.780 4.855 1.865 1.305 0.800 0.150 0.025 

 

 

30 Frontier Materials & Technologies. 2024. No. 4



Gladkovsky S.V., Pilyugin V.P., Veselova V.E. et al.   “Phase composition, structure and microhardness of the VT23 titanium alloy…” 

 

thick, with a thin abrasive disk under water cooling condi-

tions, mechanical processing to a thickness of 100 µm, and 

subsequent electropolishing in a methyl electrolyte at  

a temperature no higher than −50 °C. 

 

RESULTS 

The microhardness of the VT23 alloy after quenching from 

temperatures of 800 and 860 °C was 132 HV 0.05 and 

48 HV 0.05, respectively (Fig. 1). As can be seen from Fig. 1, 

the microhardness of the VT23 alloy samples, depending on 

the degree of true plastic deformation e in Bridgman anvils, 

changes along a curve with a maximum. A significant increase 

in the alloy microhardness, compared to the initial state, occurs 

already at the initial stage of deformation at a value of e=1.5 

under compression, under a pressure of 4 GPa without torsion. 

In this case, the microhardness of the sample of the alloy with 

a metastable β-phase, quenched from a temperature of 860 °C, 

grows more intensively compared to the alloy with a stable  

β-phase after quenching from 800 °C and reaches a maximum 

(470 HV 0.05), at a true deformation of e=2.6. The maximum 

microhardness of the alloy with a stable β-phase (395 HV 0.05) 

is observed after torsion under pressure upon reaching a higher 

degree of true deformation е=5.4. The microhardness of  

the alloy, regardless of the quenching temperature, and accor-

dingly, the deformation stability of the β-phase at the maxi-

mum degree of true deformation е=7.7…7.9, is approximately 

at the same level – 185…205 HV 0.05.  

The loading – unloading curves of the samples of  

the alloy with a stable and metastable β-phase, in the ini-

tial state, have characteristic differences (Fig. 2). At de-

formation degrees from е=1.6 to 4.5…4.7, the loading 

curve of the alloy with a metastable β-phase, has  

a smoother increase in stress with deformation, which is 

associated with the martensitic transformation. Further, 

with an increase in the degree of true deformation from 

e=5.2...5.4 to 7.7...7.9, the difference in the position of the 

curves gradually decreases, and at a degree of deformation 

of 7.7...7.9 they practically coincide, which is associated 

with the stabilisation of the β-phase.  

The quantitative phase composition of the studied 

samples is given in Table 2. X-ray phase analysis showed 

that after deformation the alloy has a three-phase 

(α+β+α") state (α-phase with a hcp lattice, β-phase with  

a bcc lattice and α''-phase with orthorhombic lattice), and 

the ω-phase, the formation of which is possible at pres-

sures above 2 GPa, was not recorded in the diffraction 

patterns in the angle range of 20…105° (Fig. 3). As can be 

seen from Fig. 3, the lines of the α-phase (100), (110), 

(112) broaden as the deformation degree increases, and 

their intensity decreases, which indicates the refinement of 

α-crystallites, and the presence of internal microstresses as 

a result of plastic deformation. A redistribution of the in-

tegral intensities between the X-ray peaks of the α/α"- and 

β-phase is also observed, which indicates both the texture 

formation, and the phase transformation of the metastable 

phase βm→α". 

The study of the fine microstructure of the alloy, 

quenched from 800 °C by the TEM method (Fig. 4), re-

vealed the presence of α-plates with a thickness of 

150...250 nm located in the β-matrix, corresponding to  

the crystallographic relationship [110]β || [001]α. Reflec-

tions from the α"-phase formed in the β-matrix during 

quenching were also revealed in the microdiffraction pat-

terns of the quenched samples. Thin and distinct inter-

phase boundaries indicate a high degree of coherence of 

these phases. After quenching from a temperature of 

860 °C, a complex tweed contrast was found when study-

ing the β-matrix (Fig. 4 b), which indicates a reduced sta-

bility of the β-phase with respect to martensitic transfor-

mations caused by stress. 

TEM study of the microstructure of the VT23 alloy, 

quenched from 800 °C after SPD with a degree of e=1.6, 

showed the presence of fragments of the initial α-phase 

plates of varying thickness from 50 to 250 nm with β-phase 

interlayers (Fig. 5 a). The plates have an irregular shape, 

 

 

 

 
 

Fig. 1. Effect of true deformation degree e during torsion under pressure  

on the VT23 alloy microhardness 

Рис. 1. Влияние истинной степени деформации е в процессе кручения под давлением 

на микротвердость сплава ВТ23 
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 e f 

       

 g h 

Fig. 2. Loading – unloading curves of VT23 alloy samples after various degrees of deformation under pressure: 

a – without deformation; b – e=1.6; c – e=2.5…2.6; d – e=3.5…3.7; e – e=4.5…4.7; f – e=5.2…5.4; g – e=6.4…6.6; h – e=7.7…7.9 

Рис. 2. Кривые нагружения – разгружения образцов сплава ВТ23 при различных степенях деформации под давлением: 

a – без деформации; b – e=1,6; c – e=2,5…2,6; d – e=3,5…3,7; e – e=4,5…4,7; f – e=5,2…5,4; g – e=6,4…6,6; h – e=7,7…7,9 
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Table 2. Phase composition of the VT23 titanium alloy [11] 

Таблица 2. Фазовый состав титанового сплава ВТ23 [11] 

 

 

Heat treatment conditions α, % β/βm, % α", % 

Quenching at 800 °C 32 50 18 

Quenching at 860 °C 7 8 85 

 

 

 

strongly distorted areas and a high density of the dislocation 

structure. This indicates their deformation origin, resulting 

from deformation fragmentation of structural elements.  

In the sample quenched from a temperature of 860 °C with  

a metastable β-phase, the processes of deformation by com-

pression under pressure, with a degree of е=1.6 are characte-

rised mainly by phase transformations, caused by deformation 

of the metastable phase βм→α" (Fig. 5 b). The TEM structure 

is represented by fragments of plates of the initial α-phase with 

a thickness of 50...250 nm, as well as by more dispersed parti-

cles of α"-martensite (stress) (Fig. 5 b). 

In the electron diffraction patterns of the samples, de-

formed with a degree of е=7.7...7.9, a significant number of 

reflections located along the circumference are observed 

(Fig. 6, 7), which indicates the presence of multiple crystalline 

orientations associated with grain refinement. The presence 

of an insignificant amount (up to 5 %) of the high-pressure 

ω-phase, which was not detected by the X-ray phase analy-

sis method, was recorded. A TEM study of the microstruc-

ture of the alloy quenched from 800 °C after deformation, 

with a degree of e=7.7, revealed the presence of equiaxed 

grains with a weak dislocation contrast, with a diameter of 

20…30 nm and smaller grains up to 20 nm of irregular 

shape, with a characteristic banded contrast (Fig. 6). In the 

TEM images of the alloy quenched from 860 °C, larger 

homogeneous particles, and particles with a banded contrast 

with a size of 30…50 nm were recorded (Fig. 7). 

 

DISCUSSION 

The difference in the nature of the curves of microhard-

ness change, depending on the degree of deformation of the 

samples after quenching, from temperatures of 800 and 

860 °C (Fig. 1 a), can be explained by their phase composi-

tion (Table 2). Thus, the smoother nature of the growth of 

microhardness of the sample quenched from 800 °C is as-

sociated with a gradual increase in the density of disloca-

tions in the alloy crystalline structure, the refinement of  

the α-phase plates and athermal α"-martensite. In accord-

ance with the Hall–Petch dependence, smaller grains con-

tribute to an increase in microhardness [14]. An increase in 

the amount of athermal α"-martensite, which has a more 

dispersed microstructure compared to the initial α-phase 

[11], in the sample quenched from a temperature of 860 °C, 

contributes to a more active growth of microhardness, since 

the large surface area of the martensite plates compared to 

large α-phase plates, allows them to interact with a large 

number of dislocations, creating obstacles to their move-

ment, and increasing the strengthening effect [15]. More-

over, the β-phase in the alloy quenched from a temperature 

of 860 °C, which is in a metastable state, with respect to 

mechanical loading [12], undergoes a martensitic transfor-

mation β→α" during torsional deformation with the for-

mation of stress-induced martensite, which increases  

the alloy microhardness. It should also be noted that  

the crystalline structure of athermal martensite, as well as 

stress-induced martensite, is strongly distorted compared to 

the initial α- and β-phases, which leads to a high dislocation 

density and internal stresses (Fig. 4). 

The softening of the alloys in a stable and metastable state 

after quenching from 800 and 860 °C is associated with  

the process of low-temperature dynamic, recrystallisation oc-

curring at high degrees of plastic deformation, described in [2]. 

The Vickers microhardness decreases due to a decrease in  

the dislocation density, and the formation of equiaxed grains. 

The sharp difference in the loading-unloading curves of  

the initial samples (Fig. 2 a) can be explained by the presence 

of a metastable βm-phase. Metastable phases can have a high 

resistance to initial deformation, which leads to a longer load-

ing curve before the onset of significant plastic flow [16] 

(Fig. 2 a). The coincidence of the loading-unloading curves at 

a deformation degree of 7.7...7.9, indicates that the processes 

of decomposition of metastable phases and dynamic recrystal-

lisation were fully realised (Fig. 2 h). 

Analysis of TEM images at deformation degrees of 

7.7...7.9 (Fig. 6, 7) showed that the formation of equiaxed 

grains without deformation contrast, is associated with low-

temperature dynamic recrystallisation of the α phase, described 

in [2; 17]: the formation of high-angle boundaries during de-

formation, leads to the appearance of new grains by the con-

tinuous recrystallisation mechanism, i. e. due to the increase in 

the misorientation of sub-boundaries. Particles with banded 

contrast, according to [5], are deformation fragments, formed 

during the subsequent deformation of recrystallised grains.  

The larger size of recrystallised grains in the alloy quenched 

from 860 °C is associated with the fact that the processes of 

low-temperature dynamic recrystallisation of the alloy in  

the deformation-metastable state, occurred more completely 

during torsional deformation under pressure.  

Therefore, based on the conducted study, the authors re-

vealed the extreme nature of the change in the VT23 alloy 

microhardness, with an increase in the true degree of tor-

sional deformation under pressure associated with  

the gradual development of the processes of the structure 

dispersion, and subsequent dynamic recrystallisation, as 

well as differences in the level of microhardness maximum, 

and the corresponding degrees of deformation for the alloy 

with a stable and deformation-metastable β-phase. 
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 a b 

Fig. 3. Diffraction patterns of VT23 alloy samples: 

a – after quenching from 800 °C and torsional deformation under pressure;  

b – after quenching from 860 °C and torsional deformation under pressure 

Рис. 3. Дифрактограммы образцов сплава ВТ23: 

a – после закалки от 800 °C и деформации кручением под давлением;  

b – после закалки от 860 °C и деформации кручением под давлением 

 

 

 

     
a 

     

b 

Fig. 4. TEM image of the microstructure of VT23 alloy after quenching: a – from 800 °C; b – from 860 °C  

Рис. 4. ПЭМ-изображения микроструктуры сплава ВТ23 после закалки: a – от 800 °C; b – от 860 °C  
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b 

Fig. 5. TEM images of VT23 titanium alloy:  

a – after quenching from 800 °C and SPD, e=1.6; b – after quenching from 860 °С and SPD, e=1.6 

Рис. 5. ПЭМ-изображения титанового сплава ВТ23:  

a – после закалки от 800 °C и ИПД, e=1,6; b – после закалки от 860 °С и ИПД, e=1,6 

 

 

 

     

 

Fig. 6. TEM images of VT23 titanium alloy after quenching from 800 °C and torsion under pressure, е=7.7. 

The solid line highlights α-phase equiaxed particles with weak dislocation contrast,  

and the dotted line highlights those with banded contrast 

Рис. 6. ПЭМ-изображения титанового сплава ВТ23 после закалки от 800 °С и кручения под давлением, е=7,7. 

Сплошной линией выделены равноосные частицы α-фазы со слабым дислокационным контрастом,  

пунктирной – с полосчатым контрастом 
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b 

Fig. 7. TEM images of VT23 titanium alloy after quenching from 860 °C and torsion under pressure, е=7.9. 

The solid line highlights α-phase equiaxed particles with weak dislocation contrast,  

and the dotted line highlights those with banded contrast 

Рис. 7. ПЭМ-изображения титанового сплава ВТ23 после закалки от 860 °С и кручения под давлением, е=7,9. 

Сплошной линией выделены равноосные частицы α-фазы со слабым дислокационным контрастом,  

пунктирной – с полосчатым контрастом 

 

 

 

CONCLUSIONS  

A nonlinear dependence of the alloy microhardness on 

the degree of true high-pressure torsional deformation was 

found. The maximum level of microhardness of samples 

quenched from temperatures of 800 and 860 °C was 

395 HV 0.05 and 470 HV 0.05 at a deformation of 5.3 and 

2.6, respectively. The increase in the microhardness of  

the sample quenched from 800 °C is associated with an in-

crease in the dislocation density in the initial α- and β-phases, 

and refinement of the structural components. The greatest 

increase in the microhardness of the sample quenched from  

a temperature of 860 °C is associated with the intense 

strengthening of athermal α"-martensite and the phase trans-

formation of metastable phases according to the schemes 

βm→α" and α"→βm. The subsequent softening of the alloy 

in the deformation range of е>5.4 for the sample quenched 

from 800 °C, and е>2.6 for the sample after quenching from 

860 °C, estimated by the decrease in microhardness, occurs 

as a result of low-temperature dynamic recrystallisation of 

the α-phase. At the maximum value of the true deformation 

degree е=7.7...7.9, regardless of the quenching temperature, 

the alloy microhardness differed insignificantly, and corre-

sponded to the level of 185...205 HV 0.05. 

Using X-ray phase analysis, it was shown that during 

deformation in a Bridgman chamber, the alloy retains  

a three-phase (α+β+α") composition, at the degree of de-

formation from е=1.6 and more, there is a refinement of  

α- and α"-plates, as well as a phase transformation –  

the βm-phase decomposition during quenching from 860 °C 

according to the scheme βm→α".  

At the deformation degree of e=1.6, a fragmentation of 

the α and α" plates occurs, as well as an increase in disloca-

tion contrast. In a sample with a metastable βm-phase 

(quenching from 860 °C), it decomposes with the formation 

of dispersed needles of α"-stress martensite. An increase in 

the deformation degree to e=7.7…7.9 leads to the formation 

of equiaxed α-particles with a size of 20…30 nm (quench-

ing from 800 °C), and 30…50 nm (quenching from 860 °C) 

due to the processes of low-temperature dynamic recrystal-

lisation and deformation fragments with a banded contrast. 
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Аннотация: Впервые изучены фазовый состав, микротвердость и тонкая структура (α+β)-титанового сплава 

ВТ23 со стабильной и метастабильной β-фазой после деформации в камере Бриджмена кручением под давлением 

4 ГПа при комнатной температуре. Установлено, что микротвердость сплава в зависимости от истинной степени 

деформации в условиях высокого гидростатического давления меняется по кривой с максимумом. Выявлена роль 

инициированного напряжением βм→α" мартенситного превращения в формировании структуры и микротвердо-

сти сплава при кручении под давлением. Наибольшая микротвердость сплава со стабильной β-фазой составила 

395 HV 0,05, а с метастабильной – 470 HV 0,05. При этом максимум микротвердости метастабильного сплава по 

сравнению со стабильным был смещен в область меньшей истинной деформации е=2,6. Использование методов 

рентгенофазового анализа и просвечивающей электронной микроскопии позволило проследить эволюцию струк-

туры сплава при деформации под давлением, заключающуюся в измельчении по сравнению с закаленным состоя-

нием пластин α- и α"-фаз, а также в развитии деформационных βм→α" и α"→βм мартенситных превращений. 

Увеличение степени деформации кручением под давлением до е=7,7...7,9 независимо от деформационной ста-

бильности β-фазы приводит к снижению микротвердости сплава до уровня 185…205 HV 0,05, что связано с разви-

тием процесса динамической рекристаллизации и формированием равноосных наночастиц α-фазы размером 

20…50 нм. Выявленные при кинетическом индентировании различия в кривых нагружения – разгружения соот-

ветствовали характеру изменения микротвердости сплава ВТ23 в зависимости от температуры закалки и степени 

истинной деформации. 

Ключевые слова: титановый сплав ВТ23; фазовый состав; камера Бриджмена; кручение под давлением; истин-

ная степень деформации; метастабильная β-фаза; мартенситные превращения. 
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Abstract: The process of melt dispersion on a rotating bowl is a common method for producing metal powders. It is 

difficult to study the dispersion process on real melts, including by visualisation methods. Therefore, it is proposed to 

study the influence of such factors as the jet fall height, liquid flow rate, surface wetting, and the presence of a bowl wall 

on the process of obtaining small droplets using a model liquid without crystallisation, recording the process by high-speed 

shooting. The purpose of this work is to determine the most favourable dispersion conditions, when all  

the supplied liquid turns into droplets without the formation of large droplets, additional jets leading to secondary spray-

ing. A glycerol solution in water with a viscosity equal to the viscosity of tin melt was chosen as a model liquid.  

The dispersion process was shot on a high-speed camera with a shooting frequency of 1,200 frames per second. It was 

found that when increasing the melt flow, a change in the spray mode is observed. With an increase in pressure,  

the flow and kinetic interaction of the jet with the surface of the bowl, increase, and consequently, the excess liquid, which 

is sprayed prematurely, increases. At any flow of the supplied liquid, if the liquid does not get to the centre, secondary 

spraying occurs due to the destruction of the film, on the hydraulic jump, because of the uneven radial velocity at the peak 

of the jump. When the feed height changes from 100 to 150 mm, secondary spraying in the form of droplets is observed at 

the hydraulic jump area. The number of spirals and secondary spraying affect the increase in the size of the particle frac-

tion. In the range of the jet fall height from 50 to 100 mm, an optimal process is observed, in which it is possible to obtain 

the smallest fraction. In the experiment, a tendency to improve the spraying process when increasing the bowl surface fi-

nish was observed. Due to the walls of the bowl, the path of the liquid before it leaves the bowl increases, drops flying 

above the surface of the bowl are destroyed into a film, therefore, the dispersion process improves. 

Keywords: centrifugal melt atomisation; melt dispersion on a rotating bowl; liquid flow; metal powder; hydrodynamic 

conditions; high-speed shooting.  

For citation: Zhukov E.Yu., Naurzalinov A.S., Pashkov I.N. Study of centrifugal atomisation mechanisms based on  

a simulated experiment. Frontier Materials & Technologies, 2024, no. 4, pp. 39–49. DOI: 10.18323/2782-4039-2024-4-70-4. 

 

INTRODUCTION 

Centrifugal melt atomisation (CMA) is one of the com-

mon methods for producing metal powders by dispersing 

the melt. Compared to spraying the melt with gas or water, 

CMA has a narrower range of particle sizes, which gives 

great advantages to this method in terms of yield. The es-

sence of the method is to destroy the melt under the action 

of centrifugal forces on a rotating bowl. In this case,  

the melt can be supplied to the bowl in the form of a jet, 

films, and drops [1]. In any case, a liquid film is formed on 

the surface of the bowl, which turns into drops on the edge 

of the rotating bowl. The CMA method is limited to pro-

ducing materials with a low melting point. This is mainly 

associated with the necessity to ensure that the melt wets 

the surface of the bowl, and makes it resistant to the effects of  

the melt. For high-temperature alloys, centrifugal atomisa-

tion of a rotating rod is usually used.  

The process of obtaining metal particles of a given size 

is affected by the hydrodynamic conditions of the liquid 

dispersion process, and the thermal conditions associated 

with cooling and solidification of the melt. To obtain a giv-

en powder particle size, it is necessary first to ensure  

the supply of a liquid jet to the bowl, its distribution over 

the surface and dispersion into particles of a certain size. 

Simultaneous solution of the problems of studying hydro-

dynamic and thermal processes is cumbersome and diffi-

cult, so it makes sense to study them separately. 

Analysis of literary sources on CMA shows that  

the main attention is paid to the problems of the influence 

of the liquid flow nature, the disk design and the spraying
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parameters on the fractional composition of the resulting 

powder. It is noted that the rotation speed of the bowl main-

ly determines the size of the resulting powder. To obtain 

highly dispersed powders, it is necessary to select an electric 

motor with a rotation frequency of 10,000 rpm [2; 3]. 

One of the most important parameters during spraying 

is achieving a certain liquid flow [4; 5]. During centrifu-

gal atomisation, molten metal wets the disk and flows to  

the disk periphery, where it forms a liquid torus. The in-

stability caused by the disk rotation creates small bundles 

at the disk edges, which are then thrown off the disk in 

the form of droplets. At high liquid feed rates, bundles 

may not form, and the film disintegration mode will oc-

cur [6–8]. At low liquid feed rates, droplets can form di-

rectly at or in front of the disk edge due to incomplete 

wetting of the disk [9–11]. In [12], the atomisation pro-

cess is described when the flow changes from 3 to 

10 kg/h; as the flow increases, three mechanisms of liquid 

atomisation at the bowl edge are observed: droplets, 

streamlets, and film. 

At high rotation speeds, the so-called hydraulic jump 

often occurs on the bowl [13–15]. A hydraulic jump is an 

annular jump in the flow, which manifests itself in  

a sharp increase in the melt thickness, and accordingly,  

a decrease in the radial velocity, as well as in the separa-

tion of liquid particles before reaching the edge of the 

bowl [13–15].  

In [16; 17], it is shown that there is a certain optimal 

distance from the liquid source to the bowl, at which  

the powder of the smallest fraction is obtained. If this dis-

tance is deviated, the powder size increases, or the range of 

the fractional composition of the particles expands. 

Many sources note that it is necessary to ensure good 

wettability of the bowl surface with the metal melt [18; 

19]. To achieve this, it is even proposed to use a bowl 

with a coating, the composition of which is similar to  

the composition of the sprayed material. In this case, good 

wetting was achieved [19]. For maximum wetting of  

the bowl surface with the melt during spraying, the bowl 

can be pre-tinned with the sprayed material. The bowl 

surface finish affects the adhesion of the melt. A tendency 

to improve the spraying process when increasing the bowl 

surface finish is observed. In real processes of metal dis-

persion on a rough surface, as shown in [20], metal sticks 

to the bowl surface and solidifies in the form of a torus. 

On the treated surface, the liquid film will be distributed 

over the bowl more evenly. 

The work [21] describes the effect of bowl slope angle 

on the size of the resulting particles. The higher this an-

gle, the finer the powders that can be obtained.  

The finest powder was obtained at an angle of 60–70°. 

There are no experimental data on the angle of the bowl 

inclination of 90° [21]. The work [10] shows a decrease 

in the powder fraction with a bowl with sloped wall. Due 

to the walls, the path of the liquid before it exits  

the bowl increases, and as a result, the film decreases 

closer to the bowl edge.  

Therefore, the existing experimental data or calcula-

tion models consider the influence of various factors of 

the dispersion process only on the size of the resulting 

product, the conditions for maintaining the stability of 

the process itself are not taken into account. The im-

portant role of hydrodynamic processes is noted, but 

there are no descriptions of the behaviour of a liquid jet 

when it hits a rotating bowl, turning it into a film with 

subsequent destruction into drops. The phenomenon of 

secondary dispersion of large drops and liquid frag-

ments, which have a different speed compared to  

the film on the bowl, is not considered as well. There-

fore, it is of interest to visualise the dispersion process of 

a model liquid, without taking into account the solidifi-

cation processes using high-speed shooting. 

The purpose of this work is to determine the most fa-

vourable dispersion conditions, when all the supplied liquid 

turns into drops without the formation of large drops and 

additional jets leading to secondary spraying. 

 

METHODS 

The experiments on dispersion on a rotating bowl were 

carried out with a model liquid. A glycerol solution in water 

in a ratio of 60/40 was chosen as a model liquid, the visco-

sity of which corresponded to the molten tin viscosity.  

The experiment did not take into account supercooling and 

solidification of melts in real processes. Only the hydrody-

namics of the liquid behaviour was studied. The entire pro-

cess proceeded in air. 

To carry out the experiment, a special facility was creat-

ed consisting of a high-speed rotation drive, a bowl, and  

a liquid feed device. The rotation drive was rigidly fixed to 

a massive body. The spraying bowl had a diameter of 

36 mm. Liquid was fed to the surface of the bowl through  

a 50 ml syringe. The liquid feed rate was changed using  

the pressure in the syringe, equal to 1, 2 and 4 atm, and  

the needle diameter of 0.8 and 1.5 mm. The diagram of  

the facility is shown in Fig. 1. 

The rotation speed of the bowl was chosen constant, 

equal to 10,000 rpm. The height of the liquid feed varied 

from 20 to 150 mm. The bowl slope angle was 0° and 90°. 

The experiments were carried out under conditions of 

complete wetting of the bowl surface with liquid. To obtain 

a non-wetting mode, synthetic rubber was applied to  

the spraying bowl. 

The experiment considered three types of bowls: 

smooth (the working surface of the bowl was polished with 

abrasive paper with a grain size of 800), rough (achieved 

using paper with a grain size of 40), and without processing 

(there are traces of a cutter). 

The shooting was carried out using a high-speed Casio 

EX-F1 camera at a shooting frequency of 1,200 frames per 

second. The formation of a thick film on the surface of the 

bowl, secondary formation of jets and premature atomisa-

tion of liquid were considered to be incorrect centrifugal 

atomisation conditions. 

To determine the values of the hydraulic jump radius Rj 

and the height of the liquid film H, the following equations 

were used [9]: 
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Fig. 1. Diagram of the centrifugal atomization process 

Рис. 1. Схема процесса центробежного распыления 

 

 

 

where ρ is the density of the liquid, kg/m3;  

Q is the volumetric flow rate, m3/s;  

μ is the dynamic viscosity, Pa∙s;  

ω is the rotation speed of the bowl, rad/s; 
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where r is the radius of the bowl, m;  

α is the angle of inclination of the bowl.  

 

RESULTS 

Liquid behaviour at the moment of contact  

with a rotating disk 

When liquid is in contact with a rotating bowl, a disk 

volume of liquid is formed around the jet, which then 

stretches to the periphery. When the jet hits the centre of 

the rotating bowl, a quiet stretching of the film to the pe-

riphery and spraying at the bowl edge is observed. When 

the jet deviates from the bowl centre, large fragments ap-

pear that elastically bounce off the surface forming large 

drops. Premature spraying of the liquid occurs. 

Increasing the distance to the bowl leads to a violation 

of the continuity of the jet, its disintegration into parts, and 

an increase in the probability of deviation from the centre, 

as a result – the appearance of premature spraying at the 

moment of contact with the bowl surface (Fig. 2). 

When changing the surface roughness, we can ob-

serve that the higher the purity of the bowl surface, the 

more evenly the liquid is distributed over the bowl sur-

face (Fig. 3). 

Liquid behaviour on the bowl surface  

during the steady-state rotation process 

Changing the liquid flow. Calculation of liquid flows 

for different needle diameters and pressures, as well as  

hy draulic jump radii and film thicknesses, showed that 

with an increase in melt flow from 3.96 to 42.35 kg/h, the 

hydraulic jump radius increases approximately 3 times –

 

 

 

         

 a b c 

Fig. 2. Changing the height of liquid feed from the bowl at a flow rate of 6.69 kg/h and smooth bowl processing:  

a – 20 mm; b – 50 mm; c – 150 mm 
Рис. 2. Изменение высоты подачи жидкости от чаши при потоке 6,69 кг/ч и гладкой обработке чаши:  

a – 20 мм; b – 50 мм; c – 150 мм 

Air 

Air 
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from 1.83 mm to 6 mm. At the same time, the liquid film 

height, according to calculations, increases only 2 times – 

from 0.34 to 0.62 mm (Table 1). 

With a constant supply of liquid to the bowl with  

a needle diameter of 0.8 mm (Fig. 4), and a pressure of up to 

2 atm., the formation of spirals on the surface was observed. 

Spraying occurred along the trajectory of these spirals. There 

was a shortage of liquid flow for its distribution over the en-

tire bowl surface. When the pressure exceeds 2 atm., due to 

an increase in the jet velocity, secondary spraying in the form 

of directed streams occurs to the bowl edge. 

With a needle diameter of 1.5 mm (Fig. 5) and a pres-

sure of up to 2 atm., an almost smooth film surface is ob-

served on the bowl with small spirals, and spraying is car-

ried out along the entire periphery of the bowl, and along 

the spirals. The film thickness on the surface is greater than 

with a needle diameter of 0.8 mm. With an increase in pres-

sure of more than 2 atm., there are no spirals on the surface, 

and the spraying itself is carried out only through the bowl 

edge. Thus, with an insufficient liquid flow, spiral flows are 

formed, which are sprayed on the bowl edge or up to it. 

With a sufficient flow, a continuous film of liquid is ob-

served, which is completely sprayed on the bowl edge.  

An increase in the flow leads to an increase in the film 

thickness, and therefore, the particle size.  

Changing the liquid feed height. If we change  

the height of the liquid feed to the bowl at a low flow rate 

of 6.69 kg/h, it is clear that the smaller the distance to  

the bowl, the more uniform the layer is formed on it, 

however, spirals are observed that converge at a distance 

of up to 50 mm (Fig. 6). Along the trajectory of these 

spiral formations, spraying in the form of streams can be 

observed at the bowl edge. It is assumed that the main 

spraying in this case will occur through these streams. At 

a jet feed height of 100 to 150 mm, double spraying was 

observed (Fig. 6). 

Influence of wetting of the bowl surface. Almost 

complete non-wetting of the surface was achieved 

(Fig. 7). During the experiment, various options for 

treating the bowl surface were tested: applying oil, wax

 

 

 

     

 a b 

Fig. 3. Changing the surface roughness at a flow rate of 6.69 kg/h and a distance to the bowl of 50 mm:  

a – a smooth bowl; b – a bowl without treatment 

Рис. 3. Изменение шероховатости поверхности при потоке 6,69 кг/ч и расстоянии до чаши 50 мм:  

a – гладкая чаша; b – чаша без обработки 

 

 

 
Table 1. Calculation of liquid parameters during centrifugal atomization 

Таблица 1. Расчет параметров жидкости при центробежном распылении  

 

 

Needle diameter,  

mm 

Pressure,  

atm. 

Flow rate,  

kg/h 

Hydraulic jump radius,  

mm 

Film height,  

mm 

0.8 

1 3.96 1.83 0.34 

2 6.69 2.38 0.39 

4 9.25 2.80 0.42 

1.5 

1 21.18 4.24 0.52 

2 34.45 5.40 0.59 

4 42.35 6.00 0.62 
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 a b 

Fig. 4. Changing pressure when liquid is supplied to the surface of the bowl without treatment, needle diameter is 0.8 mm:  

a – 1 atm.; b – 2 atm. 

Рис. 4. Изменение давления при подаче жидкости на поверхность чаши без обработки, диаметр иглы 0,8 мм:  

a – 1 атм.; b – 2 атм. 

 

 

 

 

     

 a b 

Fig. 5. Changing pressure when liquid is supplied to the surface of the bowl without treatment, needle diameter is 1.5 mm:  

a – 1 atm.; b – 2 atm. 

Рис. 5. Изменение давления при подаче жидкости на поверхность чаши без обработки, диаметр иглы 1,5 мм:  

a – 1 атм.; b – 2 атм. 

 

 

 

 

         

 a b c 

Fig. 6. Changing the distance from the needle to the smooth surface of the bowl: 

 a – 50 mm; b – 100 mm; c – 150 mm 

Рис. 6. Изменение расстояния от иглы до гладкой поверхности чаши:  

a – 50 мм; b – 100 мм; c – 150 мм 
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and other materials, that were not wetted by the experi-

mental solution. However, at bowl rotation speeds of 

10,000 rpm, the model liquid washed away the applied 

layers. In our case, with a constant supply of liquid 

through a 0.8 mm diameter needle, a decrease in the 

number and size of spirals is observed on the non-wetted 

surface. Only after 4 atm., premature spraying of liquid 

through streams occurs at the moment of liquid entry, 

and these streams are not formed immediately after the 

start of liquid supply to the bowl (Fig. 8). 

Changing the bowl geometry. Experiments were car-

ried out with a 0.8 mm diameter needle. On the smooth 

surface of the bowl, the liquid is distributed more evenly, 

and the film becomes thinner, unlike the bowl without 

treatment. The nature of the spirals and streams remain 

unchanged when the pressure changes for these types of 

bowls (Fig. 9). If the surface roughness is increased by 

coarse abrasive treatment, then the spraying process de-

teriorates, both at the initial moment of contact of  

the liquid with the bowl and during the steady-state pro-

cess (Fig. 10). It is obvious that the rough surface of  

the bowl introduces strong disturbances into the liquid 

flow, leading to its destruction in the form of streams 

and drops of different sizes. 

In the absence of sloped wall, secondary spraying is ob-

served in the form of drops that fly at an angle to the sur-

face of the bowl. The bowl slope angle of 90° ensures  

the distribution of large streams and drops of liquid that fall 

as a result of secondary spraying over its surface, and their 

spraying on the edge of the bowl. Thus, the proportion of 

secondary spraying decreases in the presence of sloped 

wall, and the process becomes more stable. 

With a needle diameter of 1.5 mm, the size of the film 

sprayed from a bowl with sloped wall decreases, in contrast 

to a bowl without sloped wall. On the surface of the bowl,  

a liquid film is formed similarly to a bowl without sloped 

wall (Fig. 11). 

 

DISCUSSION 

Liquid behaviour at the moment of contact  

with a rotating disk 

When a jet hits the centre of a rotating bowl, the liquid 

enters a region with zero radial velocity. It spreads over 

the bowl surface with a constant increase in velocity as it 

moves away from the centre. When the jet hits at some 

distance from the centre, part of the liquid spreads over

 

 

 

 
 

Fig. 7. A drop of water on a non-wetted surface 

Рис. 7. Капля воды на несмачиваемой поверхности 

 

 

 

     

 a b 

Fig. 8. Changing pressure when supplying to a non-wetted surface of a bowl:  

a – 1 atm.; b – 4 atm. 

Рис. 8. Изменение давления при подаче на несмачиваемую поверхность чаши:  

a – 1 атм.; b – 4 атм. 
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 a b 

     

 c d 

Fig. 9. Changing the pressure of the liquid supplied to the bowl:  

a – 1 atm., smooth bowl surface; b – 1 atm., untreated bowl surface;  

c – 2 atm., smooth bowl surface; d – 2 atm., untreated bowl surface 

Рис. 9. Изменение давления подаваемой жидкости на чашу:  

a – 1 атм., гладкая поверхность чаши; b – 1 атм., поверхность чаши без обработки;  

c – 2 атм., гладкая поверхность чаши; d – 2 атм., поверхности чаши без обработки 

 

 

 

     

 a b 

Fig. 10. Changing the pressure of the liquid supplied to the rough bowl surface: a – 1 atm.; b – 2 atm. 

Рис. 10. Изменение давления подаваемой жидкости на шероховатую поверхность чаши: a – 1 атм.; b – 2 атм. 

 

 

 

the bowl surface, and part elastically bounces off in  

the form of large fragments that have a lower speed than the 

particles from the edge of the bowl have. This part of the liquid 

does not disperse into small droplets due to a lack of energy. It 

can be assumed that such premature spraying can lead to  

the appearance of large powder particles during melt spraying. 

Literary sources do not provide a division of the pro-

cess into the initial (the moment the jet touches the bowl) 

and steady-state. This is mainly related to the fact that the 

fractional composition of the resulting powder is usually 

used to evaluate the spraying process. In general, at  

the initial stage, all factors that play a decisive role in 
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 a b 

     

 c d 

Fig. 11. Changing the pressure and needle diameter when spraying liquid on a bowl with sloped wall:  

a – diameter is 0.8 mm, pressure is 1 atm.; b – diameter is 1.5 mm, pressure is 1 atm.;  

c – diameter is 0.8 mm, pressure is 2 atm.; d – diameter is 1.5 mm, pressure is 2 atm. 

Рис. 11. Изменение давления и диаметр иглы при распылении жидкости на чаше с бортами:  

a – диаметр 0,8 мм, давление 1 атм.; b – диаметр 1,5 мм, давление 1 атм.;  

c – диаметр 0,8 мм, давление 2 атм.; d – диаметр 1,5 мм, давление 2 атм. 

 

 

 

the steady-state process are important: the distance of  

the jet feed [16; 17], the flow rate, wetting of the bowl 

surface [19]. Increasing the height of the jet fall leads to 

its partial destruction, and the possibility of elastic reflec-

tion of part of the liquid. The appearance of large drops 

when liquid hits a rough surface is associated with strong 

disturbance, that occurs when the liquid flow hits  

the rough surface. Reducing the roughness promotes  

the formation of a stable film on the bowl surface. 

Liquid behaviour on the bowl surface  

during the steady-state rotation process 

Changing the liquid flow. One of the important con-

ditions for liquid dispersion from the bowl edges is  

the correspondence of its flow to the conditions for  

the formation of a continuous layer on the bowl surface. 

Otherwise, sources of secondary spraying appear. De-

pending on the flow, and the distance to the bowl,  

a hydraulic jump in the form of a ring of liquid is 

formed. At the hydraulic jump, the film ruptures due to 

excess liquid and then develops into jets, which corre-

sponds to the data of work [10]. At any liquid flow, if it 

does not enter the centre, secondary spraying occurs 

caused by the film destruction at the hydraulic jump, due 

to the uneven radial velocity at the peak of the jump. 

In the literature, there are no descriptions of the for-

mation of spiral flows on the bowl surface. Their for-

mation is obviously associated with a lack of liquid to fill 

the entire surface of the bowl. In this case, the liquid 

should have spread into a very thin layer, so the surface 

tension led to the formation of spiral flows. In this case, 

spraying was always observed at the exit of the spirals to 

the edge of the bowl. It was mostly in the form of droplet 

spraying. As the flow increases, the liquid is “stretched” 

over the surface of the bowl with spraying along its entire 

perimeter. As the flow increases and a continuous layer of 

liquid forms on the surface of the bowl, the spraying shifts 

towards jet and film spraying. This is in good agreement 

with the literature [12]. 

Influence of wetting of the bowl surface. Despite  

the indication in [18; 19] of the need to wet the bowl sur-

face with the melt, the model experiment failed to reveal 

any specific patterns in the behaviour of the liquid on  

the bowls under conditions of complete wetting and non-

wetting. The experiment on the coated bowl showed con-

tradictory data that require additional research. This may 

have resulted from the destruction and detachment of  

the applied barrier layer. 

Changing the bowl geometry. As the results of process 

visualisation showed, the presence of sloped wall on  
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the edge of the bowl is necessary to achieve a stable spray-

ing process. This is in good agreement with the results of 

[10; 21]. Although the sources describe experiments on 

bowl slope angle of 60–70°, the use of bowl slope angle of 

90° also proved to be effective. The experiment confirmed 

that the presence of sloped wall increases the distance that 

the liquid travels before spraying [10], but this, in our opi-

nion, is not the main advantage of having sloped wall on  

the bowl. The main advantage is that the liquid droplets 

flying at an angle to the bowl surface as a result of prema-

ture spraying can be distributed along the sloped wall, and 

then sprayed in the form of small droplets through its edge. 

This can be of particular importance when the bowl surface 

is poorly wetted by the liquid. 

Changing the liquid feed height. Changing the jet 

fall height within 20–150 mm has a significant effect on  

the occurrence of secondary spraying. There is an optimal 

height of liquid jet feed, which is in good agreement with 

the literature data [11]. In our experiment, the optimal range 

for stable spraying of the model liquid was 50–100 mm.  

A too high jet fall height leads to its premature destruction 

into smaller jets and droplets, which, if they do not hit the 

exact centre of the bowl, elastically bounce off causing se-

condary spraying of large particles. When the jet feed point 

approaches the bowl, it is more likely to hit its centre, 

which leads to stability of the spraying process. A too close 

location complicates the technological feasibility of imple-

menting the liquid feed. 

 

CONCLUSIONS 

1. In general, the results obtained by the model liquid 

dispersion correlate with the literature data on the process, 

and allow evaluating the behaviour of the liquid on  

the bowl surface in terms of the formation of a uniform 

dispersion front without secondary spraying. 

2. The start of the dispersion process at the moment of 

contact of the liquid jet should ensure that the jet accurately 

hits the centre of the rotating bowl; the liquid should be 

supplied from a height in the range of 50–100 mm. Other-

wise, secondary spraying sources appear. 

3. The main important parameter of the dispersion pro-

cess is the creation of a liquid flow, that ensures uniform 

coating of the bowl surface with a liquid film and spraying 

from the entire periphery of the bowl. If the flow is insuffi-

cient, liquid ruptures and the formation of spirals and jets 

occur, which are dispersed on the bowl periphery. 

4. On a smooth bowl, in contrast to a bowl without 

treatment, wettability is better and the film that forms on 

the surface is thinner. A rough bowl is the worst suited for 

spraying. 

5. On a bowl with sloped wall, a decrease in the film 

thickness at the bowl edge is observed, spraying is more 

uniform. The sloped wall also break up the jets and drops of 

liquid into a film, which is then dispersed from the edges. 

6. According to the literature, wetting should promote 

the movement of liquid within the boundary layer to  

the bowl periphery. On a model liquid under conditions of 

limited wetting, opposite results were obtained, which re-

quires additional research. 
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Аннотация: Процесс диспергирования расплава на вращающейся чаше является распространенным методом по-

лучения металлических порошков. Изучение процесса диспергирования на реальных расплавах, в том числе метода-

ми визуализации, затруднено. Поэтому влияние таких факторов, как высота падения струи, величина потока жидко-

сти, смачивание поверхности, наличие стенки у чаши, на процесс получения мелких капель предложено изучить  

с помощью модельной жидкости без кристаллизации, фиксируя процесс путем высокоскоростной съемки. Цель ра-

боты – определение наиболее благоприятных условий диспергирования, когда вся подаваемая жидкость превращает-

ся в капли без образования крупных капель, дополнительных струй, приводящих к вторичному распылению. В каче-

стве модельной жидкости выбран раствор глицерина в воде с вязкостью, равной вязкости расплава олова. Процесс 

диспергирования снимался на высокоскоростную камеру с частотой съемки 1200 кадров/с. Установлено, что при 

увеличении потока расплава наблюдается изменение режима распыления. При росте давления увеличивается поток  

и кинетическое взаимодействие струи с поверхностью чаши, а следовательно, избыток жидкости, который распыля-

ется преждевременно. При любом потоке подаваемой жидкости, если жидкость не попадает в центр, происходит 

вторичное распыление за счет разрушения пленки на гидравлическом скачке из-за неравномерной радиальной ско-

рости на пике скачка. При изменении высоты подачи от 100 до 150 мм наблюдается вторичное распыление в виде 

капель в месте гидравлического скачка. Количество спиралей и вторичное распыление влияют на увеличение разме-

ра фракции частиц. В диапазоне высоты падения струи от 50 до 100 мм отмечается оптимальный процесс, при кото-

ром можно получить наименьшую фракцию. В эксперименте наблюдалась тенденция к улучшению процесса распы-

ления при повышении чистоты обработки поверхности чаши. За счет стенок чаши увеличивается путь жидкости до 

выхода ее с чаши, разрушаются в пленку капли, летящие над поверхностью чаши, вследствие чего улучшается про-

цесс диспергирования.  

Ключевые слова: центробежное распыление расплава; диспергирование расплава на вращающейся чаше; по-

ток жидкости; металлический порошок; гидродинамические условия; высокоскоростная съемка. 
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Abstract: The use of magnetron sputtering systems with extended uncooled targets will allow developing industrial 

import-substituting technologies for the formation of thermal barrier coatings, based on zirconium oxide doped with rare 

earth metal oxides to solve urgent problems of gas turbine construction. This paper presents the results of comparing  

the technology for producing thermal barrier coatings by magnetron sputtering, with two types of extended targets made of 

Zr–8%Y alloy – a widely used cooled target and an uncooled extended target, of a magnetron sputtering system developed 

by the authors. This paper gives a comparison of the results of mass-spectrometric studies of the hysteresis of the oxygen 

partial pressure inherent in the technology for producing oxide films; the influence of the target type on the coating growth 

rate; studies of the structure of thermal barrier coatings using the scanning electron microscopy method; and the elemental 

composition of coatings based on zirconium dioxide partially stabilised with yttrium oxide – YSZ. It has been experimen-

tally found that increasing the temperature of the magnetron sputtering system target, allows decreasing the loop width of 

the characteristic hysteresis of the oxygen partial pressure dependence on its flow rate by 2 times. The obtained dependen-

cies allowed determining the range of oxygen flow rates at various magnetron discharge powers, at which the work can be 

performed with stable and sustainable process control, without the risk of falling into hysteresis. The conducted metallo-

graphic studies showed a characteristic developed porous dendritic structure of the ceramic layer, which is necessary to 

reduce the thermal conductivity coefficient of the thermal barrier coating. It has been revealed that the use of an uncooled 

target allows increasing the deposition rate of the thermal barrier coating by more than 10 times compared to the deposi-

tion rate for a cooled target. The obtained results demonstrate the possibility of using the magnetron sputtering technology 

of an extended uncooled target to form a ceramic layer of thermal barrier coatings. 

Keywords: magnetron sputtering; uncooled target; thermal barrier coatings; hysteresis phenomena; coating de -

position rate. 
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INTRODUCTION 

The problems of ensuring the reliability of aircraft gas 

turbine engines (GTE) and power gas turbine plants 

(GTP) are the most complex among the numerous prob-

lems arising in the development of modern gas turbines. 

The most important element of a gas turbine is the rotor 

blades, the material and design of which largely determine 

the service life and permissible temperature of the gas in 

front of the turbine. 

The temperatures of combustion products in gas turbines 

reach 1700 °C, therefore, thermal barrier coatings (TBC) are 

used to protect the rotor blades from high-temperature exposure. 

 

 

© Kachalin G.V., Medvedev K.S., Mednikov A.F., Zilova O.S., Tkhabisimov A.B., Ilyukhin D.I., Kasyanenko V.A., 2024 

  

Frontier Materials & Technologies. 2024. No. 4 51

https://orcid.org/0000-0000-0000-0000
https://orcid.org/0000-0000-0000-0000
https://orcid.org/0000-0000-0000-0000
https://orcid.org/0000-0000-0000-0000
https://orcid.org/0000-0000-0000-0000
https://orcid.org/0000-0000-0000-0000
https://orcid.org/0009-0000-7510-2106


Kachalin G.V., Medvedev K.S., Mednikov A.F. et al.   “On the formation of thermal barrier coatings by magnetron sputtering…” 

 

Modern thermal barrier coatings are heat-resistant 

composite coatings with a thickness of 100÷400 μm con-

sisting of two layers. The first (lower) layer is a metal 

heat-resistant binder, usually of the MеCrAlY type, 

where Mе is the γNi or Co matrix, which protects  

the substrate material from oxidation and creates an ad-

hesive pair with the second (upper) layer, – a ceramic 

heat-insulating coating consisting of rare earth metal 

oxides and having low thermal conductivity [1; 2].  

The first TBC layer protects the substrate material from 

oxidation (the coefficient of heat expansion of the layer 

can reach 16.8∙10−6 K−1 from room temperature to 

1000 °C) [3; 4]. The second layer is a heat-insulating layer 

with low thermal conductivity (about 0.8÷1.2 W/(m∙K)) 

and high resistance to thermal cycling [5].  

Among the wide range of ceramic materials, the most 

interesting one as the upper ceramic coating layer is zirco-

nium dioxide with additives of rare earth metal oxides, in 

particular stabilised with yttrium oxide – 8%Y2O3 (yttria-

stabilised zirconia, YSZ). This ceramic composition has 

low thermal conductivity, high strength, fracture toughness, 

wear resistance and heat expansion coefficient comparable 

with the metal first layer of TBC [6]. The use of YSZ is 

necessary to stabilise pure ZrO2, since its monoclinic struc-

ture transforms into tetragonal and cubic phases, when ex-

posed to high temperature leading to the development of 

stresses [7; 8]. It is noted that the monoclinic-tetragonal 

transition in ZrO2 occurs with a destructive change in vo-

lume, which hinders the manufacture and use of products 

made of pure oxide [9]. 

The most widely used methods for forming TBCs are 

electron beam evaporation and plasma deposition in air and 

vacuum. Formation of coatings in vacuum allows deposit-

ing films with high adhesion to the substrate, but requires  

a large consumption of target material with a low utilisation 

factor (0.15–0.25) [8]. In turn, the application of electron 

beam evaporation and plasma deposition in air allows form-

ing coatings with a high deposition rate and high resistance 

to thermal cycling, but it is often difficult due to the limited 

availability of materials, and the impossibility of coating 

parts with complex shapes [10; 11].  

At the same time, one can argue that, due to the deve-

lopment of magnetron sputtering technologies, this me-

thod can become an alternative to existing ones. This is 

caused by the fact that when temperatures rise above 

1300 °C, the standard YSZ material approaches certain 

limitations due to sintering, and phase transformations at 

elevated temperatures. YSZ formed during electron beam 

evaporation and plasma deposition in air consists of  

a metastable t'-phase. When exposed to elevated tempera-

tures for a long time, it decomposes into phases with high 

and low yttrium content. The latter, upon cooling, trans-

forms into a monoclinic phase with a corresponding sig-

nificant increase in volume, which ultimately leads to  

the destruction of the coating [12–14]. 

The main difficulty in implementing standard magne-

tron sputtering, with a cooled target to obtain TBCs, is  

the formation of a thin non-conducting film of an oxide 

compound on its surface during the occurrence of reactive 

processes in the presence of oxygen. Such oxide films have 

high electrical resistance, which prevents the flow of sput-

tering ion currents [15].  

The work [16] presents the results of the study of  

the temperature dependence of the specific resistance of 

ZrO2-based ceramics, which showed that in the tempera-

ture range from 500 to 1000 K, the specific resistance 

decreases, and the conductivity of the thin oxide film at  

a temperature above 1000 K is sufficient for stable com-

bustion of the magnetron discharge. Under the influence 

of heating from ion bombardment, the specific resistance 

of the YSZ oxide formed on the surface of the uncooled 

target decreases, and it can be sputtered. 

Fig. 1 shows the dependence of the growth rate of the ZrYO 

coating obtained by sputtering a zirconium target on the oxy-

gen consumption. At an oxygen consumption of more than 

3.0 units, the growth rate of the coating drops sharply due to 

the target surface oxidation. In the oxygen consumption 

range of 0–3.0 units, a “metallic mode” is realised, in which 

the deposition rate is about 4 μm/h, and opaque metallic-

colored coatings conducting electric current are formed. Such 

coatings cannot be used as TBC, since when heated in an air 

environment they burn and peel off. 

At oxygen consumption of more than 4.0 units, the “oxi-

dised mode” is realised and transparent and non-conductive 

coatings are formed, which can be used as TBC, however, 

the deposition rate of such coatings decreases sharply and is 

about 0.3 μm/h (Fig. 1). To apply a ceramic TBC layer 

50 μm thick under the conditions of the experiments, it 

would take more than 160 h, which is ineffective for indus-

trial application of ceramic TBC layers, using magnetron 

sputtering systems with a cooled target.  

The solution to the problem of TBC formation by mag-

netron sputtering can be the use of uncooled targets, heated 

to a temperature of more than 1000 °C. At these tempera-

tures, oxide films formed on the surface of an uncooled 

target have electrical conductivity, and do not hinder the 

magnetron discharge combustion. Due to the high tempera-

ture, it is possible as well to evaporate the uncooled target 

material, which creates an additional flow of atoms from 

the surface, and allows increasing the deposition rate of the 

coating [17–19]. 

The main functional property of the thermal barrier 

coating is the thermal conductivity coefficient; for YSZ 

coatings, it is the lowest among oxide systems. A further 

decrease in the thermal conductivity coefficient is 

achieved by growth methods – conditions are created for 

the growth of a porous structure in the form of feathers 

(dendrites) [20]. 

The presented analysis showed that a logical stage in  

the development of the magnetron sputtering technology, 

with a cooled target for producing TBC with a minimum 

thermal conductivity coefficient, is the transition to the use 

of a magnetron sputtering system with an uncooled target. 

This causes the necessity of comparing two types of targets, 

based on the results of experimental studies of the hystere-

sis of the oxygen partial pressure, inherent in the technolo-

gy of producing oxide films; the effect of the target type on 

the growth rate of the coating; determination of the struc-

ture, and elemental composition of YSZ thermal barrier 

coatings obtained using an uncooled target. 
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Fig. 1. Dependence of the deposition rate of the ZrYO-based coating on oxygen consumption  

at a magnetron discharge power of 5 kW (cooled target).  

Source: Kachalin G.V., Mednikov A.F., Medvedev K.S., Bychkov A.I., Zilova O.S. Study of the influence of oxygen consumption  

on the deposition rate of Zr–Y-based coatings at magnetron sputtering with a cooled target. Vakuumnaya tekhnika i tekhnologii – 2023: 

sbornik trudov 30-y Vserossiyskoy nauchno-tekhnicheskoy konferentsii s mezhdunarodnym uchastiem. Sankt-Petersburg, Sankt-

Peterburgskiy gosudarstvennyy elektrotekhnicheskiy universitet “LETI” im. V.I. Ulyanova (Lenina) Publ., 2023, pp. 108–113. EDN: GTVAVJ 

Рис. 1. Зависимость скорости осаждения покрытия на основе ZrYO от расхода кислорода  

при мощности магнетронного разряда 5 кВт (охлаждаемая мишень).  

Источник: Качалин Г.В., Медников А.Ф., Медведев К.С., Бычков А.И., Зилова О.С. Изучение влияния расхода кислорода  

на скорость осаждения покрытия на основе Zr–Y при магнетронном распылении с охлаждаемой мишенью // Вакуумная техника  

и технологии – 2023: сборник трудов 30-й Всероссийской научно-технической конференции с международным участием. СПб.: 

Санкт-Петербургский государственный электротехнический университет «ЛЭТИ» им. В.И. Ульянова (Ленина), 2023.  

С. 108–113. EDN: GTVAVJ 

 

 

 

The aim of this study is to develop a technology for  

the formation of thermal barrier coatings, based on zirconi-

um dioxide partially stabilised with yttrium oxide, using 

magnetron sputtering of an extended uncooled target. 

 

METHODS 

The coatings were formed using a vacuum unit deve-

loped at the National Research University “Moscow Power 

Engineering Institute”. Fig. 2 shows the schematic diagram 

of the process unit working volume. 

A special feature of the unit is the presence of a rotation 

system that provides the possibility of both planetary rota-

tion of the processed products and samples and rotation of 

all or separately selected items of the planetary mechanism 

in a given position, in particular, directly in front of  

the magnetron sputter target. 

The coatings were formed using a planar magnetron 

(developed by the National Research University “Moscow 

Power Engineering Institute”, Russia) with an extended 

target measuring 710×80×8 mm, made of 92%Zr–8%Y 

alloy. During the process, stainless steel samples were fixed 

on equipment that rotated directly in front of the magne-

tron. The distance from the target to the rotation axis was 

150 mm. Argon and oxygen of special purity supplied to 

the vacuum chamber using RRG-10 gas flow regulators 

were used as the process gases. 

The technological process of coating formation, includ-

ed pumping out the vacuum chamber to a pressure of 

5∙10−3 Pa combined with heating the chamber and equip-

ment, and supplying plasma-forming argon gas to perform 

ion cleaning of samples in a glow discharge in the area of 

magnetrons with cooled targets. Then the samples were 

moved to a preheated uncooled target (Fig. 3), and the coat-

ing was formed with continuous rotation of the samples in 

front of the target. 

The magnetron discharge power varied in the range from 

2.2 to 9 kW. For experiments with a cooled target, coatings 

were formed immediately after the ion cleaning stage.  

The uncooled target temperature was measured by  

a chromel-alumel thermocouple placed in a channel, drilled 

in the side end of the target so that the thermocouple junc-

tion was located near the magnetron discharge track. 

Studies of the surface microstructure and morpholo-

gy, thickness and composition of the resulting coatings, 

elemental analysis were carried out using the control 

and measuring equipment, included in the experimental 

complex of the Unique Scientific Facilities (USF) 

“Erosion-M Hydraulic Impact Test Facility” of the Na-

tional Research University “Moscow Power Engineer-

ing Institute”. 

The microstructure and morphology of the coating sur-

face were studied using a TESCAN MIRA 3 LMU high-

resolution scanning electron microscope (Tescan, Czech 

Republic) with a Schottky-electron emitter. Elemental ana-

lysis of the coatings was performed by energy-dispersive  

X-ray spectrometry, using an Oxford X Max 50 EDS 

spectrometer (Oxford Instruments, UK), mounted on  

a TESCAN MIRA 3 LMU microscope. The microstructure 

and composition of the coatings by depth were studied on 

transverse metallographic sections made using a Buehler 

GmbH sample preparation complex (Buehler, USA). 
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Fig. 2. Scheme of the technological installation for applying thermal barrier coating  

with a magnetron with an extended uncooled target: 

1 – vacuum chamber; 2 – high vacuum pumping pipe; 3 – planetary carousel;  

4 – sample; 5 – magnetron source; 6 – uncooled target;  

7 – argon supply; 8 – oxygen supply;  

9 – magnetron for ion purification of samples  
Рис. 2. Схема технологической установки нанесения  

термобарьерного покрытия магнетроном  

с протяженной неохлаждаемой мишенью: 

1 – вакуумная камера; 2 – патрубок высоковакуумной откачки;  

3 – планетарная карусель; 4 – образец; 5 – магнетронный источник;  

6 – неохлаждаемая мишень; 7 – подача аргона; 8 – подача кислорода;  

9 – магнетрон ионной очистки образцов 

 

 

 

 

a 

 

b 

Fig. 3. The appearance of the uncooled Zr–Y target:  

a – before the discharge is turned off; b – after the discharge is turned off 

Рис. 3. Внешний вид неохлаждаемой мишени Zr–Y:  

a – до выключения разряда; b – после выключения разряда  

 

 

 

The coating thickness was determined both on trans-

verse sections during surface microstructure examination 

on a TESCAN MIRA 3 LMU microscope, and by ball 

grinding using a Calotest Compact device (Anton Paar, 

Austria). The deposition rate was calculated based on  

the results of determining the thickness and time of coating 

formation.  

The composition of the atmosphere in the vacuum 

chamber was studied using a Pfeiffer Vacuum Prisma-

Plus quadrupole mass spectrometer (Pfeiffer Vacuum, 
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Germany), equipped with differential pumping. The in-

fluence of the oxygen flow rate and magnetron dis-

charge power on the partial pressure of argon and oxy-

gen was studied, using the mass-spectrometric method 

of analysing the composition of the gas atmosphere in 

the vacuum chamber cap. 

 

RESULTS 

Fig. 4 shows a typical dependence of the partial 

pressure of oxygen on its flow rate for the formation of 

an YSZ coating by magnetron sputtering with cooled 

and uncooled targets. 

It is evident that the dependences of the partial pressure 

of oxygen in the chamber on its flow rate are nonlinear with 

a pronounced hysteresis. At the same oxygen consumption, 

two values of partial pressure are observed depending on 

the direction of change in the oxygen consumption, and for 

a cooled target, the change in the partial pressure of oxygen 

is greater than for an uncooled target. 

In the case of a cooled target, with an oxygen consumption 

above 2.5 units, a sharp increase in the partial pressure of oxy-

gen was observed, which tended to saturate at a flow rate of 

more than 4.5 units (Fig. 4). This indicates a corresponding 

sharp decrease in the sputtering rate of the cooled target, due to 

the formation of an oxide film and a decrease in the number of 

sputtered zirconium and yttrium atoms that bind oxygen. With 

decreasing oxygen consumption, its partial pressure decreases, 

and with an oxygen consumption of 0.5 units, the target is 

completely cleared of the formed oxide film. 

The derivatives of the direct and inverse dependencies 

of the partial pressure of oxygen on its consumption differ 

several times. Their type depends on the holding time at 

each value of oxygen consumption, as well as the stage of 

formation or etching of the oxide film on the target surface. 

It is noted that the controllability of the formation process 

on the inverse dependence is much more stable. The partial 

pressure of oxygen increases from 0 to 32 %, with an in-

crease in oxygen consumption from 2.0 to 4.5 units, but 

decreases to 0 % with a decrease in oxygen consumption 

from 4.5 to 0.5 units. 

In turn, for an uncooled target, the obtained dependen-

cies are shifted to the region of higher oxygen consumption 

values (Fig. 4). The partial pressure begins to increase at  

an oxygen consumption of 3.5 units, which indicates a sig-

nificantly higher sputtering rate of the uncooled target. 

Thus, at an oxygen consumption of 4.0 units on a cooled 

target, the partial pressure of oxygen in the chamber was 

30 %, while on an uncooled target its value is close to zero, 

i.e. all the incoming oxygen is absorbed by the growing 

YSZ layer. The obtained dependencies for an uncooled 

target change monotonically, and the revealed maximum 

value of the partial pressure of oxygen is 1.5 times less than 

for a cooled target. 

A feature of the reverse branch of the dependence for  

an uncooled target is the presence of a section with an oxy-

gen consumption of 4.5–5.5 units, with an almost un-

changed partial pressure and a derivative value close to zero 

(Fig. 4). From the point of view of the TBC formation tech-

nology, the presence of such a section indicates that work in 

this area can be performed with stable process control, 

without the risk of falling into hysteresis. Achieving pro-

cess stability is possible with a smooth increase in oxygen 

consumption values from 0.0 to more than 7.0 units and  

a subsequent decrease to 4.5–5.5 units. 

 

 

 

 
 

 

Fig. 4. Dependence of the partial pressure of oxygen for cooled (1) and uncooled (2) targets on the oxygen consumption  

at a magnetron discharge power of 3 kW (the arrows show the direction of change in oxygen consumption) 

Рис. 4. Зависимость парциального давления кислорода для охлаждаемой (1)  

и неохлаждаемой (2) мишеней от расхода кислорода при мощности магнетронного разряда 3 кВт  

(стрелками показано направление изменения расхода кислорода) 
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Fig. 5 shows the measured dependence of the tempera-

ture of the uncooled and cooled targets on the magnetron 

discharge power. The cooled target temperature is deter-

mined by the thermal conductivity of the structure of target 

attachment to the magnetron magnetic system, so a linear 

dependence of the target temperature on the magnetron 

discharge power is obtained. The uncooled target tempera-

ture is determined by radiation from its surface, so a power 

dependence with a tendency to saturation is obtained. 

From the comparison of the dependences of the partial 

pressure of argon and oxygen on the oxygen consumption 

for magnetron discharge powers of 3, 6 and 9 kW on an 

uncooled target, it is evident that an increase in the dis-

charge power to 9 kW leads to a qualitative change in  

the type of hysteresis – the curve width decreases by more 

than 2 times (Fig. 6). 

It was revealed that at a magnetron discharge power of 

more than 6 kW (the uncooled target temperature is more

 

 

 

  

 

Fig. 5. Dependence of temperatures of uncooled (1) and cooled (2) zirconium targets  

on the magnetron discharge power 

Рис. 5. Зависимость температур неохлаждаемой (1) и охлаждаемой (2) циркониевых мишеней  

от мощности магнетронного разряда 

 

 

 

 

 

Fig. 6. Dependence of the partial pressure of oxygen on oxygen consumption  

for various magnetron discharge capacities  

Рис. 6. Зависимость парциального давления кислорода от расхода кислорода  

для различных мощностей магнетронного разряда на неохлаждаемой мишени  
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than 1100 °C, Fig. 5), the type of the hysteresis curve 

(Fig. 6) changes qualitatively, and at a power of 9 kW,  

a significant narrowing of the hysteresis curve occurs. On 

the reverse branch of the obtained dependence for a power 

of 9 kW (Fig. 6), an extended range of values from 7.0 to 

9.0 units of oxygen consumption is observed, at which  

the partial pressure of oxygen is stable. 

The maximum value of the partial pressure of oxygen 

on the straight branches of the obtained hysteresis curves, 

allows judging the intensity of the process of oxygen ab-

sorption by the growing oxide film. Thus, an increase in 

power from 3 to 6 kW increased the maximum value of 

the partial pressure of oxygen, despite the fact that at  

a power of 6 kW the sputtering rate is at least 2 times 

greater than at 3 kW. An increase in power to 9 kW de-

creased the partial pressure of oxygen more than 2 times, 

which indicates a significant increase in the flow of sput-

tered atoms binding oxygen. This is also evidenced by  

the obtained data on measuring the deposition rate of  

the YSZ coating (Table 1). 

Comparing the rates of deposition using cooled and 

uncooled targets (Table 1), showed that sputtering from 

an uncooled target allows increasing the deposition rate 

by more than 10 times, which is in qualitative agreement 

with the results of the study of the oxygen partial pres-

sure (Fig. 4). 

Fig. 7 shows the initial growth of a similar structure. 

The initial growth of the YSZ TBC feather structure ob-

tained at a power of 8.7–8.8 kW is characterised by  

the growth of separately standing feathers with a dendritic 

structure having a width of 1 to 6 μm with gaps between 

them of 0.1–0.5 μm. 

A study of the microstructure of the YSZ coating 

formed using an uncooled target at a power of 9 kW 

with a longer formation time compared to the coating 

shown in Fig. 7, showed a combination of nanolayer 

(with layer thicknesses from 60 to 140 nm) and colum-

nar structures (Fig. 8). 

When depositing on a polished surface (with Ra equal 

to 0.04÷0.06 μm) (Fig. 8 a), the width of the columns in  

the lower part of the coating is 0.2÷0.4 μm, in the upper 

part it varies from 0.4 to 2 μm (on average 0.9 μm), in  

the central layer of the coating, the columnar structure has  

a clearly visible dendritic structure. When forming a coat-

ing on a rougher surface (with Ra over 0.8 μm) (Fig. 8 b),  

a greater number of cracks and pores are observed,  

the width of the columns in the upper part of the coating 

increases reaching 2÷7 μm, the dendritic structure acquires 

a more pronounced feathery structure. 

The study of the surface morphology by scanning elec-

tron microscopy showed that the surface of the YSZ coating 

with the corresponding microstructure shown in Fig. 8 b 

formed using an uncooled target has a hierarchical structure 

of the cauliflower type (Fig. 8 c). This structure at the nano-

level consists of grains with a diameter of 60÷90 nm, which 

are combined into blocks of 400÷600 nm, forming globules 

of 2÷4 μm at the microlevel, which, in turn, are combined 

into conglomerates up to 15 μm in size. The revealed struc-

ture of the formed coating of the cauliflower type at the 

micro level has porosity, which reduces the thermal con-

ductivity coefficient. 

Elemental EDS analysis of thermal barrier YSZ coatings 

formed using an uncooled target, showed the presence of 

62÷67 wt. % of Zr, 8÷11 wt. % of Y, and 22÷30 wt. % of O. 

 

 

 
Table 1. Deposition rate of thermal barrier YSZ-coatings produced using cooled and uncooled targets 

Таблица 1. Скорость осаждения термобарьерных YSZ-покрытий, полученных  

с использованием охлаждаемой и неохлаждаемой мишеней 

 

 

Magnetron type, power of 9 kW Deposition rate, µm/h 

With cooled target 0.7±0.2 

With uncooled target 7.9±0.4  

 

 

 

 
 

Fig. 7. The structure of the thermal barrier YSZ-coating produced at a power of 8.7 kW 

Рис. 7. Структура термобарьерного YSZ-покрытия, полученная при мощности 8,7 кВт 
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 a b c 

Fig. 8. Transverse section (a, b) and surface morphology (c) of the thermal barrier YSZ-coating formed  

using an uncooled target at a power of 9 kW 

Рис. 8. Поперечный шлиф (a, b) и морфология поверхности (c) термобарьерного YSZ-покрытия,  

сформированного с использованием неохлаждаемой мишени при мощности 9 кВт 

 

 

 

DISCUSSION 

The known dependences of the partial pressure of oxy-

gen on its consumption in the form of hysteresis loops, 

characteristic of the processes of formation of oxide films 

[15; 16], are also observed during their formation using an 

uncooled target. In this work, ranges of oxygen consump-

tion values at various magnetron discharge powers are ob-

tained, at which the work can be carried out with steady and 

stable process control. It was experimentally found that an 

increase in the temperature of the magnetron sputtering 

system target allows reducing the width of the hysteresis 

loop by 2 times. 

Comparison of the deposition rates of the ZrYO-based 

coating on the oxygen consumption obtained for a cooled 

target (Fig. 1), and the deposition rates of the same coating 

obtained by the authors for an uncooled target, allows stat-

ing the fact of overcoming the occurrence of an oxide film 

and achieving a multiple increase in coating growth.  

The data obtained in [16] that atoms are added to  

the main flow of sputtered atoms of the target material due 

to the sublimation process explain the observed fact of an 

increase in the oxide coating growth rate. One can assume 

with a high degree of probability that the sublimation pro-

cess occurs from the entire heated surface of the target. 

However, at the same time, it should be expected that 

due to sublimation, the mechanical properties of  

the coating would change due to the difference in the 

energies of the sputtered and sublimated atoms, as was 

demonstrated in [17–19]. 

Thermal electron emission can occur from the heated 

surface of the oxide, which will increase the magnetron 

discharge current, and due to the heating of the uncooled 

target, oxide evaporation can occur in addition to sputter-

ing. Consequently, on the uncooled target surface, an un-

ambiguous relationship will be observed between three 

parameters determined by the target surface temperature: 

the growth rate of the oxide, the rate of its sputtering, and 

its conductivity. 

Compared with the results for a cooled target shown in 

[8], the formation of coatings using an uncooled target also 

allows depositing films with high adhesion to the substrate, 

but requires a lower consumption of target material with  

a high coefficient of its use. In turn, a high adhesion value 

will limit the processes of destruction of coatings from [12; 

14] at temperatures above 1300 °C. 

The use of an uncooled target expands the possibilities 

of using target materials, and applying coatings to parts of 

complex shape, compared with the methods of electron 

beam evaporation, and plasma deposition in air [10; 11]. 

The YSZ coating formed using an uncooled target 

showed a combination of a nanolayer and columnar struc-

ture inherent in the structure of the thermal barrier coating 

produced in [20].  

The obtained results open up new possibilities for  

the development of the technology for magnetron sputtering 

of an extended uncooled target for producing TBCs based 

on zirconium dioxide, partially stabilised by yttrium oxide, 

with a thickness of more than 50 μm and the study of their 

thermal and mechanical properties. 

 

CONCLUSIONS 

The results of the conducted studies of the technology 

of formation of thermal barrier coatings, show the possibi-

lity of using magnetron systems of sputtering of an extended 

uncooled target for the formation of a ceramic layer of 

TBC, with a developed porous structure. 

It has been experimentally found that an increase in the 

magnetron target temperature, allows reducing the effect of 

hysteresis (the hysteresis loop width decreases by 2 times), 

and increasing the TBC deposition rate by more than 

10 times compared to a cooled target. 
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Аннотация: Применение магнетронных распылительных систем с протяженными неохлаждаемыми мишеня-

ми позволит разработать промышленные импортозамещающие технологии формирования термобарьерных по-

крытий на основе оксида циркония, легированного оксидами редкоземельных металлов, для решения актуальных 

задач газового турбостроения. В работе приведены результаты сравнения технологии получения термобарьерных 

покрытий методом магнетронного распыления с двумя типами протяженных мишеней из сплава Zr–8%Y – широ-

ко распространенной и применяемой охлаждаемой мишенью и разрабатываемой авторами неохлаждаемой протя-

женной мишенью магнетронной распылительной системы. Приведено сравнение результатов масс-спектро-

метрических исследований гистерезиса парциального давления кислорода, свойственного технологии получения 

оксидных пленок; влияния типа мишени на скорость роста покрытия; исследований методом растровой электрон-

ной микроскопии структуры термобарьерных покрытий; элементного состава покрытий на основе диоксида цир-

кония, частично стабилизированного оксидом иттрия – YSZ. Экспериментально установлено, что повышение 

температуры мишени магнетронной распылительной системы позволяет в 2 раза уменьшить ширину петли харак-

терного гистерезиса зависимости парциального давления кислорода от его расхода. Полученные зависимости поз-

волили определить диапазон значений расхода кислорода при различных мощностях магнетронного разряда, при 

которых работа может производиться с устойчивым и стабильным управлением процесса, без опасности попада-

ния в гистерезис. Проведенные металлографические исследования показали характерную развитую пористую 

дендритную структуру керамического слоя, необходимую для снижения коэффициента теплопроводности термо-

барьерного покрытия. Выявлено, что применение неохлаждаемой мишени позволяет повысить скорость осажде-

ния термобарьерного покрытия более чем в 10 раз по сравнению со скоростью осаждения для охлаждаемой мише-

ни. Полученные результаты демонстрируют возможность применения технологии магнетронного распыления 

протяженной неохлаждаемой мишени для формирования керамического слоя термобарьерных покрытий. 

Ключевые слова: магнетронное распыление; неохлаждаемая мишень; термобарьерные покрытия; гистерезис-
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Abstract: Magnesium-based alloys are a modern material for the production of biodegradable (self-dissolving) surgical 

implants. Magnesium is a metal with the most negative electrode potential of all structural materials: −2.37 V.  

This means that close arrangement of implants made of magnesium, and for example, titanium alloys will lead to the oc-

currence of a galvanic effect, and accelerated electrochemical corrosion of magnesium. However, it is unknown how  

the ratio of the areas of titanium and magnesium products affects the magnitude of this effect. This work covers this issue. 

In the presented study, cylindrical samples of biodegradable ZX10 and WZ31 magnesium alloys were placed in physiolo-

gical Ringer’s solution at a distance of 3 cm, from a sample of medical Ti6Al4V alloy of the same shape and size. During 

the test, the temperature of the corrosive environment was maintained at 37 °C. The series of experiments included corro-

sion tests lasting three days with the participation of one, two or four magnesium samples, thus the area ratios between  

the titanium and magnesium alloy were 1:1, 1:2 and 1:4. It was found that for both magnesium alloys, with an increase in 

the area ratio, the effect of electrochemical action decreases significantly, which is expressed in a decrease in the corrosion 

rate. At the same time, for the WZ31 alloy, the effect of the presence of Ti6Al4V on the corrosion rate is significantly 

weaker than for ZX10, which is explained by the presence of the LPSO phase in the alloy, as well as a more alloyed matrix 

and, accordingly, having a more positive electrode potential. 

Keywords: surgical implants; electrochemical corrosion; biodegradable materials; magnesium alloys; ZX10; WZ31; ti-

tanium alloys; Ti6Al4V; medical materials; corrosion rate; electrode potential.  
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INTRODUCTION 

The idea of a self-dissolving surgical implant for os-

teosynthesis has long been under close attention of sci-

entists and medical companies. Such implants do not 

require an operation to remove them, which is a serious 

stress for the patient’s body. One of the simplest solu-

tions is the use of bioresorbable polymers such as  

polylactide, polydopamine, polycaprolactone, etc. In-

deed, these materials are quite cheap and easy to pro-

cess. At the same time, the strength properties of poly-  

mers cannot be compared with metals. Attempts to 

solve the problem, for example, by creating a polymer-

metal composite [1], continue, but significant progress 

has not yet been achieved. Similar problems are ob-

served for bioresorbable ceramics, which are also much 

more fragile. Among the metallic materials, iron, zinc 

and magnesium are considered as a basis for bioresorb-

able alloys [2], some researchers consider tungsten [3; 4], 

and metallic glasses based on calcium, zinc and stronti-

um [5] as a bioresorbable material. Magnesium alloys 
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are already used for the commercial manufacturing of 

medical self-dissolving products; moreover, the Young’s 

modulus of magnesium of the presented elements is the 

closest to that of bone, which is also an important factor, 

since an implant made of such a material is capable of 

elastic deformation, in concert with the bone. 

The operating conditions of a magnesium alloy implant 

can directly affect its characteristics, such as the corrosion 

rate. For example, a titanium implant may already be in-

stalled in the immediate proximity to the installation site of 

a magnesium alloy medical device. It is known that due to 

the lowest electrode potential among all structural materi-

als, magnesium is prone to electrochemical corrosion in the 

presence of other metals [6; 7], because of the formation of 

a galvanic couple between the more negative magnesium, 

and the more positive metal. In [8], using Kelvin probe 

atomic force microscopy, evidence was obtained that in 

some cases, even the corrosion products appearing on  

the surface of a magnesium alloy, can have a more positive 

potential and are capable of forming a galvanic couple with 

the magnesium matrix. In [9], where magnesium alloys 

doped with silver were studied, it was demonstrated that 

with the addition of silver, the corrosion properties first 

improve, and then the corrosion resistance drops sharply. 

The authors attribute this to the difference in electrode po-

tential between the matrix, and the intermetallic particles 

released upon reaching the solubility limit of the ligature. 

However, except for the electrode potential, there are  

a number of other factors affecting electrochemical corro-

sion. The most important of these is the distance at which 

the galvanic effect between magnesium and another metal 

will have a significant effect on the corrosion rate. 

In [10], a magnesium screw was installed directly into  

a titanium plate (i.e., had direct contact with it) secured, in 

addition to it, by titanium screws. Based on the results of 

experiments, including in vivo tests on rabbits, the authors 

note that the magnesium screw contributed to the formation 

of enlarged callus, and accelerated its mineralization com-

pared to the control group, where only titanium screws 

were used to attach the titanium plate. At the same time, in 

the X-ray images presented in this work, the magnesium 

screw is almost invisible already three weeks after the ope-

ration. This indicates that in just 21 days it almost completely 

dissolved under the influence of the aggressive environment 

of a living organism and electrochemical interaction with 

the titanium plate and screws. Obviously, the intensive dis-

solution of the screw accelerated the formation of bone 

callus, due to the enrichment of tissues with magnesium. 

However, at the same time, one should note that the screw 

itself dissolved too quickly. In the scheme proposed by  

the authors, where several titanium screws bear the main 

load, such a dissolution rate is acceptable. However, if we 

talk about pure magnesium implants that perform their 

functions independently, based on this work, we can con-

clude that direct contact with titanium products in the hu-

man body threatens the failure of the implant, before  

the completion of the fusion process. In one of our previous 

works, it was found that when a titanium implant is located 

3 cm from a sample made of ZX10 alloy, the corrosion rate 

increases by 1.5 times, but at a distance of 6 cm this effect 

completely disappears [11]. This shows that the electro-

chemical interaction between magnesium and titanium, can 

manifest itself both in direct contact of metals and at some 

distance, and that the influence of this effect on the corro-

sion rate is significant. 

Another important parameter is the ratio of the areas 

of magnesium and titanium alloy products. The main 

hypothesis is that, an increase in the area of a magnesi-

um product relative to a titanium one, can reduce to 

some extent the influence of the electrochemical effect 

on the corrosion rate. Confirmation of this hypothesis 

will allow the installation of a large magnesium implant, 

such as an osteosynthesis plate, near a small titanium 

implant, such as a screw. Finally, it is important to un-

derstand whether the galvanic effect is equally strong 

for different magnesium alloys. Considering that it is 

caused by the difference in electrode potentials, it can 

be assumed that for alloys with a large number of se-

condary phase particles whose potential is more positive 

than that of magnesium, or a matrix whose electrode 

potential has been increased by dissolving alloying ele-

ments in it, the influence of electrochemical interaction 

with the titanium alloy will be significantly weaker.  

In this regard, this study was conducted for two differ-

rent magnesium alloys. 

The aim of the work is to determine the influence of  

the ratio of the areas of samples of ZX10 and WZ31 mag-

nesium alloys, and a sample of Ti6Al4V titanium alloy on 

the corrosion rate. 

 

METHODS 

Bioresorbable ZX10 and WZ31 alloys were selected for 

the study. Multi-axial isothermal forging was selected as  

the thermomechanical treatment, which was carried out in  

the temperature range of 400–300 °C, and included 5 passes. 

This treatment mode ensures a uniform fine-grained structure 

[12]. The chemical composition of magnesium alloys was 

determined using a Thermo Fisher Scientific ARL 4460 OES 

optical emission spectrometer (USA). The chemical composi-

tion of the titanium alloy was determined on a Bruker Q4 

Tasman optical emission spectrometer (Germany). Both spec-

trometers were calibrated using standard samples.  

The samples (including those made of titanium alloy) 

were cylinders with a diameter of 5 mm and a height of 

30 mm prepared by turning. The titanium Ti6Al4V alloy 

used in the study complied with GOST R ISO 5832-3-

2020. Separately, flat samples were made to study the 

microstructure of the ZX10 and WZ31 alloys, which were 

successively polished on anhydrous diamond suspensions 

with an abrasive size of 3, 1 and 0.25 μm, followed by ion 

polishing in an argon ion stream on a Hitachi IM4000 Plus 

installation (Japan) at an accelerating voltage of 4.5 kV 

for 45 min.  

The microstructure study was carried out in a Carl Zeiss 

SIGMA scanning electron microscope (SEM) column (Ger-

many), using EDAX modules (USA), for electron backscat-

ter diffraction (EBSD) and energy-dispersive spectrometry 

(EDS) analysis. The WZ31 alloy had a large number of se-

condary phase particles, whose electrode potential was addi-

tionally studied using the Kelvin probe method using  

an NT-MDT Solver NEXT atomic force microscope (Russia). 
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The corrosion tests included keeping the sample for 72 h in 

a Ringer solution of 8.36 g of NaCl, 0.3 g of KCl, and 0.15 g 

of CaCl2 per 1000 ml of water. The volume of the corrosion 

cell was 5 l. A Mettler Toledo Delta 320 pH-meter (USA) was 

used to record the maximum pH level. Tests of the control 

group (in the absence of titanium alloy) were performed on 

samples of both alloys. The initial corrosion rate was deter-

mined for one and for four samples simultaneously participat-

ing in the experiment, since the number of samples in the cell 

could affect the corrosion rate. During the main series of ex-

periments, the titanium rod was fixed in a groove in the middle 

of a fluoroplastic washer with a diameter of 7 cm. Grooves for 

installing magnesium alloy samples were located in a circle at 

a radius of 3 cm from it. Fig. 1 shows the setup diagram. One, 

two and four magnesium alloy samples were used in the expe-

riment at a time, so the ratio of the areas of the titanium and 

magnesium alloys was 1:1, 1:2 and 1:4.  

After the tests were completed, the samples were re-

moved, and the corrosion products were removed by im-

mersion for 1 min in an aqueous solution of 20 % CrO3 + 

+1  % AgNO3. The corrosion rate was determined gravi-

metrically by the difference in masses. 

 

RESULTS  

Table 1 shows the chemical composition of magnesium 

alloys. Table 2 shows the chemical composition of a titani-

um alloy. 

Fig. 2 shows that the ZX10 alloy has an average grain 

size of about 5 μm, while the WZ31 alloy has an average 

grain size of about 1 μm. Both alloys have a disordered 

structure and no crystallographic texture, which is typical of 

alloys after multi-axial isothermal forging. This allows 

avoiding the anisotropy of corrosion properties, caused by 

crystallographic orientation, which is observed in highly 

textured materials. Dark areas corresponding to non-

indexed regions are visible in Fig. 2 b. 

Secondary phase particles in the ZX10 alloy are few in 

number, and contain zinc and calcium (Fig. 3). Based on 

the elemental composition, the phase with spongy mor-

phology in the ZX10 alloy (point 1 in Fig. 3) is most likely 

calcium, and magnesium oxide particles. Particles at points 

2 and 3 are most likely intermetallides formed by the matrix 

metal and alloying elements. 

In contrast, the WZ31 alloy is saturated with particles 

mostly having a morphology characteristic of the LPSO phase 

(Fig. 4). In addition to large (up to 15 μm) LPSO phase parti-

cles, there are small particles 0.2–2 μm in size. Most likely, the 

small particles were obtained by mechanical crushing of large 

ones during thermomechanical treatment. The elemental com-

position of the LPSO phase is shown in Table 3. 

The results of the Kelvin probe study of the WZ31 alloy 

presented in Fig. 5 show both large and small particles, 

positively charged relative to the matrix, presumably repre-

senting the LPSO phase. 

Fig. 6 demonstrates that for both magnesium alloys  

the corrosion rate in the presence of titanium alloy is higher 

than during the tests of the control group. However, it 

should be noted that the difference depends significantly on 

both the chemical composition of the material and the num-

ber of anodes (magnesium samples), and accordingly, on 

the ratio of the areas of magnesium and titanium alloys: 

with an increase in the number of magnesium alloys, their 

corrosion rate decreases. 

Table 4 shows the maximum pH level found for each 

group of samples during the experiments. One should note that 

in all cases, regardless of the presence of titanium alloy and  

the number of anodes, the pH level reaches its maximum va-

lues in the first day, and then remains virtually unchanged. 

 

DISCUSSION 

The presence of the LPSO phase is indirectly confirmed 

by the results of EBSD analysis: according to the literature, 

the dark non-indexed areas in Fig. 2 b correspond to  

the LPSO phase [13; 14]. 

Based on the elemental composition, the phase with  

a spongy morphology in the ZX10 alloy (point 1 in Fig. 3) 

is most likely particles of calcium and magnesium oxides, 

while the rounded particles (points 2 and 3 in Fig. 3) have  

a ratio of zinc atoms to calcium atoms of ~2.2. Due to this, 

they most likely belong to the Ca2Mg5Zn5 [15] and 

Mg6Zn3Ca2 [16] phases. 

The chemical composition of the LPSO phase in  

the studied WZ31 alloy is very close to that presented in  

the literature [17]. It is known that the LPSO phase is more 

positively charged than the matrix. A study using Kelvin 

probe atomic force microscopy (Fig. 4), allowed determin-

ing that the electrode potential of the LPSO phase (light 

areas in Fig. 4) in the WZ31 alloy is really 0.3–0.4 V more 

positive than the matrix, which is fully consistent with  

the results of [18; 19]. 

Based on the results of the experiments, several im-

portant facts can be noted. Firstly, regardless of the material 

and number of magnesium samples, the corrosion rate in 

the presence of the titanium alloy is always higher than 

without it, i.e. in all cases a galvanic effect occurred be-

tween the titanium and magnesium alloys. 

The second important result is that the dependence of 

the corrosion rate on the ratio of the areas of the titanium 

and magnesium alloys differs significantly for the ZX10 

and WZ31 alloys. If for the ZX10 alloy an increase in  

the area ratio from 1:1 to 1:2 provokes a sharp decrease in 

the corrosion rate, which gives the curve the appearance of 

a hyperbola, then for the WZ31 alloy the curve has rather 

the appearance of a straight line along its entire length 

(Fig. 6). Moreover, the difference between the corrosion 

rate of the samples in the presence of the titanium alloy and 

the samples of the control group is smaller for this alloy. 

From this, we can conclude that the WZ31 alloy is less sensitive 

to the galvanic effect caused by the presence of  

the titanium alloy. This is well explained by the fact that 

the WZ31 matrix contains zinc and yttrium dissolved in 

it, due to which its electrode potential is increased, as 

well as by the presence in the alloy of a large number of 

LPSO phase particles, which are more positively charged 

than magnesium. Thus, the difference in electrode poten-

tials between WZ31 and Ti6Al4V is smaller than be-

tween Ti6Al4V and ZX10.  

An interesting result is the decrease in the corrosion rate 

of the control samples with an increase in the number of 

anodes observed for both alloys. This effect can be
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Fig. 1. Schematic diagram of the arrangement of samples during the corrosion tests 

Рис. 1. Схема расположения образцов во время коррозионных испытаний 

 

 

 
Table 1. Chemical composition of the WZ31 and ZX10 magnesium alloys, % wt. 

Таблица 1. Химический состав магниевых сплавов WZ31 и ZX10, вес. % 

 

 

Alloy Mg Zn Zr Ca Fe Mn Si Al Cu Y 

WZ31 
Base 

0.69 0.13 <0.001 0.004 0.002 0.002 0.008 <0.001 2.790 

ZX10 1.48 <0.01 0.098 0.004 0.003 0.002 0.010 <0.001 <0.001 

 

 

 
Table 2. Chemical composition of the Ti6Al4V alloy, % wt. 

Таблица 2. Химический состав сплава Ti6Al4V, вес. % 

 

 

Ti Si Mn Cr Ni Mo Al Fe V C Cu 

Base 0.016 0.002 0.021 0.011 0.011 5.618 0.102 3.950 <0.002 0.006 

 

 

 

     

 a b 

Fig. 2. Maps of crystallographic orientations of grains of the ZX10 (a) and WZ31 (b) alloys 

Рис. 2. Карта кристаллографических ориентаций зерен сплавов ZX10 (a) и WZ31 (b) 
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Fig. 3. SEM image and chemical composition of secondary phase particles in the ZX10 alloy 
Рис. 3. СЭМ-снимок и химический состав частиц вторичных фаз в сплаве ZX10 

 
 
 

 
 

Fig. 4. LPSO phase particles (marked by red arrows and frame) in the WZ31 alloy 
Рис. 4. Частицы LPSO-фазы (помечены красными стрелками и рамкой) в сплаве WZ31 

 
 
 

 
 

Fig. 5. Electrode potential distribution on the WZ31 alloy surface. Light areas are the LPSO phase 
Рис. 5. Распределение электродного потенциала на поверхности сплава WZ31. Светлые участки – LPSO-фаза 
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 a b 

Fig. 6. Dependence of the corrosion rate of the ZX10 (a) and WZ31 (b) alloys on the number of magnesium alloy samples (anodes) 
Рис. 6. Зависимость скорости коррозии сплавов ZX10 (a) и WZ31 (b) от числа образцов магниевого сплава (анодов) 

 
 
 

Table 3. Chemical composition of the WZ31 alloy matrix and LPSO phase 
Таблица 3. Химический состав матрицы сплава WZ31 и его LPSO-фазы 

 
 

Area Mg (wt. %) Y (wt. %) Zn (wt. %) Mg (at. %) Y (at. %) Zn (at. %) 

Matrix 96.65 2.43 0.92 98.97 0.68 0.35 

LPSO phase 74.5 17.33 8.17 90.55 5.76 3.69 

 
 
 

Table 4. Maximum pH level of the solution achieved during corrosion tests 
Таблица 4. Максимальный уровень pH раствора, достигнутый в ходе коррозионных испытаний 

 
 

Group of samples Maximum pH level 

ZX10 control group, 1 anode 8.52 

ZX10 control group, 4 anodes 9.44 

ZX10, 1 anode 8.52 

ZX10, 2 anodes 8.68 

ZX10, 4 anodes 9.39 

WZ31 control group, 1 anode 8.32 

WZ31 control group, 4 anodes 9.21 

WZ31, 1 anode 8.23 

WZ31, 2 anodes 8.46 

WZ31, 4 anodes 9.24 

 
 
 

explained by a significantly higher maximum pH level of 

the solution in the experiments involving four anodes, 

which is consistent with the results of [20], where it was 

shown that at a high pH level, the corrosion of the magne-

sium AZ31 alloy slows down. In all such cases, the pH le-

vel during the first day took a value of about 9.2–9.4, after 

which its growth stopped. It was previously demonstrated 

that a high pH level could contribute to better passivation of 

the surface of the ZX10 alloy [21]. Apparently, a similar 

feature is characteristic of WZ31. 
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CONCLUSIONS  

1. Increasing the area ratio of the ZX10 and Ti6Al4V al-

loy samples from 1:1 to 1:2 leads to a sharp drop in the 

corrosion rate. Increasing the area ratio from 1:2 to 1:4 also 

contributes to a decrease in the corrosion rate, but not as 

significantly. 

2. The corrosion rate of the WZ31 alloy decreases al-

most linearly, with an increase in the area ratio of the ZX10 

and Ti6Al4V alloy samples. 

3. The WZ31 alloy is less sensitive to the galvanic ef-

fect introduced by the presence of a titanium alloy at a dis-

tance of 3 cm. This is explained by an increase in the elec-

trode potential of the matrix, due to the dissolution of alloy-

ing elements in it and the presence of a large amount of the 

LPSO phase. 

4. Increasing the number of magnesium samples in  

the control group from 1 to 4 also leads to a decrease in  

the corrosion rate of both alloys under study. The most like-

ly cause of this phenomenon is a significantly higher ma-

ximum pH level of the solution, which can contribute to 

better passivation of the material. 
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Аннотация: Сплавы на основе магния являются современным материалом для изготовления биорезорбируе-

мых (саморастворяющихся) хирургических имплантатов. Магний – металл с наиболее отрицательным из всех 

конструкционных материалов электродным потенциалом −2,37 В. Это означает, что близкое расположение им-

плантатов из магниевых и, например, титановых сплавов будет приводить к возникновению гальванического эф-

фекта и ускоренной электрохимической коррозии магния. Однако неизвестно, как влияет соотношение площадей 

изделий из титана и магния на проявление этого эффекта. Данная работа посвящена этому вопросу. В приведен-

ном исследовании цилиндрические образцы биорезорбируемых магниевых сплавов ZX10 и WZ31 располагались  

в физиологическом растворе Рингера на расстоянии 3 см от образца из сплава медицинского назначения Ti6Al4V 

такой же формы и размера. Во время испытания поддерживалась температура коррозионной среды 37 °С. Серия 

экспериментов включала в себя коррозионные испытания длительностью трое суток с участием одного, двух или 

четырех магниевых образцов, таким образом, соотношение площадей титанового и магниевого сплава составляло 

1:1, 1:2 и 1:4. Выявлено, что для обоих магниевых сплавов при увеличении соотношения площадей эффект от 

электрохимического воздействия значительно снижается, что выражено в уменьшении скорости коррозии. В то же 

время влияние присутствия Ti6Al4V на скорость коррозии для сплава WZ31 существенно слабее, чем для ZX10, 

что объясняется наличием в сплаве LPSO-фазы, а также более легированной и, соответственно, имеющей более 

положительный электродный потенциал матрицей.  

Ключевые слова: хирургические имплантаты; электрохимическая коррозия; биорезорбируемые материалы; 

магниевые сплавы; ZX10; WZ31; титановые сплавы; Ti6Al4V; медицинские материалы; скорость коррозии; элек-

тродный потенциал. 
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“phySical  maTerialS  Science” 
inTernaTional  School

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

The need for the SPhM was justified by the 
fact that “at present, there is no scientific event 
where young scientists, employees of factory 
laboratories, postgraduate students, university 
professors, and other relevant skill profile 
employees could attend a course of lectures on 
the hottest issues of physical materials science 
and receive a competent advice of leading metal 
physicists”. 

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

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

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

The SPhM is also famous for its remarkable performances, which are organized 
by efforts of its participants, who are talented in all respects. 

There is no doubt that the 11th SPhM, as ever, has been held at the highest level 
and that it will be remembered by its participants for a long time.

это новый текст 2024 года!!!
в № 4(55) 2023 пойдет - это 
англ. вариант! (рус на стр.3)
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Abstract: The work presents a new method of equal channel angular pressing (ECAP) using powerful ultrasonic vibra-

tions (UV). The authors have developed an original device of ultrasonic ECAP, in which the waveguide with the matrix 

are made as a single unit, and the waveguide fastening elements are located in the nodal plane of mechanical displace-

ments of the standing wave, the excitation of which occurs directly in the matrix and the blank during pressing. For  

the first time, it has been proposed to transmit ultrasonic vibrations to the zone of intersection of the matrix channels 

through which the blank moves, not through the punch, but by exciting vibrations in the matrix itself, i. e. the matrix is 

simultaneously a waveguide for longitudinal ultrasonic vibrations. This allowed increasing repeatedly the efficiency of 

ultrasonic action by reducing the friction forces between the surface of the blank and the surface of the matrix channels,  

as well as by reducing the deformation forces in the zone of intersection of the matrix channels, where a simple shift of  

the deformed metal occurs. As a result, in comparison with the known methods of ultrasonic ECAP, when the reduction in 

pressing force is less than 15 %, the excitation of ultrasonic vibrations directly in the waveguide – matrix allowed reducing 

the pressing force by 1.5–4 times. At the same time, the structure of the pressed materials also changes significantly:  

the grain size and their crystallographic orientations decrease, the microhardness increases. Changes in the phase composi-

tion for all samples produced by ECAP with ultrasonic vibrations, and by conventional technology are not observed. 

Keywords: equal channel angular pressing; ECAP; ultrasonic vibrations; UV; bulk nanostructuring; severe plastic de-

formation; SPD; waveguide; matrix; deformation forces; grain structure; zinc; aluminium. 
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INTRODUCTION 

The production of bulk nanostructured metallic materi-

als is a relevant and hot topic of modern materials science. 

Such metals and alloys are attractive for innovative applica-

tions, as they have unique properties. At the same time, the 

structural features of such materials (the proportion of low- 

and high-angle boundaries, grain size, etc.) are determined 

by the methods of their production. The two most widely 

used and studied methods of severe plastic deformation 

(SPD) are equal channel angular pressing (ECAP), and 

high-pressure torsion. 

ECAP, as a method of severe plastic deformation 

(SPD) of metallic materials, using which it became pos-

sible to produce blanks with a fine-grained structure due 

to bulk nanostructuring, was proposed by V.M. Segal and 

coworkers in the 70s of the XX century [1]. Since the early 

90s, it has been used for SPD to produce submicron and 

nanosized metallic structures [2]. Such structures have sig-

nificantly better mechanical properties optimally combining 

strength and ductility. In particular, the method is used to 

obtain submicron crystalline structures of metals such as 

Pd, Fe, Ni, Co, alloys based on Al, Mg, Ti, Zn, etc.
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The SPD method using ECAP involves forcing samples 

through intersecting at a certain angle channels of a con-

stant cross section matrix. As a result, the samples are 

subjected to shear deformation in the intersection zone of 

the channels, which leads to a change in their structure 

and physical and mechanical properties1 [3]. Thus, when 

carrying out the ECAP process, it is possible to accumu-

late an arbitrarily large shear deformation without chang-

ing the dimensions of the blank. In the process of passing 

through the channels, the total shear characteristics in the 

metal sample can be changed, due to its rotation between 

individual passes, i. e., structure formation during defor-

mation directly depends on the ECAP route [4]. By re-

peated passes of the blank through intersecting channels, 

it is possible to achieve accumulation of the desired de-

formation degree, and as a result, the necessary structural 

changes. In this case, the geometric shape of the sample, 

with the exception of the areas near its ends, does not 

change. The ultrafine-grained (UFG) structure of samples 

with predominantly high-angle grain boundary misorienta-

tions obtained by the ECAP method, depends on many 

parameters: the number of passes, the route, the defor-

mation temperature, the angle of channel intersection,  

the rounded radius at the intersection of the channels,  

the speed of the sample passage, the sample material,  

the type of lubricant [2; 5]. 

One of the ways to reduce the deformation forces during 

pressure metal treatment (PMT), is the use of ultrasonic 

vibrations (UV), for which various devices and schemes for 

supplying UV to the deformation zone are developed [6; 7]. 

In this case, the ultrasonic effect during the PMT process 

leads to a change in the structure, and physical and mecha-

nical properties of materials. Depending on the frequency, 

UV amplitude, and the locality of the effect, it is possible to 

achieve both metal strengthening and its softening, plastici-

sation [6]. 

Pressure metal treatment with the UV imposition be-

gan to be widely used after the discovery of the acousto-

plastic effect [8]. The effect consisted in a sharp de-

crease in the stress of plastic flow of the metal under 

ultrasonic action. The degree of reduction depends on 

many factors, primarily on the power of ultrasonic action 

and the technological parameters of metal forming pro-

cesses. In particular, the vibrational speed of the ultra-

sonic tool should be much higher than the deformation 

rate of the metal [6; 7]. From this point of view, ECAP is 

an ideal process for intensification using UV, since the 

pressing speeds are low (except for explosive ECAP), 

and the friction forces are high, i. e. UV, by reducing 

friction forces, should affect both the force conditions of 

the ECAP process, and the properties of the resulting 

blanks [6; 7]. However, despite the obvious effectiveness 

of ultrasonic action on ECAP, ultrasonic vibrations have 

not been used in this process until recently, due to  

the complexity of introducing them into the deformation 

 
1 Shivashankara B.S., Gopi K.R., Pradeep S., Raghavendra Rao R. 

Investigation of mechanical properties of ECAP processed 

AL7068 aluminium alloy. IOP Conference Series: Materials 

Science and Engineering, 2021, vol. 1189, article number 012027. 

DOI: 10.1088/1757-899X/1189/1/012027. 

zone. The authors of studied the reduction in the sliding 

friction force of metals using longitudinal or transverse 

UV2 [9]. The results of their study show that vibrations 

in the longitudinal or transverse direction can be used to 

reduce significantly the sliding friction forces between 

the interacting surfaces. In the works [10; 11] the effect 

of applying ultrasonic vibrations to a punch, during the 

ECAP process, was numerically investigated. Calcula-

tions showed that a reduction in the deformation force 

should occur, which depends on the amplitude of vibra-

tions and the speed of movement of the punch. 

In fact, the results of experimental studies of ECAP of 

aluminium alloys with ultrasonic action on the deformed 

metal through a punch confirmed that the use of ultrasonic 

vibrations reduces the pressing force by 10 % [11]. At  

the same time, the amplitude and frequency of ultrasonic 

vibrations have a significant impact on reducing the press-

ing force [11–13]. The use of USV in ECAP leads to an 

increase in the yield strength, tensile strength and hardness 

of metallic materials [12; 14]. The disadvantage of the pro-

posed method of ultrasonic action on ECAP is its low effi-

ciency [10; 12; 15]. This is associated with the impossibi-

lity of introducing significant ultrasonic energy into the 

deformation zone through the punch, which is an element 

of the acoustic system – a waveguide for longitudinal ultra-

sonic vibrations.  

The Institute of Technical Acoustics of the National Aca-

demy of Sciences of Belarus has developed an original device 

for ultrasonic ECAP, in which the waveguide with the matrix 

are made as a single unit with a total length equal to 

 

2


 nl , 

 
where λ is the length of the longitudinal ultrasonic wave in 

the matrix-waveguide material;  

n is an integer. 

The waveguide fastening elements are located in  

the nodal plane of mechanical displacements of the stand-

ing wave, the excitation of which occurs directly in the ma-

trix and the blank during pressing [16]. 

The purpose of the work is to intensify the equal chan-

nel angular pressing process using ultrasonic vibrations, as 

well as to study their effect on the force characteristics of 

ECAP of metal materials, and the properties of the pro-

duced samples when ultrasonic vibrations are excited in  

the matrix, i. e. directly in the deformation zone. 

 

METHODS 

Zinc with a purity of 99.9 wt. % and A7 aluminium al-

loy of standard chemical composition (Table 1) were se-

lected as the material. 

The initial samples of zinc and A7 aluminium alloy had 

a length of 20 mm and a diameter of 5 mm. The source of 

 
2 Gudimetla K., Kumar S.R., Ravisankar B., Prathipati R.P., 

Kumaran S. Consolidation of commercial pure aluminium 

particles by hot ECAP. IOP Conference Series: Materials Science 

and Engineering, 2018, vol. 330, article number 012031.  

DOI: 10.1088/1757-899X/330/1/012031. 
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Table 1. Chemical composition of the А7 material (GOST 11069-2001), % 

Таблица 1. Химический состав материала А7 (ГОСТ 11069-2001), % 

 

 

Fe  Si  Mn  Ti  Al  Cu  Mg  Zn  Ga  Impurities 

≤0.16  ≤0.15  ≤0.03  ≤0.01  min 99.7  ≤0.01  ≤0.02  ≤0.04  ≤0.03  Others, 0.02 each 

 

 

 

ultrasonic vibrations was an ultrasonic generator with  

a power of 4.0 kW with a PMS-15A-18 magnetostrictive 

transducer (Russia). The amplitude of vibrations at the end 

of the waveguide-matrix was up to 30 μm, the vibration 

frequency was ~18 kHz. The ECAP process was carried out 

at a temperature of 20–22 °C using a PGPR hydraulic hand 

press with a punch travel speed of 4÷10 mm/s. 

The structure of the samples was examined using  

a MICRO-200 optical microscope (Republic of Belarus), as 

well as a LEO1455VP scanning electron microscope (SEM) 

(Germany). The obtained raster electron microscopic imag-

es were adapted to the NEXSYS ImageExpert Pro 3 soft-

ware environment. The grain structure was studied by  

the electron backscattered diffraction (EBSD) method, im-

plemented using the HKL EBSD Premium System Chan-

nel 5 (UK) phase analysis diffraction attachment to the 

SEM. To determine the orientation of the grain structure, lon-

gitudinal (in the direction of deformation) sections of samples 

were prepared both in zinc and in the aluminium alloy. 

Using a PMT-3M microhardness tester (Russia), the mi-

crohardness of zinc and aluminium alloy samples was de-

termined after conventional ECAP and ECAP with ultra-

sonic vibrations. The microhardness value was determined 

using the Vickers method by measuring the lengths of  

the indentation diagonals, taking into account the load value 

of 0.196 N. To calculate the microhardness value, the ave-

rage value of four measurements in each area under consi-

deration was taken. 

Graphite lubricant was used when pressing the samples. 

Zinc and A7 aluminium alloy blanks were forced through  

a matrix with two channels of equal cross-section with  

a diameter of 5 mm intersecting at an angle of 90° (Fig. 1). 

 

RESULTS 

It was found that the application of ultrasonic vibrations 

during ECAP of zinc and A7 aluminium alloy leads to  

a decrease in the pressing force by 1.5 times or more 

(Fig. 2). Changing the pressing speed within 4÷10 mm/s 

has virtually no effect on the pressing force, and the dyna-

mics of its change is determined by the value of the punch 

displacement. After one pass of ECAP with the application 

of USV (Fig. 3 a), the microstructure of zinc differs from 

the microstructure of zinc obtained with conventional 

ECAP (Fig. 3 b), and from the microstructure of the initial 

sample (Fig. 3 c). Grain refinement occurs, and the grains 

take a more equiaxial shape. The grain refinement process 

does not depend on changing the pressing speed in the stu-

died speed range. 

 

 

 

     

 a b 

Fig. 1. Schematic (a) and external appearance (b) of the acoustic unit of the ultrasonic assisted ECAP device 

Рис. 1. Схема (a) и внешний вид (b) акустического узла устройства ультразвукового РКУП 
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 a c 

Fig. 2. Dependence of the pressing force of zinc on the displacement of the punch (a) and A7 aluminium alloy (b) 

Рис. 2. Зависимость усилия прессования цинка от перемещения пуансона (a) и алюминиевого сплава А7 (b) 

 

 

 

         

 a b c 

Fig. 3. Microstructure of zinc: а – initial; b – after 1 pass of ECAP without UV; c – after 1 pass of ECAP with UV 

Рис. 3. Микроструктура цинка: а – исходного; b – после 1 прохода РКУП без УЗК; c – после 1 прохода РКУП с УЗК 

 

 

 

The results of the study of the analysis of the grain 

structure of zinc are shown in Figs. 4–7. In the initial alloy, 

the average grain size is 10.6 μm. However, according to 

the data of the grain size distribution by size groups 

(Fig. 6 a), there is a large scatter of grain sizes. Comparison 

of the SEM images of the microstructure and the EBSD 

results allows stating that the volume fraction of large 

grains with a size exceeding 20 μm is high. At the same 

time, a high density of low-angle grain boundaries is ob-

served in large grains, as shown in the grain misorientation 

histogram (Fig. 5 a). 

After deformation during the ECAP process, the ave-

rage grain size decreases to 3.6 μm (Fig. 6 b). Analysis of 

the grain structure shows that small grains are formed at the 

boundaries of large grains (Fig. 4 b). The proportion of 

low-angle boundaries in the grain decreases by 2 times 

(Fig. 5 b). This allows assuming that during one ECAP 

pass, deformation is carried out due to the movement of 

low-angle boundaries to the grain boundary. Since zinc has 

a pronounced anisotropy of the crystal lattice and, accord-

ingly, mechanical properties, such a mechanism can occur 

for grains with a favourable orientation. 

In the samples subjected to ECAP with the imposition 

of ultrasonic vibrations, a decrease in the average grain size 

to 2.9 μm was revealed (Fig. 7). At the same time, a nar-

rowing of the grain size distribution by size groups and  

a low concentration of low-angle grain boundaries are ob-

served, as shown in Fig. 4 c and 5 c, respectively. The ob-

tained result allows asserting that during deformation under 

the influence of ultrasound, the movement of dislocations is 

activated both in favourably oriented grains, and in the en-

tire volume of the sample. From the analysis of the grain 

misorientation histograms, it is evident that in the sample of 

zinc subjected to one ECAP pass without ultrasonic vibra-

tions, and with ultrasonic vibrations, the share of low-angle 

boundaries has an advantage (Fig. 5). 

The zinc texture was studied by the EBSD method af-

ter ECAP without UV (Fig. 8 a) and ECAP with UV 

(Fig. 8 b). Fig. 8 shows the direct pole figures of the pro-

jections of the planes {0001}, {10−1−2}, {10−11} onto 

the OX-OY plane of the sample. The projection of  

the normal to the surface is located in the centre of  

the circle (Fig. 8). The maximum density of projections 

located near the centre of the circle in both cases falls on 

the reflection from the plane (0001). 

The average microhardness value for zinc samples ob-

tained by ECAP with UV was ~30.6 HV, for samples with-

out UV – ~26.9 HV. At the same time, for all zinc samples, 
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 a b 

       
 

 
 с d 

Fig. 4. Grain structure of zinc: а – initial; b – after 1 pass of ECAP without UV; c – after 1 pass of ECAP with UV; d – colour code.  

Bold black lines highlight grain boundaries with a misorientation greater than 10°,  

thin black lines highlight low-angle boundaries with a misorientation greater than 2° and less than 10° 

Рис. 4. Зеренная структура цинка: а – исходного; b – после 1 прохода РКУП без УЗК;  

c – после 1 прохода РКУП с УЗК; d – цветовой код.  

Жирными черными линиями выделены границы зерен с разориентацией больше 10°,  

тонкими черными линиями – малоугловые границы с разориентацией больше 2 и меньше 10° 

 

 

 

a slight increase in microhardness is observed from  

the centre to the edges in the cross section. 

As for the A7 aluminium alloy, the average grain size in 

the initial sample was ~16 μm (Fig. 9 a, 10 a). The application 

of ultrasonic vibrations during ECAP changed both the 

grain size and shape (Fig. 9 b, 9 c). From the analysis of  

the grain size distribution histograms, it follows that ECAP 

results in grain fragmentation. The average grain size in the 

A7 aluminium alloy sample, after one ECAP pass without 

ultrasonic vibrations was 6.0 μm (Fig. 10 b), while with 

ultrasonic vibrations it was 3.5 μm (Fig. 11).  

In the A7 aluminium alloy samples subjected to one 

ECAP pass without ultrasonic vibrations, an increase in  

the proportion of high-angle boundaries, and a two-fold 

decrease in the proportion of low-angle boundaries was 

found. The application of ultrasound resulted in a four-fold 

decrease in the proportion of low-angle boundaries com-

pared to the initial alloy (Fig. 12). 

Fig. 13 shows the results of the study of the texture of 

the aluminium samples. It was found that the initial sample 

had a pronounced (101) texture. After one ECAP pass 

without ultrasound, the proportion of grains oriented by  

the (101) plane decreases by 24 times. After exposure to ultra-

sound, the preferred orientation of the grains disappears. 

The average microhardness value for A7 samples ob 

tained by ECAP with ultrasonic vibrations was ~23.4 HV, 

for samples without ultrasonic vibrations – ~19.1 HV.  

A slight increase in microhardness from the centre to  

the edges in the cross section is also observed. 

 

DISCUSSION 

The results obtained in this work showed that the use of ul-

trasonic vibrations in the ECAP process reduces the friction 

forces between the sample and the matrix, and therefore  

the pressing force of metal materials, changes the structure and 

physical and mechanical properties of the deformed metal. 

A similar result was previously obtained for AA-1050 

industrial aluminium3. However, in the device described 

 
3 Donič T., Martikán M., Hadzima B. New unique ECAP 

system with ultrasound and backpressure. IOP Conference Series: 

Materials Science and Engineering, 2014, vol. 63, article number 

012047. DOI: 10.1088/1757-899X/63/1/012047. 
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 а b 

 
 

c 

Fig. 5. Histograms of grain misorientation of zinc: 

а – initial; b – after 1 pass of ECAP without UV; c – after 1 pass of ECAP with UV 

Рис. 5. Гистограммы разориентации зерен цинка: 

а – исходного; b – после 1 прохода РКУП без УЗК; c – после 1 прохода РКУП с УЗК 

 

 

 

 

    

 a b 

Fig. 6. Histograms of grain sizes of zinc:  

а – initial; b – after 1 pass of ECAP without UV 

Рис. 6. Гистограммы размеров зерен цинка:  

а – исходного; b – после 1 прохода РКУП без УЗК  
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Fig. 7. Histograms of grain sizes of zinc after 1 pass of ECAP with UV 

Рис. 7. Гистограммы размеров зерен цинка после 1 прохода РКУП с УЗК 

 

 

 

 

а 

 

b 

Fig. 8. Direct pole figures of zinc: а – after 1 pass of ECAP without UV; b – after 1 pass of ECAP with UV  

Рис. 8. Прямые полюсные фигуры цинка:  

а – после 1 прохода РКУП без УЗК; b – после 1 прохода РКУП с УЗК 

 

 

 

in [12; 14; 17], the UV energy was used inefficiently. 

When the UV source, which was a magnetostrictive 

transducer with a vibration amplitude of 12 μm, and  

a frequency of 20 kHz, makes contact with the moving 

part of the deformation unit (punch), the mass and geo-

metric size of the vibrating system of the device change. 

As a result, the vibrating system goes out of resonance, 

the amplitude of the punch vibrations decreases sharply. 

As a result, the achieved reduction in the deformation 

force was less than 15 %. 

The results of the studies described in [11] also con-

firmed that the use of UV reduces the pressing force, but 

only by 10 %: 162.5 kN and 147.7 kN for conventional 

ECAP, and ECAP using UV, respectively. The main reason 

for this decrease is associated with a decrease in the contact 

friction force between the sample and the matrix.  

In our studies, the UV effect on the sample was carried 

out not through the movable part of the deformation unit 

(punch), but through the matrix [16], i. e., the excitation of 

a standing ultrasonic wave occurred directly in the matrix, 

0
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 a b 

 
 

 

с 

Fig. 9. Grain structure of the A7 aluminium alloy: 

а – initial; b – after 1 pass of ECAP without UV; c – after 1 pass of ECAP with UV 

Рис. 9. Зеренная структура алюминиевого сплава А7: а – исходного;  

b – после 1 прохода РКУП без УЗК; c – после 1 прохода РКУП с УЗК 

 

 

 

 

 

    

 a b 

Fig. 10. Histograms of grain sizes of the A7 aluminium alloy: а – initial; b – after 1 pass of ECAP without UV 

Рис. 10. Гистограммы размеров зерен алюминиевого сплава А7: а – исходного; b – после 1 прохода РКУП без УЗК 
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Fig. 11. Histograms of grain sizes of the A7 aluminium alloy  after 1 pass of ECAP with UV 

Рис. 11. Гистограммы размеров зерен алюминиевого сплава А7 после 1 прохода РКУП с УЗК 
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Fig. 12. Histograms of grain misorientation of the A7 aluminium alloy: 

 а – initial; b – after 1 pass of ECAP without UV; c – after 1 pass of ECAP with UV 

Рис. 12. Гистограммы разориентации зерен алюминиевого сплава А7: 

а – исходного; b – после 1 прохода РКУП без УЗК; c – после 1 прохода РКУП с УЗК 
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 а b 
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Fig. 13. Direct pole figures of the A7 aluminium alloy: 

а – initial; b – after 1 pass of ECAP without UV; c – after 1 pass of ECAP with UV 

Рис. 13. Прямые полюсные фигуры алюминиевого сплава А7: а – исходного; 

b – после 1 прохода РКУП без УЗК; c – после 1 прохода РКУП с УЗК 

 

 

 

and the blank during ECAP. The use of a waveguide with  

a matrix made as a single whole (waveguide-matrix) ensured 

the exclusion of the transition region between them as such. 

The UV energy is supplied directly to the processing zone 

without losses at the waveguide-matrix interface. The ab-

sence of this boundary also provides a significant increase in 

the service life of the device as a whole. At the same time, 

the deformation force is significantly reduced both by reduc-

ing the friction forces between the punch surface, and  

the waveguide-matrix channels, and by reducing the forces of 

metal deformation shear in the channel intersection zone.  

The degree of refinement of the blank structure increases, 

and the sinks of dislocations of the blank are facilitated. As 

for the grain misorientation of both zinc and A7 aluminium 

alloy, the proportion of low-angle boundaries has an ad-

vantage (Fig. 5 and 12). This is associated with the increase 

in the deformation degree. It is difficult to achieve a homo-

geneous equiaxial structure with a high content of high-angle 

grain boundaries in one ECAP pass, with and without ultra-

sonic vibrations. In the future, it is necessary to carry out 

ECAP with a large number of passes both with and without 

ultrasonic vibrations. 

This work aimed at improving the ECAP technology as 

one of the SPD methods is relevant. The use of ultrasonic 

vibrations in ECAP fundamentally changes the properties 

of metals and alloys when forming UFG structures in them, 

which will make it possible to implement largely a combi-

nation of high strength and ductility. Research into the unu-

sual combination of strength and ductility of nanostructured 

materials is of great fundamental and practical importance. 

From a fundamental point of view, these studies are of in-

terest for investigating new deformation mechanisms. From 

a practical point of view, the creation of nanomaterials with 

high strength and ductility can sharply increase their fatigue 

strength, impact toughness, and reduce the brittle-viscous 

transition temperature, which will increase the service life, 

and consequently, the scope of application of many promis-

ing materials. 

 

CONCLUSIONS 

An original ECAP device, where the waveguide with 

the matrix are made as a single unit, has been developed. 

For the first time, the ECAP method has been applied to 

metal materials such as zinc and A7 aluminium alloy, with 

longitudinal ultrasonic vibrations applied directly to the de-

formation zone by exciting them in the matrix-waveguide. 

It has been found that the application of ultrasonic vibra-

tions during ECAP of zinc and A7 aluminium alloy, leads to  

a decrease in the pressing force by 1.5 times or more due to  

the excitation of vibrations in the matrix itself, which served as 

a waveguide for longitudinal ultrasonic vibrations. 
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Changing the pressing speed within 4÷10 mm/s has vir-

tually no effect on the pressing force. 

The effect of ultrasonic vibrations on the ECAP process 

is also an effective way to change the structure of metal 

materials. Thus, after one pass, the microstructure of  

the material obtained by pressing with the application of 

ultrasonic vibrations differs significantly from the micro-

structure of samples obtained without ultrasonic vibrations: 

a decrease in the grain size, and a change in their crystallo-

graphic orientation, an increase in the mechanical proper-

ties of the deformed metal, and an increase in microhard-

ness are observed.  

Therefore, one can argue that ultrasonic exposure in  

the ECAP process allows changing significantly the force 

characteristics of the process, and the properties of metallic 

materials. 
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Аннотация: Представлен новый способ равноканального углового прессования (РКУП) с использованием 

мощных ультразвуковых колебаний (УЗК). Разработано оригинальное устройство ультразвукового РКУП, в кото-

ром волновод с матрицей выполнены как единое целое, а элементы крепления волновода расположены в узловой 

плоскости механических смещений стоячей волны, возбуждение которой происходит непосредственно в матрице 
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и заготовке в процессе прессования. Впервые предложено передавать УЗК в зону пересечения каналов матрицы, 

через которые перемещается заготовка, не через пуансон, а посредством возбуждения колебаний в самой матрице, 

т. е. матрица одновременно является волноводом продольных УЗК. Это позволило многократно повысить эффек-

тивность ультразвукового воздействия за счет снижения сил трения между поверхностью заготовки и поверхно-

стью каналов матрицы, а также за счет снижения деформационных усилий в зоне пересечения каналов матрицы, 

где происходит простой сдвиг деформируемого металла. В результате по сравнению с известными способами уль-

тразвукового РКУП, в которых снижение усилия прессования составляет менее 15 %, возбуждение УЗК непосред-

ственно в волноводе-матрице позволило снизить усилие прессования в 1,5–4 раза. При этом существенно меняется 

и структура прессуемых материалов: уменьшается размер зерен и их кристаллографические ориентировки, увели-

чивается микротвердость. Изменения фазового состава для всех образцов, полученных РКУП с УЗК и по обычной 

технологии, не наблюдается. 

Ключевые слова: равноканальное угловое прессование; РКУП; ультразвуковые колебания; УЗК; объемное 

наноструктурирование; интенсивная пластическая деформация; ИПД; волновод; матрица; деформационные уси-

лия; зеренная структура; цинк; алюминий. 
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Abstract: When developing technical requirements for alloys, it is important to apply an integrated approach. 

Combining analytical and simulation modelling, it is possible to reduce technological risks at the stage of creating or 

modifying requirements. The implementation of this approach directly depends on the degree of consideration of all 

factors included in the models, as well as on their influence on the variability of characteristics. However, known 

models do not provide satisfactory convergence with real industrial alloys. Using the example of a complex-alloyed 

CuZn13Mn8Al5Si2Fe1Pb brass, an approach is proposed that allows describing the variability in the structural state 

of multicomponent brasses. The analysis of statistical data on the chemical compositio n and microstructure of indus-

trial batches, made it possible to establish that the alloy matrix solution is a (α+β) -brass, and corresponds to  

the phase ratio at 700 °C on the polythermal pseudo-binary cross-section of the Cu–Zn–Mn5Si3 diagram. The distri-

bution of alloying elements in the main phases was studied using X-ray spectral analysis. The complete binding of 

iron in silicides and uniform distribution of manganese in the hot-pressed state were confirmed. A calculation of  

the silicon proportion in the solid solution was proposed. The measured density of the alloy is 7650  kg/m³, while 

 the calculated density of the matrix solution is 8100 kg/m³. Based on the updated parameters of the universal model,  

the authors used the Monte Carlo method to assess the variability of the microstructure in relation to the requirements 

for the chemical composition. The instability of technological properties is attributed to significant variability in  

the ratio of the α- and β-phases. The content of the α-phase in the alloy ranges from 37.5 % to 66.5 %, while  

the β-phase varies from 17.5 % to 55.2 %. The simulation model developed in this study enables both to analyse  

the existing alloys and to predict the behaviour of new alloys. This is critica lly important for optimising technologi-

cal processes, and improving the operational properties of materials.  

Keywords: multicomponent brass; CuZn13Mn8Al5Si2Fe1Pb; stability of technological processes; chemical composi-

tion of special brasses; statistical simulation modelling of phase composition; brass microstructure; brass density; zinc 

equivalent; silicides. 
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INTRODUCTION 

Modern mass production places strict requirements for 

the manufacturability of metal products. The development 

of domestic brands of special multicomponent brasses 

comparing favourably in manufacturability, and perfor-

mance characteristics with brands of foreign manufacturers 

is an urgent task. Increasing the stability of the manufactur-

ability of processes in mass production is considered within 

the theory of variability [1; 2] and statistical thinking (Six 

Sigma concept) [3]. Managing the phase composition vari-

ability is the main factor determining manufacturability.  

It is possible to reduce the time for designing requirements 

for alloys by introducing modern methods of statistical 

modelling. One of such methods is the Monte Carlo me-

thod, based on the reproduction of a large number of execu-

tions of a random process, specially created for the condi-

tions of the problem being solved. The random process is 

formed in such a way that its probabilistic characteristics 

are equal to the observed ones, or it would be possible to 

calculate through them the desired values of the problem 

under consideration. 

The LMtsAZhKS 70-7-5-2-2-1 alloy (European ana-

logues: CuZn13Mn8Al5Si2Fe1Pb – EN, Diel470HT by 

Diehl) is used in the domestic automotive industry, has high 

wear resistance, but unstable technological and operational 

characteristics [4; 5]. Alloying elements such as aluminium, 

manganese, iron, silicon, on the one hand, contribute to  

the improvement of mechanical properties [6; 7]. On  

the other hand, they have conflicting effects on the manu-

facturability of casting processes and plasticity in hot and 

cold states, slowing down diffusion processes [8; 9]. Lead, 

filling the pores, allows increasing machinability by cutting  

due to the formation of small intermittent chips [10], but 

also contributes to crack formation during stamping [10;

 

 

© Svyatkin A.V., Kostin G.V., 2024  

 

Frontier Materials & Technologies. 2024. No. 4 87

https://orcid.org/0000-0002-8121-9084


Svyatkin A.V., Kostin G.V.   “Universal model for predicting the phase composition of multicomponent brasses” 

 

11]. Therefore, for the engineering of brass multicomponent 

alloys, it is important to understand how changes in  

the content of alloying elements will affect the variability of 

the phase composition. 

The works [12; 13] proposed methods for assessing 

the phase composition of multicomponent brasses, based 

on the calculation of the zinc equivalent, taking into ac-

count the Guillet coefficients proposed more than 

100 years ago [14], but still actively used in technical 

literature. The main provisions of the forecasting me-

thods [12; 13] are the following. 

1. The calculation of the zinc equivalent (Zne) according 

to the Cu–Zn diagram is performed using the formula 

 









ii

ii

e
CK

CK

ZnCu

Zn
Zn ,                       (1) 

 

where Cu, Zn are the actual content of copper and zinc in 

the alloy, %; 

Ci is the content of the i-th element in the alloy, %; 

Ki is the corresponding Guillet equivalence coefficient 

(Table 1). 

2. It is taken into account that lead is in a free state, sili-

con is completely bound in silicides, and manganese and 

iron are partially bound. 

3. The predicted content of silicides is estimated by 

the formula 

 

 
35Si

NiMnFe35 Si1Si
Me

brassMe



 , % vol.,    (2) 

 

where αFe, αMn, αNi are the coefficients of connectivity for 

silicon [12; 13]; 

0.6
35Si
Me  kg/dm3 is the average density of Fe and 

Mn silicides. 

4. Moreover, it is noted that after pressing, the phase 

composition corresponding to the Cu–Zn diagram at 500 °C 

[12] or 400 °C [13] is fixed. 

However, the indicated works do not contain information 

on checking the quality of the models. When testing the me-

thods on industrial batches of CuZn13Mn8Al5Si2Fe1Pb 

brass, low quality indices of the models were obtained1. 

The described approach seems to be justified, but the model 

does not take into account a number of factors that can in-

troduce significant errors. The brass density corresponds to 

the reference data for less alloyed brasses. The mechanism 

of nucleation and growth of silicides during crystallisation 

is diffusion, therefore, in case of a decrease in the crystalli-

sation rate, the number and size of silicides should increase 

to the maximum possible value, specified by the chemical 

composition [15]. With an increase in the crystallisation 

rate, diffusion does not have time to occur, and part of Si, 

Mn, Fe remains in the solid solution. The solid solution will 

                                                            
1 Kostin G.V., Svyatkin A.V. Evaluation of the adequacy 

 of models for predicting the phase composition of silicon-

manganese brass. Fizicheskoe materialovedenie: sbornik  

materialov XI mezhdunarodnoy shkoly. Togliatti, Togliatti State 

University Publ., 2023, pp. 163–164. EDN: QNACBO. 

change depending on the interaction of the above elements. 

Therefore, the volume of silicides in alloys depends on the 

cooling conditions of the blanks after casting. Considering 

the variable solubility of silicides in brass in the range of 

200...800 °C, the statement about the complete binding of 

silicon in silicides requires rechecking. At the same time, it 

is known that iron barely dissolves in brass, forming -Fe 

[16]. To describe the equilibrium state of special brass al-

loys doped with Mn and Si, it is logical to use the pseudo-

binary polythermal cross-section of the Cu–Zne–Mn5Si3 

diagram (Fig. 1). Note that in [17], the calculation of alter-

native equivalence coefficients is given, based on electron 

concentrations calculated as the sum of the products of the 

atomic concentration of each component, and the number of 

its collective electrons.  

The aim of this work is to update the universal forecast-

ing model based on information on the chemical composi-

tion of the phases of a multicomponent brass. 

 

METHODS 

The objects of the work were industrial batches of 

CuZn13Mn8Al5Si2Fe1Pb brass tubes in a hot-pressed state 

(heating temperature is 750 °C). 

A batch of samples was formed from 20 real industrial 

melts of CuZn13Mn8Al5Si2Fe1Pb brass in a hot-pressed 

state. Technical requirements for the chemical composition 

are given in Table 2, which shows as well the average va-

lues for chemical elements, and the standard deviation for 

the analysed batch of samples. For each element, the nature 

of the distribution of the population was assessed. As a rule, 

the main elements of the alloy from batch to batch have  

a normal distribution; impurities have a uniform (rectangu-

lar) distribution. The hypothesis of the normal distribution 

was tested using the Pearson criterion. 

Further, metallographic analysis was carried out to iden-

tify actual structural relationships. The results were com-

pared with the Cu–Zne–Mn5Si3 phase diagram (Fig. 1). 

Quantitative metallographic analysis was performed using 

an Olympus GX51 microscope (Japan), with a SIAMS 800 

panoramic microscopy system (Russia). The proportion of 

silicides ((Fe, Mn)5Si3) was determined on unetched sec-

tions in longitudinal and cross sections. The amount of  

α- and β-phases was recorded after etching (FeCl3 – 5 g; 

HCl – 30 ml; H2O – 100 ml). 

To refine the chemical composition of the phases, X-ray 

spectral analysis was performed on an EVO18 Carl Zeiss 

scanning electron microscope (SEM) (Germany), with EDX 

from Bruker (Germany). Measurements were carried out 

after studying the fields at a magnification in the range  

of ×2000...7000 to exclude the influence of highly dis-

persed silicides, using the Point Analysis function.  

For project activities when developing and adjusting 

technical requirements, the main indicator in mass produc-

tion is the statistical convergence of the mathematical ex-

pectation and standard deviation of models and direct ob-

servations. 

The solution density was refined based on the following 

considerations:
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Table 1. Equivalence coefficients of zinc in brasses 

Таблица 1. Коэффициенты эквивалентности цинка в латунях 

 

 

Element Si Al Mn Fe Ni Sn Pb Mg 

According to Guillet [14] 10.0 5.0 0.5 0.9 −1.3 2.0 1.0 2.0 

According to Efremov [17] 6.0 4.0 −0.2 – −0.6…1.5 1.7 – 1.7 

 

 

 

 

 

Fig. 1. Pseudo-binary polythermal section of the Cu–Zne–Mn5Si3 diagram with a constant content of silicides. 

Source: Kotlyarov I.V., Kopyl M.D., Tropotov A.V. Special brass alloys for synchronizer rings: optimization of compositions  

and technological processes. Problemy razvitiya avtomobilestroeniya v Rossii: sbornik izbrannykh dokladov II–IV mezhdunarodnykh  

nauchno-prakticheskikh konferentsiy. Tolyatti, TGU Publ., 1996, pp. 130–134, p. 131. 

Рис. 1. Псевдобинарный политермический разрез диаграммы Cu–Zne–Mn5Si3, 

с постоянным содержанием силицидов. 

Источник: Котляров И.В., Копыл М.Д., Тропотов А.В. Специальные латунные сплавы для колец синхронизаторов:  

оптимизация составов и технологических процессов // Проблемы развития автомобилестроения в России: сборник избранных  

докладов II–IV международных научно-практических конференций. Тольятти: ТГУ, 1996. С. 130–134. С. 131. 

 

 

 

SiMemat MMM  ,                        (3) 

 

where М is the sample mass;  

Мmat is the mass of the matrix solution;  

МMeSi is the mass of silicides. 

Having expanded the formula for finding the sample 

mass, we obtain 

 

SiSi MeMematmat VVV  ,                (4) 

 

where ρ is the sample total density measured according to 

GOST 20018-74; 

V is the sample volume taken equal to 1; 

ρMeSi=5990 kg/m3; 

according to the law of stereometric metallography on  

the correspondence of phase volumes and areas: 

VmatSmat, VMeSiSMeSi are the volumes occupied by the ma-

trix and silicides, respectively, calculated according to  

the data of metallographic analysis;  

Smat и SMeSi are the ratio of the surface area measured by 

metallographic analysis of the matrix solid solution and 

silicides, respectively. 

To determine the actual density of brass, samples from 

20 batches of the CuZn13Mn8Al5Si2Fe1Pb alloy were 

measured.  

After refining the method of phase composition fore-

casting, the authors simulated its variability using the Monte 
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Table 2. Chemical composition of the CuZn13Mn8Al5Si2Fe1Pb alloy components, wt. % 

Таблица 2. Химический состав компонентов сплава ЛМцАЖКС, мас. % 

 

 

Element Al Cu Fe Mn Ni Pb Si Sn Zn Impurities 

Norm 5.0–6.0 69.5–71.5 1.4–2.4 6.5–7.5 ≤0.1 0.6–1.2 1.7–2.5 ≤0.1 res. ≤0.5 

Average 5.35 70.06 1.61 7.10 0.07 0.88 1.87 0.03 12.98 0.13 

Standard  

deviation 
0.16 0.41 0.12 0.17 0.02 0.04 0.06 0.02 0.43 0.02 

Distribution + + + + – + + – + – 

Note. “+” corresponds to normal distribution, “–” corresponds to rectangular distribution, the -phase amount is not less than 50 %. 

Примечание. «+» соответствует нормальному распределению, «–» – прямоугольному, количество -фазы не менее 50 %. 

 

 

 

Carlo method for 500 iterations. The average value corre-

sponded to the middle of the tolerance field; the standard 

deviation was calculated using the Six Sigma rule: 

 

6
6

LTLUTL
 ,                          (5) 

 

where UTL and LTL are the upper and lower tolerance limits. 

The element value for each iteration: 

 

 eKEE1 ,                           (6) 

 

where E is the corresponding element of the chemical com-

position; 

Кe is a random coefficient from 0 to 1 generated for  

the corresponding distribution. 

A set of random numbers was obtained and regres-

sion models were built using the Analysis Package of 

Microsoft Excel. 

 

RESULTS 

Table 3 presents the results of the metallographic 

study of 20 batches of the CuZn13Mn8Al5Si2Fe1Pb 

alloy as the average and standard deviation. The α- and 

β-phases change in a fairly wide range: α=43.1…63.2 %, 

β=26.0…53.6 %. The proportion of silicides (Fe, Mn)5Si3 

in the alloy is stable between batches of the alloy and is 

9.2…12.5 % with a standard deviation of 0.4 %. 

As a result of the density analysis of the sample, it was 

found that the CuZn13Mn8Al5Si2Fe1Pb alloy has a density 

of 765020 kg/m3. Then, from formula (4), it follows that 

the density of the CuZn13Mn8Al5Si2Fe1Pb brass matrix is 

8100 kg/m3. 

When studying the microstructure, it was found that  

the CuZn13Mn8Al5Si2Fe1Pb alloy is a 4-component sys-

tem, and consists mainly of equiaxed grains of the (+β) 

solid solution, silicides and structurally free lead inclusions. 

Subsequent examination using an electron microscope con-

firmed the almost complete absence of signs of eutectoid 

decomposition. The β-phase consists of dispersed plates 

oriented transversely to the pressing direction (Fig. 2).  

Intermetallides are represented by two main types – large 

primary (Fe, Mn)5Si3 silicides, and secondary dispersed 

rod-shaped Mn5Si3 inclusions. 

Statistics on the chemical composition of the - and  

β-phases are given in Table 4. The chemical composition 

of the - and β-phases is rather stable from batch to batch. 

It was found that iron is completely bound in silicides – 

(Fe, Mn)5Si3, silicon is unevenly distributed in the solid 

solution, and is part of the α-phase with a content of 

0.14±0.09 % by weight, and of the β-phase with a content 

 

 

 
Table 3. Results of metallographic study of the CuZn13Mn8Al5Si2Fe1Pb alloy microstructure 

Таблица 3. Результаты металлографического исследования микроструктуры сплава ЛМцАЖКС 

 

 

Indicator α-phase, vol. % β-phase, vol. % α/β (Fe,Mn)5Si3, vol. % 

Average 52.2 36.3 1.5 11.5 

Standard deviation 4.8 6.3 0.4 0.9 

Minimum 43.1 26.0 0.9 9.2 

Maximum 63.2 53.6 2.4 12.5 
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Fig. 2. Microstructure of the CuZn13Mn8Al5Si2Fe1Pb alloy: 

a – section in the pressing direction; b – radial section; c – view of the β-phase plates with the radial section 

Рис. 2. Микроструктура сплава ЛМцАЖКС: 

a – сечение в направлении прессования; b – радиальное сечение; c – вид пластин β-фазы с радиальным сечением  

 
 

 

Table 4. Statistics of chemical composition of - and β-phases 

Таблица 4. Статистика химического состава - и β-фаз 

 

Element 
α-phase β-phase 

Al Si Mn Cu Fe Zn Al Si Mn Cu Fe Zn 

X̅ 4.78 0.14 2.72 78.80 0 13.63 7.72 0.05 2.75 74.83 0 14.69 

σ 0.29 0.09 0.12 0.26 0 0.20 0.44 0.06 0.14 0.55 0 0.29 

 

 

 

of 0.06±0.05 % by weight. Manganese is uniformly distri-

buted between the α- and β-phases with a concentration of 

2.72…2.75 %. Aluminium is detected in both phases, de-

spite the fact that it belongs to the β-forming elements. In 

the α-phase, the aluminium concentration is 4.78±0.29 %, 

in the β-phase – 7.72±0.44 %.  

Linear scanning showed that the manganese concentration 

peaks are caused only by the transition from the matrix solu-

tion to silicides. Manganese is distributed uniformly between 

the - and β-phases. The amount of -phase in the alloy de-

termined by the Six Sigma rule varies from 37.5 to 66.5 %, 

and the amount of β-phase varies from 17.5 to 55.2 %.  

Based on the results obtained, a different approach was 

used: the calculation for silicon was performed taking into 

account the provision that in CuZn13Mn8Al5Si2Fe1Pb 

brass, silicon forms a stable (Fe, Mn)5Si3 silicide with iron 

and manganese, and iron is completely bound in silicides. 

Since the centre of the intermetallic compound is enriched 

with iron, and the periphery is enriched with manganese 

[18], the amount of silicon bound by iron is 

 

 
 Fe
SiFe

5

3
SiFe

Ar

Ar
 ,                         (7) 

 

where Fe is the concentration of iron in the alloy;  

Ar(Fe) is the atomic mass of iron, equal to 55.845 amu;  

Ar(Si) is the atomic mass of silicon, equal to 28.086 amu. 

The proportion of silicon bound with manganese: 

 

 
 Mn

SiMn

5

3
SiMn

Ar

Ar
 ,                        (8) 

 

where Mn is the concentration of manganese in the alloy;  

Ar(Mn) is the atomic mass of manganese, equal to 

54.938 amu. 

The amount of silicon in the matrix: 

 

MnFe SiSiSiSi mat .                      (9) 

 

By comparing the result of determining the amount of 

total silicon in the alloy with the amount of silicon dis-

solved in the matrix, it was found that it is possible to use 

the regression equation 

 

03.0Si07.0Si mat .                       (10) 

 

By analysing Table 2, and comparing it with the Cu–

Zn–((Fe,Mn)5Si3) diagram (Fig. 1), the authors found that 

the obtained results correspond to the phase ratio at a tem-

perature of 700 °C, which is somewhat different from  

c 
a 

b 
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the works [12; 13]. In this case, the formulas for the predic-

tion methods take the form: 

 

4.346.41

Zn6.41
α e




press ,                       (11) 

 

5.366.45

Zn6.45 e




anneal .                      (12) 

 

Similarly to [12], we multiply the obtained result by  

the K coefficient, which takes into account the weight frac-

tion of lead and silicides, adjusting the amount of silicon in 

accordance with calculation (7)–(10): 

 

     

100

SiMnFe,Pb100 35 volumevolume
K


 .        (13) 

 

The volume fraction of lead and silicides is determined 

in accordance with the formula [12]: 

 

c

brass
masvolume WW




 ,                     (14) 

 

where Wmas is the mass fraction of the corresponding substance; 

ρbrass and ρc are the densities of brass and the corresponding 

substance.  

Next, the R2 determination coefficient was calculated 

for the methods [12; 13] and according to formulas (9)–

(12), using the Guillet [14] and Efremov [17] coefficients. 

When calculating according to [14; 17], in all cases we ob-

tain single-phase α-brass. The calculation indicators accord-

ing to (11)–(14) are given in Table 5. 

The calculation of the zinc equivalent, according to Table 4, 

showed that Zne=33.0 % is for the α-phase, Zne=41.8 % is for 

the β-phase, which corresponds to the α-phase at 750 °C and to 

the β-phase at 700 °C in the diagram (Fig. 1). The result corre-

sponds to the data obtained in the metallographic analysis.  

Based on the current requirements (Table 2), the authors 

determined the minimum and maximum amounts of - and 

β-phases in the alloy: -phase=39…70 % (≥50 % in 88 % 

of cases), β-phase=18…50 %. In 99 % of cases, the -phase 

predominates in the microstructure. 

 

DISCUSSION 

It is known [18], that the silicides in the alloy are the (Fe, 

Mn)5Si3 compound. However, no signs of the β+β eutec-

toid decomposition identified earlier in [18] were revealed. 

The microstructure of the CuZn13Mn8Al5Si2Fe1Pb alloy in 

the cited work was investigated in the annealed state, which 

is the reason for the difference in the results. Thus, in  

the industrially produced CuZn13Mn8Al5Si2Fe1Pb alloy, 

after pressing, the eutectoid decomposition of the high-

temperature β-phase, is almost completely suppressed, and 

the alloy is in a nonequilibrium state. High variability of  

the microstructure /β=0.9…2.4 is a factor determining  

the instability of the technological properties. 

The alloy microstructure is not optimal in terms of manu-

facturability, since the main operations of the technological 

process are associated with hot deformation. In [19], it is 

shown that the correction of aluminium by 0.4 % wt. allows 

stabilising significantly the process, without qualitatively 

changing the requirements of the standards. In our case, with 

an aluminium content of 5.3...6.0 %, the -phase will be 

40...65 % (≥50 % in 67 % of cases), the β-phase will be 

23.5...50 %. From the point of view of a qualitative increase in 

manufacturability, it is advisable, to ensure a ratio of - and  

β-phases of 50/50 [17]. This can be achieved by limiting  

the content of copper to 68.45...70.40 %, of aluminium – 

5.3...6.0 %. Then the amount of -phase is 28.5...58.3 % 

(≥50 % in 18 % of cases), β-phase – 30...61 %. It is known 

that maximum wear resistance is ensured with the amount of 

β-phase of 45...50 %, -phase – 30...45 % [20; 21]. This ratio 

corresponds to a content of copper of 68.8...70.7 %, of alumi-

nium – 5.5...6.1 %. To prevent the formation of silicides of 

unfavourable form, it is recommended to limit the concentra-

tion of silicon in the alloy to no more than 2.2 % [18]. 

Testing the prediction technique demonstrated that  

the resulting model has a determination coefficient (R2) 

equal to 0.62, which indicates an acceptable quality of  

the model, in contrast to previously known models [12; 13], 

which can be explained by changed production conditions 

of the alloy. The provision on the complete connectivity of 

silicon, and the use of the coefficients of connectivity of ma-

nganese and iron with silicon, in our opinion, is one  

of the main sources of error in the models [12; 13]. As  

a result, it was found that the predicted values, according to 

[12; 13], give significantly overestimated results (by 

20...30 %) and R2<0. Therefore, based on the proposed 

simulation model, it is possible both to analyse technologi-

cal risks and to predict the behaviour of new alloys with  

a corrected or fundamentally new chemical composition. 

This is critically important for optimising technological 

processes, and improving the performance properties of 

materials. It is expected that the results of this study will 

contribute to the development of technologies for the pro-

duction and processing of multicomponent brasses, and will 

increase their competitiveness in the modern market.

 
 
 

Table 5. Calculation model indicators 
Таблица 5. Показатели расчетной модели 

 
 

Average for the sample group, % Standard deviation, % 
Coefficient of determination R2 

 β (Fe,Mn)5Si3  β (Fe,Mn)5Si3 

53.1 35.5 11.5 4.4 4.0 0.4 0.62 
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CONCLUSIONS 

Statistical analysis of industrial batches of 

CuZn13Mn8Al5Si2Fe1Pb brass showed, that the variability 

of the alloy microstructure ensuring the stability of techno-

logical and operational characteristics, can be described by 

an analytical and simulation model, based on the Guillet 

coefficients and the Cu–Zn–((Fe,Mn)5Si3) diagram. 

The formula for predicting the α-phase of the alloy after 

pressing was refined. At the same time, it was found that 

the observed microstructure corresponds to the ratio of the 

α- and β-phases in the pseudo-binary polythermal section of 

the Cu–Zne–Mn5Si3 diagram at 700 °C. For the hot-pressed 

state, complete binding of Fe in silicides, the presence of 

residual Si content in the α- and β-phases, and uniform dis-

tribution of Mn in the α- and β-phases were found.  

To improve manufacturability, it is recommended to 

change the copper and aluminium content to 68.45…70.40 % 

and 5.3…6.0 %, respectively. It is assumed that maximum 

wear resistance is ensured by a copper content of 

68.8…70.7 %, aluminium content of 5.5…6.1 %. 

The proposed simulation model will reduce the risks of 

deviations in technological processes, when adjusting  

the requirements for chemical composition, and developing 

new brass grades co-doped with aluminium, manganese, 

iron and silicon. 
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Аннотация: При разработке технических требований к сплавам важно применять комплексный подход. Соче-

тая аналитическое и имитационное моделирование, можно уменьшить технологические риски на этапе создания 

или изменения требований. Реализация данного подхода напрямую зависит от степени учета всех факторов, 

включенных в модели, а также от их влияния на изменчивость характеристик. Однако известные модели не дают 

удовлетворительной сходимости с реальными промышленными сплавами. На примере сложнолегированной лату-

ни ЛМцАЖКС (CuZn13Mn8Al5Si2Fe1Pb) предложен подход, позволяющий описать изменчивость структурного 

состояния многокомпонентных латуней. Анализ статистических данных химического состава и микроструктуры 

промышленных партий позволил установить, что матричный раствор сплава представляет собой (+β)-латунь  

и соответствует соотношению фаз при 700 °C на политермическом псевдобинарном разрезе диаграммы Cu–Zn–

Mn5Si3. Методами рентгеноспектрального анализа исследовано распределение легирующих элементов в основных 

фазах. Подтверждена полная связанность железа в силицидах и равномерное распределение марганца в горяче-

прессованном состоянии. Предложен расчет доли кремния, входящего в твердый раствор. Измеренная плотность 

сплава составляет 7650 кг/м3, расчетная плотность матричного раствора – 8100 кг/м3. На основании уточненных 

параметров универсальной модели методом Монте-Карло оценили изменчивость микроструктуры в зависимости 

от требований к химическому составу. Причиной нестабильноости технологических свойств является значитель-

ная изменчивость соотношения - и β-фаз. Содержание -фазы в сплаве изменяется от 37,5 до 66,5 %, β-фазы – от 

17,5 до 55,2 %. Имитационная модель, разработанная в рамках исследования, предоставляет возможность не толь-

ко анализировать существующие сплавы, но и предсказывать поведение новых сплавов, что является критически 

важным для оптимизации технологических процессов и улучшения эксплуатационных свойств материалов.  

Ключевые слова: многокомпонентная латунь; ЛМцАЖКС 70-7-5-2-2-1; стабильность технологических процес-

сов; химический состав специальных латуней; статистическое имитационное моделирование фазового состава; 

микроструктура латуней; плотность латуни; цинковый эквивалент; силициды. 
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Abstract: This study examined the influence of alloy composition (mild steel and aluminium) on several machining pa-

rameters, such as temperature, cutting force, surface roughness, and chip morphology. Significant variations in these pa-

rameters were detected by modifying the alloys while maintaining constant process conditions. In mild steel, rotating 

speed affected chip morphology, with elevated speeds resulting in continuous chips and reduced rates yielding shorter 

chips. The augmented rake angle affects the chip properties, resulting in a little decrease in chip length. Moreover, the cut-

ting force influenced the chip length at a designated rotational speed. Conversely, aluminium alloys continuously generat-

ed continuous chip fragments irrespective of cutting speed or rake angle. Favourable correlation coefficients are noted 

among the variables, and a regression model is effectively developed and utilised on the experimental data. The random 

forest model, indicates that material selection significantly influences temperature, cutting force, surface roughness, and 

chip morphology during machining. This study offers significant insights into the correlation between tool rake angle and 

other machining parameters, elucidating the elements that influence surface quality. The results enhance comprehension of 

machined surface attributes, facilitating the optimisation of machining operations for various materials. 

Keywords: turning process; rake angle; chip morphology; predictive modelling. 
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INTRODUCTION 

The cylinder components with specified models are 

made using lathes and/or CNC machines. During the pro-

cess, the chip detaches from the workpiece because of shear 

forces applied by a sharp tool. Recent advancements in re-

search activities during the machining process have led to 

improved output quality. Dogra elucidated the importance 

of tool geometry in the turning process. The substantial heat 

generated during chip removal from the workpiece results 

in tool fatigue and inferior surface finish [1]. The im-

portance of tool geometry throughout the machining pro-

cess must be accurately articulated. Duc Pham Minh exa-

mined the influence of rake angle on material and chip pro-

perties. The variation in rake angle with different process 

conditions resulted in variation in tool wear, surface rough-

ness and distinct chip morphologies [2].  

The ductile material produces a continuous chip and of-

fers a longer tool life compared to brittle material, which 

generates a discontinuous chip and has a shorter tool life 

[3]. Numerous investigations demonstrated the correlation 

between a tool’s morphology and its durability, as well as 

its surface irregularities. Tools with a larger radius operat-

ing at higher speeds resulted in lower surface roughness 

compared to those with a smaller radius. Analytical and 

numerical methods are currently utilised to obtain extensive 

information on the parameters of the cutting process [4]. 

Two-dimensional or three-dimensional models are em-

ployed in simulation methodologies to illustrate the diverse 

cutting parameters and materials [5]. Many models rely on 

a two-dimensional framework, and are not implemented in 

three dimensions due to heightened computational time and 

complexity [6].  

The proliferation of diverse commercial products has 

escalated due to the swift technical advancements of  

the modern environment. Li Bin examined the advance-

ments in theoretical analysis and numerical modelling of 

tool wear globally [7]. Outeiro conducted numerical model-

ling and simulation of metal cutting procedures. Numerous 

numerical methods, including Finite Element method 

(FEM) and Mesh-free techniques, are being developed to 

simulate machining operations [8]. The ABAQUS algo-

rithm was employed to model the oblique cutting of nickel-

based alloys using coated tools, resulting in a more accurate 

prediction of cutting forces [9]. The comparison of simula-

tion findings with experimental data revealed that the simu-

lation results aligned with the experimental outcomes.  

The FEM tool was employed to provide a thorough analysis 

of the effects of key machining variables on the mechanical 

properties of mild steel alloys machined using a ceramic 

tool. The simulation generated a distributed representation 

of temperature and stress values in the tool tip during  

the analysis [10]. The simulation or FEM-based approaches 
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are utilised solely for calculating results; they cannot be 

compared with other process factors or subjected to 

comprehensive analysis. Various tools, including MATLAB, 

ANOVA, and open-source software such as R and  

Python, are utilised to compare and predict output varia-

bles with different predictors. Regression models are 

employed to ascertain the link between several inde-

pendent factors, and a dependent variable for future pre-

dictions. Numerous numerical algorithms were created 

from the experimental data collected during the machin-

ing process. The selection of suitable predictive models 

facilitates the determination of optimal cutting parame-

ters and enhances process quality [11; 12]. The research-

ers have developed predictive models to enhance tool 

longevity [13], minimise machining duration [14], de-

crease energy usage [15], and reduce setup time [16], 

among other factors. These models are crucial for deter-

mining optimal cutting parameters and enhancing proce-

dural quality. Li Kuan-Ming and Liang Steven Y. de-

vised a temperature model to forecast tool temperature 

during oblique rotation, thereby elucidating the stability 

of the machining process [17]. Ko Jeong Hoon devised  

a model for attrition rates during the milling process 

[18]. It is essential to thoroughly investigate the influence 

of rake angles on different materials to create dependable 

forecast models. Consequently, further research is neces-

sary to develop predictive models that juxtapose steel 

with aluminium. The shape of the cutting tool is a criti-

cal machining parameter that affects cutting conditions, 

and consequently, the quality of the completed products1. 

A comprehensive understanding of how material proper-

ties influence the cutting technique, necessitates a meti-

culous examination of chip morphology across various 

materials under defined process parameters.  

The primary aim of this study is to analyse machining 

parameters, including temperature, cutting force, surface 

roughness, and chip morphology, with the varying alloy 

compositions.  

The objective of the work is to enhance comprehen-

sion of the effects of material selection and tool rake 

angle on surface quality, chip morphology, and other 

machining results, hence facilitating the optimisation of 

machining processes for diverse materials. To enhance 

the outcomes, predictive analysis must be conducted to 

comprehend surface morphology with varying material 

compositions.  

 

METHODS 

In the present work, the turning process are carried 

out with aluminium and steel alloys, with varying rake 

angle as one of the machining parameters. The other 

possible combination of process parameters, such as cut-

ting velocity, cutting force, surface texture, and tempera-

ture are also carried out and quantified. The investiga-

tions were conducted utilising a PSG 124 / A 124 heavy-

                                                 
1 Dogra M., Sharma V.S., Dureja J.S. Effect of tool geometry 

variation on finish turning – A Review. Journal of Engineering 

Science and Technology Review, 2011, vol. 4, no. 1, pp. 1–13. 

DOI: 10.25103/jestr.041.01. 

duty precision lathe machine produced by HMT Machine 

Tools Ltd. (Hindustan Machine Tools, India). Two spe-

cimens, mild steel (EN9) and aluminium (2017-T4), ex-

hibiting comparable mechanical properties as per ASM 

handbooks, are selected as the workpiece materials.  

The workpieces measured 24 mm in diameter and 

150 mm in length. The specimens were firmly secured in 

a three-jaw chuck and revolved at cutting speeds of 

160 rpm and 360 rpm, maintaining a constant feed rate 

of 0.12 mm/rev. We employed an Indian-manufactured 

high-speed steel tool containing 10 % cobalt, featuring  

a square cross-section of 12.7 mm and a length of 

50 mm. We adjusted the tool rake angles (3°, 5°, 8°, and 

11°) and taken a depth of cut of 0.5 mm as process pa-

rameters. A typical lathe tool dynamometer was affixed 

to the lathe machine to measure the forces produced dur-

ing machining. The profile projector was utilised to ana-

lyse chip formation and ascertain the length of the chip’s 

serrations from enlarged images. The surface roughness 

was assessed using an SJ-218 Talysurf (Mitutoyo, Japan) 

on the machined surface. 

With the detailed experiment values, a predictive mo-

del is proposed to provide an early assessment of the rela-

tionship between variables, focusing on temperature as 

the output. The R software tool is employed to create  

a predictive model utilising experimental data. The study 

was conducted by importing the data into the tool envi-

ronment. The “read.csv()” function was employed to im-

port the tabular data, with appropriate formatting and va-

riable allocation. The correlation coefficients between  

the dependent and independent variables are computed first 

from the available data. Additionally, linear regression and 

the random forest technique are employed to forecast sur-

face roughness based on provided data. 

 

RESULTS  

Chip formation  

The chip formation provides insight into the work-

piece quality and dictates machining stability. Fig. 1 il-

lustrates the chip pictures on the profile projectors and 

facilitates the measurement of chip geometry. Initial ob-

servations indicate that alterations in the rake angle have 

affected the chip length. This phenomenon results from  

a change in the direction of chip flow across the blade’s 

surface. Significantly, at 140 rpm, an increase in cutting 

force led to the formation of shorter chips. The proper-

ties of aluminium alloys led to the generation of conti-

nuous chips, irrespective of variations in cutting speed or 

rake angle, as illustrated in Fig. 1. 

Determination of properties during the machining  

process 

Fig. 2 a illustrates the serration height observed during 

the chip study at various cutting rates. The height rises as 

the spinning speed diminishes. At elevated rotating veloci-

ties, a continuous chip is produced with curls. Throughout 

the procedure, the tool tip engages with the work material, 

undergoes compression, and attains a plastic state. A longer 

serration length is noticed when mild steel is rotated at 
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Mild Steel Aluminium  

360 rpm 160 rpm 360 rpm 160 rpm 

3° 

    

5° 

    

8° 

    

11° 

    

 

Fig. 1. Chip formation for the different materials at different rake angles and rotational speeds 

Рис. 1. Образование стружки для различных материалов при различных углах наклона и скоростях вращения 

 

 

 

a reduced speed. In aluminium alloys, a constant material 

removal thickness produces an elongated fragment with  

a reduced serration length. 

Fig. 2 b illustrates the roughness values of the machined 

surface. For mild steel, these values diminished with  

an increase in cutting speed. The results indicate that its 

value is inversely related to the cutting temperature. Elevat-

ed cutting temperatures promote the thermal softness of  

the material, hence allowing for the facile extraction of  

the metal from the alloy. Moreover, an escalation in cutting 

speed amplifies surface-level vibrations and thermal gene-

ration. This leads to the creation of a coarse surface, which 

may also occur due to the disruption of the chip between 

the tool tip and the pliable workpiece. In the machining pro-

cess, an increase in the rake angle results in a reduction of 

cutting force due to diminished contact at the tool tip inter-

face. Fig. 3 a illustrates that the fragment length grows until 

a rake angle of 5°, after which it diminishes. The tempera-

ture at the tool tip contact is measured using a pyrometer 

and illustrated in Fig. 3 b. Here the temperature increases 

with a higher rake angle and the chosen material. This may 

arise from the higher frictional force. 

Table 1 delineates the experimental data for various 

process parameters, including rotational speed, cutting 

force, rake angle, and surface roughness, along with their 

corresponding output variables. 
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a 

b 

Fig. 2. Determination of some mechanical properties during the machining process 

Рис. 2. Определение некоторых механических свойств во время процесса обработки 

Table 2 shows the correlation values obtained from 

the analysis in the R software. The relationships between 

the different independent variables, and temperature are 

analysed using these coefficients. In this instance, sur-

face roughness and cutting force have strong positive 

correlations with temperature. This acknowledges that 

an increase in surface roughness, and cutting force corre-

lates with a rise in temperature throughout the machining 

process. These variables significantly influence the ther-

mal behaviour of the process. The rake angle exhibits 

a moderate correlation with surface roughness. It exerts 

a minimal influence on the other variables in the study. 

The temperature had the most positive correlation with 

surface area and cutting force among the examined pa-

rameters. This indicates that the surface characteristics 

and cutting force produced during machining are directly 

correlated, with the resultant temperature. The correla-

tion analysis revealed substantial correlations between 

these variables and the recorded temperature. More-

over, surface roughness and cutting force exhibited 

a negative correlation with the rake angle, as demon-

strated in Table 2. 

Multiple regression analysis showed that the cutting 

force, surface roughness, rake angle, and cutting speed sig-

nificantly influenced the temperature generated at the con-

tact during the studies. Tables 3 and 4 present the machin-

ing parameter values for aluminium and steel, respectively. 

For the provided data, the following response models are 

proposed for aluminium and steel: 

Linear Regression for Steel 

SFMRaFcT 077.0482.61.005.064.199  , 

where T is temperature; 

Fc is cutting force; 

Ra is surface roughness; 

γ is rake angle; 

SFM is cutting speed. 

Linear Regression for Aluminium 

SFMRaFcT 132.066.205.002.041.116  . 

To enhance performance in machining, it is essential 

to comprehend the correlation between process parame-

ters and temperature. The experimental results under-

score the temperature sensitivity of cutting force, cutting 

speed, surface roughness, and rake angle. In both equa-

tions, the p-values for independent variables with inter-

action factors were below 0.05, signifying that these va-

riables exerted a statistically significant positive effect 

on temperature. The use of interaction terms indicates that 
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a 

b 

Fig. 3. Temperature distribution for various rake angle 

Рис. 3. Распределение температуры для различных передних углов 

the connection between temperature and the examined 

variables, is shaped by their interactions rather than be-

ing merely additive. 

The R-squared values for both models were approxi-

mately 89 %, indicating their validity and goodness of 

fit. The elevated figures suggest that the models, 

grounded in the independent variables and their interac-

tions, account for a substantial proportion of the tempe-

rature variance. The temperature regression analysis 

produced negligible residual values, signifying that 

the developed models effectively depict the relationship 

between the independent variables and temperature. 

The minimal residuals suggest that the models accurately 

approximate the actual temperature data. 

Fig. 4 illustrates the actual and forecasted temperature 

measurements as depicted in R program. The graphical re-

presentation indicates that the temperature model was more 

precise than the stated process parameters. This confirms 

the efficacy of the developed models for forecasting tem-

perature throughout the machining process. 

The “plot3d” function from the “rgl” package is uti-

lised to create a three-dimensional plot in R program-

ming. The “plot3d” function is employed in this work to 

illustrate the correlation among force, cutting speed, and 

temperature for aluminium and steel alloys, as depicted 

in Fig. 5 a. From the figure, the cutting force diminishes 

with an increase in cutting speed across different rake 

angles. As the cutting speed increases, the temperature 

escalates. From the Fig. 5 b, an increase in the tempera-

ture is observed due to the alloy’s hardness, which com-

plicates its removal from the work surface. Furthermore, 

the tool tip conforms to the workpiece surface, elevating 

temperature. The effectiveness of the machining process 

is mostly influenced by the material of the workpiece 

and the configuration of the tool. Augmenting the rake 

angle improves the adhesion between the material sur-

face and the rake surface of the instrument. This results 

in an increase in temperature, as illustrated in Fig. 6 a 

and 6 b. An increase in the hardness of the steel alloy 

resulted in a rise in temperature.  

Fig. 7 illustrates the correlation between machined 

surface roughness, cutting speed, and temperature. As 

the rake angle is augmented, the surface irregularity ini-

tially escalates and subsequently diminishes. These ob-

servations were conducted for both alloys and two sepa-

rate cutting rates. The machined surface value increased 

at a rake angle between 3° and 5°. The alteration in rake 

angle for aluminium elevated the roughness value from 

14–15 µm to 17–18 µm at both cutting rates. This is 

mostly due to the establishment of lower temperatures at 

the tool tip contact. An increased rake angle results in 

the temperature shifting towards the centre of the workpiece, 
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Table 1. Tabulated values of process parameters for steel and aluminium 

Таблица 1. Табличные значения параметров процесса для стали и алюминия 

Material 
Surface Roughness, 

µm 

Cutting 

Force, N 

Rake Angle, 

° 

Temperature, 

°C 
Speed, rpm 

Peak Height, 

mm 

Aluminium 

13 260 3 136 140 0.3 

14 220 3 167 360 0.205 

17 100 5 141 140 0.48 

17 160 5 169 360 0.37 

17.5 150 8 143 140 0.27 

14.5 150 8 174 360 0.75 

10 125 11 151 140 0.13 

6.5 95 11 178 360 0.10 

Steel 

7 125 3 221 140 0.24 

24 190 3 243 360 0.12 

13 110 5 234 140 0.58 

17 170 5 253 360 0.17 

11 150 8 252 140 0.20 

27 120 8 257 360 0.13 

7 85 11 263 140 0.185 

7 125 11 289 360 0.015 

Table 2. Correlation values for steel and aluminium under different process parameters 

Таблица 2. Значения корреляции для стали и алюминия при различных параметрах процесса 

Steel Aluminium 

Roughness 
Cutting 

Force 
Rake Angle Roughness 

Cutting 

Force 
Roughness 

Roughness 1 – – 1 – – 

Cutting Force 0.49 1 – 0.19 1 – 

Rake Angle −0.34 −0.57 1 −0.58 −0.72 1 

Temperature 0.63 0.52 0.42 0.42 0.60 0.52 

Cutting Speed 0.627 0.53 – 0.19 0.48 – 

due to its elevated thermal conductivity. Throughout 

the machining process, the machined surface grows 

smoother, even with a slight increase in temperature. 

This diminishes surface roughness as fragments are rea-

dily removed from the workpiece. The roughness value 

diminished as the rake angle climbed to 8° and 11° ow-

ing to heat dissipation, through conduction and material 

softening.  

For steel, a tougher material requires an increased cut-

ting force to detach particles from the workpiece. Surface 

roughness escalates with an increase in rake angle, yet di-

minishes as built-up edge (BUE) or built-up layer (BUL) 
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Table 3. The process parameter values during the machining of aluminum and its corresponding values 

Таблица 3. Параметры процесса при обработке алюминия и соответствующие им значения 

Roughness, 

µm 

Cutting 

Force, N 

Rake 

Angle, ° 

Cutting Speed, 

rpm 

Temperature 

Residuals 
Actual 

Regression 

Value 

13 260 3 140 135 137.735 −0.02026

14 220 3 360 168 167.580 0.00250 

17 100 5 140 146 146.275 −0.00188

17 160 5 360 172 174.115 −0.01230

17.5 150 8 140 152 153.2575 −0.00827

14.5 150 8 360 182 182.2825 −0.00155

10 125 11 140 162 161.700 0.001852 

6.5 95 11 360 190 191.3225 −0.00696

Table 4. The process parameter values during the machining of steel and their corresponding values 

Таблица 4. Параметры процесса при обработке стали и соответствующие им значения 

Roughness, 

µm 

Cutting 

Force, N 
Rake Angle, ° 

Cutting Speed, 

rpm 

Temperature 

Residuals 
Actual 

Regression 

Value 

7 125 3 140 220 222.916 −0.013250

24 190 3 360 238 234.906 0.013000 

13 110 5 140 235 236.030 −0.004380

17 170 5 360 254 249.570 0.017441 

11 150 8 140 255 253.676 0.005192 

27 120 8 360 268 270.516 −0.009390

7 85 11 140 270 276.772 −0.025080

7 125 11 360 290 291.712 −0.005900

a b 

Fig. 4. Comparison of actual temperature and predicted temperature value for aluminium (a) and steel (b)  

Рис. 4. Сравнение фактического и прогнозируемого значений температуры для алюминия (a) и стали (b) 
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a b 

Fig. 5. Variation of cutting force and cutting speed with temperature for aluminium (a) and steel (b) 

Рис. 5. Изменение силы и скорости резания в зависимости от температуры для алюминия (a) и стали (b) 

a b 

Fig. 6. Variation of rake angle and cutting speed with temperature for aluminium (a) and steel (b) 

Рис. 6. Изменение переднего угла и скорости резания в зависимости от температуры для алюминия (a) и стали (b) 

a b 

Fig. 7. Variation of roughness and cutting speed with rake angle for aluminium (a) and steel (b) 

Рис. 7. Изменение шероховатости и скорости резания в зависимости от переднего угла для алюминия (a) и стали (b) 
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develops at the tool tip contact and the material un-

dergoes softening. In comparison to aluminium, steel 

exhibits lower heat conductivity, and Fig. 8 a illus-

trates an elevation in cutting temperature. Surface 

roughness escalates with an increase in rake angle and 

cutting speed. 

Random Forest is considered one of the most efficient 

categorisation approaches in machine learning. This 

methodology is used for a dataset comprising several pro-

cess parameters of two distinct alloys. Notwithstanding 

the dataset’s very limited size, the Random Forest algo-

rithm effectively identified alterations in alloy properties 

depending on their processing features. From the dataset 

shown in Table 1, 70 % of the data points were allocated 

for the training set to facilitate precise model evaluation, 

while the remaining 30% were designated for validation. 

The models’ consistency was assessed using Fig. 8 a, 

which illustrated their performance throughout an in-

creased number of decision trees. The graph indicated 

a positive correlation between the quantity of trees and 

model stability, suggesting that an increase in the number 

of trees enhanced the reliability of the classification re-

sults. All numerical results must be displayed in the sec-

tion bearing the same title. Moreover, Fig. 8 b demon-

strated the variables’ reliance on material selections. Sig-

nificantly, in comparison to steel and aluminium, the peak 

length exhibited a substantial association (about 55 % of 

the total) among the alloys. The maximum height was 

mostly influenced by the material’s strength and composi-

tion throughout the turning process. Moreover, these ma-

terial characterristics accounted for roughly 35 % of 

the temperature fluctuation during machining. 

 

a 

b 

Fig. 8. Error plot during the Random Forest model iteration (a) 

and dependency plot between the variables for the material selection as output (b) 

Рис. 8. Значимость параметров модели, полученная для случайного леса, по степени влияния на выходной параметр (a) 

и график зависимости между переменными для выбора материала в качестве выходных данных (b) 

0 0.1 0.2 0.3 0.4 0.5 0.6

Cutting Speed

Rake Angle

Serration Length

Surface Roughness

Cutting Force

Temperature

Dependency Value 

P
ar

am
e

te
rs

   
0

.3
5

   
  0

.4
0

   
  0

.4
5

   
  0

.5
0

   
  0

.5
5

 

  0   100   200        300       400   500 

Tree 

Er
ro

r 

Frontier Materials & Technologies. 2024. No. 4 105



Shailesh Rao A., Rao S.   “Effect of alloy composition on machining parameters and surface quality through comprehensive analysis” 

 

DISCUSSION 

The chip formation provides insight into the workpiece 

quality and dictates machining stability. Continuous chips 

are generated when ductile materials are machined. This is 

mostly attributable to plastic deformation inside the work 

material. Inadequate cutting settings will lead to the genera-

tion of discontinuous chips when milling ductile and brittle 

materials. Substantial chip burrs are generated during mill-

ing under situations of elevated friction. This results from 

the frictional resistance and the formation of built-up edges 

at the tool tip’s location. This study found that higher rota-

tional speeds produced continuous chips in mild steel, while 

lower speeds yielded shorter chips [19]. This phenomenon 

can be elucidated by the inverse correlation between cutting 

speed and compressive stress, whereby an increase in cut-

ting speed lowers compressive stress, facilitating the for-

mation of continuous chips. Moreover, an increase in the 

rake angle resulted in a heightened serration elevation. This 

phenomenon is attributed to heightened segmentation and 

challenges in shear sliding, resulting in greater material 

being split off at each peak. 

The alteration in rake angle also affected chip length, 

leading to a slight decrease in mild steel chips. This phe-

nomena results from a change in the direction of chip flow 

across the blade’s surface. Significantly, at 140 rpm, an 

augmentation in cutting force led to the formation of shorter 

chips. The properties of aluminium alloys led to the genera-

tion of continuous chips, irrespective of variations in cut-

ting speed or rake angle. The morphological features of  

the fragments remained mostly unaltered despite modifica-

tions to these parameters. 

The serration height was analysed in relation to vary-

ing cutting rates. The height rises as the spinning speed 

diminishes. At elevated rotating velocities, a continuous 

chip is produced with curls. Throughout the procedure,  

the tool tip encounters the work material, undergoes com-

pression, and attains a plastic state. A longer serration 

length is noticed when mild steel is rotated at a reduced 

speed. This is mostly attributable to the increased stress 

that has arisen on the work surface. During machining, the 

material exhibits characteristics akin to those of a brittle 

substance. Augmenting the rake angle elevates the com-

pressive stress [20]. In aluminium alloys, a constant mate-

rial removal thickness yields an elongated fragment with  

a reduced serration length. 

The surface roughness values of the machined area. 

For mild steel, these values diminished with an increase 

in cutting speed. The results indicate that its value is 

inversely related to the cutting temperature. Elevated 

cutting temperatures promote the thermal softness of  

the material, hence allowing for the facile extraction of 

the metal from the alloy [21]. The alloy’s thermal soften-

ing at elevated temperatures is attributed to the ideal 

values of frictional energy, and shear plane energy [22]. 

The potential for elevated temperatures at the tool tip, 

facilitates the softening of the machined surface area. 

Demirpolat [23] and Martins [24] elucidate that an eleva-

tion in cutting speed diminishes the surface roughness of 

aluminium alloys, leading to reduced serration lengths. 

Moreover, an escalation in cutting speed amplifies sur-

face-level vibrations and thermal generation. This leads 

to the creation of a rough surface, potentially caused by 

the disruption of the chip between the tool tip and  

the pliable workpiece. Augmenting the tiny rake angle 

diminishes the contact point, hence progressively reduc-

ing the cutting force [25]. The generation of vibrations 

may lead to the development of a surface with an irregu-

lar texture. Increasing the rake angle to 11° enhances  

the surface finish [26].  

In the machining process, an increase in rake angle re-

sults in a reduction of cutting force due to diminished con-

tact at the tool tip interface [27; 28]. Fig. 3 a illustrates 

that the fragment length grows until a rake angle of 5°, 

after which it diminishes. The temperature at the tool tip 

contact is measured using a pyrometer and depicted in 

Fig. 3 b. Here the temperature increases with a larger rake 

angle and the chosen material. This may result from  

the heightened frictional force.  

From the Table 2, the surface roughness and cutting 

force have strong positive correlations with temperature. 

This acknowledges that an increase in surface roughness 

and cutting force correlates with a rise in temperature 

throughout the machining process. These variables signifi-

cantly influence the thermal behaviour of the process.  

The rake angle exhibits a moderate correlation with surface 

roughness. It exerts a minimal influence on the other vari-

ables in the study. The temperature had the most positive 

correlation with surface area and cutting force among  

the examined parameters. This indicates that the surface 

characteristics and cutting force produced during machining 

are directly correlated with the resultant temperature.  

The correlation analysis revealed substantial correlations 

between these variables and the recorded temperature. Ad-

ditionally, surface roughness and cutting force exhibited  

a negative correlation with the rake angle. 

Further, the cutting force diminishes as the cutting 

speed escalates over different rake angles as referred 

from Fig. 5 a. Here the reduction in cutting force is due 

to the diminished chip-tool interaction. As the cutting 

speed escalates, the temperature increases. As a result, 

the yield strength diminishes with the rise in cutting 

speed [29]. The strong thermal conductivity and low 

hardness of aluminium alloys, during machining enabled 

the efficient removal of material from the workpiece. In 

contrast to steel alloys, a considerable quantity of heat is 

dissipated across the chip area, leading to a reduction in 

temperature. BUE is generated at an increased cutting 

speed with steel. As observed from Fig. 5 b, at a lower 

cutting velocity, a rise in temperature is seen due to the 

alloy’s hardness, which complicates its removal from the 

work surface. Furthermore, the tool tip conforms to the 

workpiece surface, elevating temperature. The effective-

ness of the machining process is mostly influenced by 

the material of the workpiece, and the configuration of 

the tool. 

Overall, the rake angle substantially influences the 

temperature produced at the tool’s interface. The augmen-

tation of thrust force resulted in a temperature elevation of 

both materials. The alteration of the rake profile leads to 

the development of the BUE and BUL beneath the chip 

surface in contact with the rake surface. This results in an 

increase in temperature, as illustrated in Figs. 6 a and 6 b. 
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With the increase in the cutting speed, the cutting tempe-

rature reduces and similar observations are made from 

[30], where it was observed that the BUE and BUL dimi-

nishes with an increase in cutting speed (depth of cut is 

0.15 mm).  

Fig. 7 illustrates the correlation between machined sur-

face roughness, cutting speed, and temperature. Here  

the machined surface value increased at a rake angle of 3° to 5°. 

This is mostly due to the establishment of lower tempera-

tures at the tool tip contact. An increased rake angle re-

sults in the temperature shifting towards the centre of  

the workpiece due to its elevated thermal conductivity. 

Throughout the machining process, the machined surface 

grows smoother, even with a slight increase in tempera-

ture. This diminishes surface roughness as fragments are 

readily removed from the workpiece. The roughness value 

diminished as the rake angle climbed to 8° and 11° owing 

to heat loss through conduction, and the softening of  

the materials. For steel, a tougher material requires  

an increased cutting force to detach particles from the 

workpiece. The surface roughness escalates with an in-

crease in rake angle, although diminishes as BUE or BUL 

develops at the tool tip interface and the material under-

goes softening. In comparison to aluminium, steel exhibits 

lower thermal conductivity, here a reduction in surface 

roughness is noticed finally.  

 

CONCLUSIONS  

The tool rake angle is one of the most important factors 

to access the machining parameters during a turning pro-

cess. A variation in temperature at the tool tip contact can 

be attributed to the change in the rake angle, which also 

causes the surface roughness to change. In the current work, 

aluminium and steel alloys with comparable qualities are 

machined using the parameters that have been established 

for the procedure. The following are the findings and infe-

rences that can be made from the work.  

1. During the machining of mild steel specimen, a larger 

chip length is noticed with larger rotational speed. A small-

er chip length is observed when the rotational speed is low-

er due to the reduction in the compressive stress, that occurs 

during machining. When working with soft aluminium al-

loys, continual lengthy chips are seen despite the difference 

in rotating speed.  

2. The surface roughness of both alloys is increased 

with the increase in the cutting speed. The additional fric-

tion that has developed at the tool tip interface resulted in 

increased roughness.  

3. The values of correlation observed between the vari-

ables have been determined to be satisfactory. In addition, 

the regression model has been constructed and has been 

successfully applied to the data from the trial. 

4. The cutting force, cutting speed, rake angle, and sur-

face roughness all have a significant impact on the tempera-

ture, that is generated at the interface between the tool and 

the workpiece.  

5. The random forest model is started to comprehend the 

reliance on variables for the content that has been picked. 

During the machining process, it is understood that the ma-

terial selection has a significant impact on the temperature, 

cutting force, surface roughness, and chip shape that are 

produced.  
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Аннотация: Изучалось влияние состава сплавов (мягкой стали и алюминия) на несколько параметров обра-

ботки, таких как температура, сила резания, шероховатость поверхности и морфология стружки. Значительные 

изменения этих параметров были обнаружены путем модификации сплавов при поддержании постоянных усло-

вий процесса. В мягкой стали скорость вращения влияла на морфологию стружки, при этом повышенные скорости 

приводили к образованию непрерывной стружки, а пониженные скорости – к образованию более короткой струж-

ки. Увеличенный передний угол влияет на свойства стружки, что приводит к небольшому уменьшению ее длины. 

При заданной скорости вращения на длину стружки влияла сила резания. Алюминиевые сплавы, напротив, произ-

водили непрерывные фрагменты стружки независимо от скорости резания или переднего угла. Были выбраны ко-

эффициенты корреляции переменных, разработана эффективная регрессионная модель и применена к экспери-

ментальным данным. Модель случайного леса показывает, что выбор материала существенно влияет на темпера-

туру, силу резания, шероховатость поверхности и морфологию стружки во время обработки. Получены данные  

о корреляции между передним углом инструмента и другими параметрами обработки, выявлены факторы, влия-

ющие на качество поверхности. Результаты способствуют лучшему пониманию свойств обработанной поверхно-

сти, что облегчает оптимизацию операций обработки для различных материалов. 
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Abstract: Enhancing the surface quality of shells subjected to high stress is a major task. A variety of procedures are 

employed for dealing with this issue. Shot peening is particularly common for aluminium alloys made. In fact, the main 

method for assessing the surface’s durability under consideration is fatigue testing using standard specimens over several 

cycles. This paper investigates the performance of aluminium alloys under high-temperature exposure, examining their 

behaviour with and without shot peening-induced hardening. In fact, the study focuses on the fatigue behaviour of alumi-

nium alloys 2024-T4 and 2024-T361 at 250 °C. Experiments on standard-sized specimens were conducted at both room 

temperature and 250 °C to evaluate how temperature affects fatigue life. The findings were consistent with previously 

published data, providing useful insights into the behaviour of these alloys at extreme temperatures. Additionally, a ma-

thematical model was developed, integrating the Stress – Number of cycles curve, loading sequence, temperature, and 

surface hardness from shot peening. This model was compared with Miner’s rule to assess its predictive accuracy.  

The results show that the new model provides more accurate predictions of fatigue life than Miner’s rule, thereby improv-

ing the reliability and safety of components in high-temperature applications. By offering precise fatigue life predictions, 

this research aids in the design and development of more durable aluminium alloy components, ensuring optimal perfor-

mance and safety in challenging operating environments. 

Keywords: shot peening; predictive fatigue life; aluminium alloys; AA2024-T4; AA2024-T361; high temperature ex-

posure; variable loading. 

For citation: Alwin A.H., Ksibi H. Predictive fatigue life modeling for aluminium alloys winder high temperature 

and shot peening interact. Frontier Materials & Technologies, 2024, no. 4, pp. 111–122. DOI: 10.18323/2782-4039-

2024-4-70-10. 

 

INTRODUCTION 

For highly stressed aluminium alloy components such as 

plates and hulls, shot peening (SP) becomes an essential pro-

cedure to improve their durability [1]. SP is a process that 

induces compressive residual stresses, and hardens  

the outer layer of a material by bombarding its surface with 

high-speed spherical particles. Al-Obaid previously introduced 

the statistical and dynamical aspects of this process [2]. More 

recently, Hou et al. characterised the resulting surface features, 

using optical and scanning electron microscopy [3]. 

By pre-stressing the material and strengthening it 

against surface damage, this hardening helps to prevent 

fatigue fractures from forming and spreading while it is in 

use. SP, thus, is essential to guaranteeing the dependability 

and durability of aluminium alloy structures, that are ex-

posed to harsh operating environments, including those 

found in automotive, aircraft, and marine settings. 

The concept of variable fatigue, also known as cumu-

lative damage, originated in 1924 when Palmgren intro-

duced the concept of linearly varying damage [4]. This 

theory later became known as Miner’s rule, commonly 

known as the Miner–Palmgren rule [5]. The Miner–

Palmgren rule has been widely used in fatigue analysis 

on a variety of materials and remains a fundamental 

concept in the field.  

According to this assumption, fatigue damage accu-

mulates linearly until failure is reached, which occurs 

when the stress cycle ratio equals unity. In simpler 

terms, it posits that the fatigue life of a material can be 

estimated by summing the damage caused by different 

stress cycles. Each stress cycle leads to a specific 

amount of damage, and once the cumulative damage 

attains a value of one, the material is considered to have 

reached its fatigue limit, with the likelihood of failure 

becoming significant.  

Several cumulative damage theories exist for metallic 

materials, with Miner’s theory being one of the most im-

portant [6; 7]. Miner’s cumulative damage theory is widely 
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used to assess the fatigue life of materials subjected to cy-

clic loading. This theory is fundamental in engineering and 

structural design for ensuring the reliability and safety of 

components. 

 

  1%100 
i

i

N

n
DamageD ,           (1) 

 

where D is defined as fatigue and is equal to 1, when failure 

is occurred; 

ni is the applied number of cycles; 

Ni is the number of cycles to failure as determined from  

the Stress – Number of Cycles curve (S–N curve). The S–N 

curve depicts the relationship between cyclic stress ampli-

tude (S), and the number of cycles to failure (N) for a given 

material, and is commonly employed to estimate fatigue life 

under cyclic loading conditions. 

Mahdi et al. examined AA7001-T6 at creep-fatigue in-

teraction test at room temperature, 150, 280 and 330 °C 

[8]. It was revealed that the mechanical properties reduced 

by 37.2, 30 and 24 % for ultimate tensile strength (UTS), 

yield strength (YS), and Young’s modulus (E) respective-

ly. The UTS and YS increased by 5.5 and 5.3 %, respec-

tively, while fatigue strength improved by 12.3 % after 

107 cycles [9]. The endurance fatigue limit was also re-

duced from 208 to 184 MPa at 330 °C. A significant re-

duction was observed in mechanical and fatigue properties 

at high temperature for AA7001-T6. Mazlan et al. ob-

served the same finding during his investigation of 

AA2024T351 specimens [10]. 

In previous studies, Alwin et al. tested AA2024-T4 

samples to tensile and fatigue stress during a 10-minute SP 

procedure [9; 11]. They discovered that adding compressive 

residual stresses considerably increased fatigue strength and 

longevity.  

Al-Rubaie proposed a theoretical model for the fatigue 

behaviour of 2024-T3 alloy, drawing on earlier work in  

the field, particularly the Walker equivalent stress model 

[12]. The application of this solution to the presented model 

showed successfully, estimation of fatigue variable loading 

life under room temperature. 

Alalkawi et al. tested AA2024, to study the effect of 

high temperature (200–250 °C) on fatigue behaviour [13]. 

They concluded that mechanical properties reduced by  

a factor of 1.6 to 2.4 while fatigue strength reduced by 1.8 

reduction factor. 

Therefore, Alalkawi et al. explored the impact of hard-

ening treatments on the cumulative fatigue performance of 

AA2024 through two block loading tests (120–180 MPa) – 

one involving low-high stress levels and the other high-low 

stress levels, both conducted at room temperature [13; 14]. 

The findings indicated a significant enhancement in cumu-

lative fatigue life attributed to the surface hardening 

achieved through SP. 

Mahdi et al. tested AA7001-T6 under fatigue rotating 

bending with high temperature (330 °C) and SP + high tem-

perature (SP+330 °C) [8]. They used Miner’s rule for vari-

able fatigue loading and it was observed that this rule pro-

vided conservative for some samples and non-conservative 

for the others. 

The Miner–Palmgren rule has been improved and ad-

justed to better suit certain materials and loading conditions 

in fatigue analysis [7–10]. These developments have result-

ed in a variety of changes and improvements, including 

their use as an effective mechanical surface treatment, as 

noted by Maleki et al. [15]. 

Fatigue models for alloys like AA2024 are essential for 

predicting fatigue life under a variety of stress circumstanc-

es. Hector and De Waele [16], Fatemi and Yang [17], and 

Li et al. have all developed well-known models in this field 

[18]. Therefore, Hector and De Waele’s approach integrates 

experimental data and theoretical principles to estimate 

fatigue life using characteristics including stress amplitude, 

loading frequency, and material microstructure [16]. Hence, 

Fatemi and Yang’s widely utilised model takes into account 

the impacts of average stress, and stress amplitude on fa-

tigue life. This model uses experimental data and analytical 

approaches to estimate fatigue life under various loading 

circumstances [17]. Finally, Li et al. AA2024 finite element 

model correctly predicts fatigue life by integrating nume-

rous material parameters, such as residual stress, strength-

ening, and loading conditions [18]. 

Other models for calculating a part’s lifetime are 

available in the literature, including those of Marco and 

Starkey [19], Zhao et al. [20], and Hwang and Han [21], 

all from the late 20th century. When these models are 

applied to regularly used materials as AA2024, they 

encounter uncertainties. Indeed, Marco and Starkey 

(1954) investigated uniaxial stresses that were assessed 

and compounded with numerous harmonic components 

[19]. Recently, Zhao et al. investigated cumulative da-

mage patterns during fatigue in 2022, based on load 

interaction and strength degradation [20]. They showed 

that their suggested cumulative damage model was more 

consistent with experimental fatigue data, but only at 

higher cycle loads [21]. 

Here, we propose to use the grinding spray method in 

the case of aluminium alloys, especially the alloys of 

AA2024-T4 and AA2024-T361. This research intends to 

improve aircraft safety, by creating exact predictive fatigue 

life models for aluminium alloys, namely AA2024, under 

high-temperature and SP circumstances. The effectiveness 

of AA2024-T4 and AA2024-T361 is assessed by compar-

ing them to previously reported data. Analysing various 

fatigue prediction approaches against experimental data 

yields, useful insights, refines models, and improves air-

craft structural safety. 

The study aims to understand the performance of  

the aluminium alloys AA2024-T4 and AA2024-T361 at 

high, with and without shot peening-induced hardening. 

It seeks to understand whether elevated temperatures and 

shot peening impact the mechanical characteristics and 

fatigue life of these alloys, offering insights for improv-

ing their durability and reliability in high-temperature 

applications. 

 

METHODS 

The experimental phase began with selecting specimens 

and analysing their chemical composition, which is crucial for 

ensuring accurate and reliable subsequent testing and analysis. 
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In fact, we have chosen to focus on two specific aluminium 

alloys: AA2024-T4 and AA2024-T361. These alloys share  

the same base composition but undergo different tempering 

treatments, resulting in distinct mechanical properties. Exa-

mining both variants allows for a more comprehensive under-

standing of the influence of tempering on material behaviour. 

The current model primarily utilises the S–N curve and 

related assumptions, emphasising both the slope (α) and 

the fatigue endurance limit. It also incorporates the effects 

of sequential loading at two distinct stress levels: low (σL) 

and high (σH). 

Furthermore, in this experimental study, we used  

a SCHENCK PUNU apparatus (SCHENCK USA CORP.), 

which can perform SP at both room and high temperature 

(Fig. 1 a). For high-temperature SP, we also utilised a fur-

nace insulated with ka-wool (Fig. 1 b). 

The COSQC-Baghdad laboratory carefully examined 

the alloys through chemical analysis to make sure they 

satisfied the strict Iraqi Specification Quality (ISQ) 

1473/1989 requirements using the state-of-the-art spec-

trometer ARC-MET 8000 (Verichek Technical Services, 

USA) for this analytical procedure. Table 1 contains the 

measured chemical composition, as well as the data of the re-

levant standards. Mechanical properties of the AA2024-T4 

and AA2024-T361 alloys are given in Table 2. 

The current study is focused on investigating fatigue 

behaviour under variable loading conditions. Therefore, 

we examine four distinct cases under the test conditions 

outlined in Table 3. We mention that R² assess the good-

ness of fit of a statistical model, particularly in linear 

regression analysis. In this context, we denote variable 

Dv as the damage due to variable amplitude fatigue, and 

ni is the applied cycles under ith constant-amplitude load-

ing level. 

Fatigue analysis is based on experimental data collect-

ed during continuous fatigue testing. 18 fatigue samples 

(Fig. 2) were studied at three stress levels – 323 MPa 

(0.7 UTS), 277 MPa (0.6 UTS), and 231 MPa (0.5 UTS), 

with three specimens tested per stress level. The average 

results were collected immediately from the fatigue test 

rig. It is therefore necessary to plot the S–N curves, and 

obtain the equations of the S–N curve for the above cases. 

The details of S–N curve or Basquin equations are listed in 

Table 4. 

 

 

 

 

a 

 

b 

Fig. 1. Fatigue testing (SCHENCK PUNU):  

a – at room temperature; b – at high temperature using a furnace 
Рис. 1. Машина для усталостных испытаний (SCHENCK PUNU):  

a – при комнатной температуре; b – при высокой температуре с использованием печи 
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Table 1. Chemical analysis of AA2024-T4 and AA2024-T361 measured, wt. %  

Таблица 1. Результаты химического анализа сплавов AA2024-T4 и AA2024-T361, мас. %  

 

 

Element 

AA204-T4 

experimental  

measurements 

AA204-T361 

experimental  

measurements 

Nominal chemical  

composition 

AA2024-T4 [24] 

Nominal chemical  

composition 

AA2024-T361 [24] 

Cu 4.10 4.6 3.8 to 4.9 3.8 to 4.9 

Fe 0.38 0.5 0.5 0 to 0.5 

Si 0.25 0.5 0.5 0 to 0.5 

Mn 0.48 0.7 0.3 to 0.9 0.3 to 0.9 

Mg 0.42 1.7 1.2 to 1.8 1.2 to 1.8 

Zn 0.12 0.25 0.25 0 to 0.25 

Cr 0.05 0.045 0.15 0 to 0.1 

Al Balance Balance 90.9 to 93.0 90.7 to 94.7 

 

 

 
Table 2. Mechanical properties of aluminum alloys AA2024-T4 and AA2024-T361 

Таблица 2. Механические свойства алюминиевых сплавов AA2024-T4 и AA2024-T361 

 

 

Mechanical properties AA2024-T4 AA2024-T361 

Ultimate tensile strength, MPa 470 487 

Tensile yield strength 325 345 

Elongation at break, % 12 11 

Modulus of elasticity, MPa 720 710 

Hardness, Rockwell B 72 71 

Poisson’s Ratio 0.33 0.32 

 

 

 
Table 3. Selection of test conditions [10] 

Таблица 3. Условия испытаний [10] 

 

 

Setups Empirical model 

Case (1), 250 °C, AA2024-T4 σf=2719 Nf
−0.2053, R2=0.969 

Case (2), SP+250 °C, AA2024-T4 σf=2243 Nf
−0.1896, R2=0.970 

Case (3), 250 °C, AA2024-T361 σf=2665 Nf
−0.2005, R2=0.996 

Case (4), SP+250 °C, AA2024-T361 σf=2709 Nf
−0.1972, R2=0.924 

Note. SP is shot peening. 

Примечание. SP – дробеструйное упрочнение. 
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Fig. 2. Fatigue sample dimensions in mm as per DIN 50113 standard specifications 

Рис. 2. Размеры образца в мм в соответствии с DIN 50113 

 

 

 

The Miner’s rule stipulates that failure happens when 

the cumulative fatigue damage reaches its limit. For the two 

blocks in question, this implies that failure occurs precisely 

at the point when: 
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If more than two blocks are applied, this equation is 

generalised to write: 
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N

n
.                               (3) 

 

It should be mentioned that the experiments with vari- 

able loading on flat samples of an AA2024-T3 sheet showed 

that the damage 
FN

n
 values varying from 0.61 to 1.45, 

but on the average close to 1.0 as mentioned by Mahdi et al. 

[8]. In high-temperature environments, the limitations of 

this rule should be carefully considered to provide a more 

accurate assessment of fatigue life under variable loading 

conditions. Elevated temperatures can significantly affect 

material properties, leading to changes in the behaviour of 

materials under cyclic loading.  

In this study, we conducted tests on 24 round-shaped 

specimens stress ratio of R=−1. For each case, 6 samples 

were tested: three for low-high two-block loading and three 

for high-low two-block loading with variable loading con-

ditions. The study focused on determining the average fa-

tigue life for these specimens. 

The safe proposed model (SPM): any fatigue damage 

Dv under variable loading requires a definition. It ap-

pears that the Dv concept should include the sequence 

effect, mechanical properties and the tested S–N curve 

for the given case. 

 

RESULTS 

The reliable fatigue model for shot-peened alumini-

um alloys, as developed by Alwin et al. [10], utilises 

Miner’s rule, assuming that the S–N curve accounts for 

100 % of the fatigue damage. However, this assumption 

is somewhat unrealistic because the S–N curve does not 

 

 

 
Table 4. S–N curve equations with correlation factor (R2) for the four cases 

Таблица 4. Уравнения S–N кривых с коэффициентом корреляции (R2) для четырех режимов 

 

 

Case No Symbol Description 

1 250 °C 
Cumulative fatigue testes at two stress levels, low-high and high-low for aluminum alloy  

AA2024T4 under 250 °C 

2 SP+250 °C 
Cumulative fatigue testes at two stress levels, low-high and high-low for the same alloy  

under SP and high temperature  

3 250 °C 
Cumulative fatigue testes at two stress levels, low-high and high-low for aluminum alloy  

AA2024-T361 at 250 °C 

4 SP+250 °C 
Cumulative fatigue testes at tow stress levels, low-high and high-low for the same alloy under 

SP and high temperature 

Note. SP is shot peening. 

Примечание. SP – дробеструйное упрочнение. 
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represent a constant damage line. This relationship high-

lights that fatigue damage is complex and cannot be fully 

captured by a single damage parameter, especially at 

high temperatures. For the SP process, only normal im-

pingement was considered to allow for a direct compari-

son with earlier results. 

The optimisation procedure by Miao et al. [22] as-

sumes that individual shots act independently, ignoring 

interactions between them. This simplifies the analysis 

and focuses on key parameters. However, it may over-

look cumulative effects that could impact the SP pro-

cess’s overall outcome. 

The material was subjected to SP during 10 min, 

which is sufficient for significant increase in durability. 

The increased durability demonstrates SP’s significant 

benefits in improving material fatigue resistance. Stress 

decreases dramatically as the number of cycles increas-

es; however, the reduction is more noticeable at higher 

temperatures, as seen in Fig. 3. The number of cycles 

decreases from around 105,000 to 80,000 as the tempera-

ture rises from ambient to 200 °C, with an even higher 

reduction recorded at 250 °C. The S-curve presented, in 

conjunction with fatigue life formulas and R² values in 

Table 3, provides a better understanding of fatigue re-

sistance. This analysis helps to optimise the performance 

of the alloys and processes, resulting in a significant 

extension of their operational lifespan. 

The integration of non-linear models, a single da-

mage parameter has failed to produce an improved Miner’s 

rule, that can offer dependable predictions across a wide 

range of scenarios. Despite attempts to incorporate non-

linear damage functions, the inherent limitations of  

the Miner’s rule remain unresolved. This brings us to  

the critical question of how to precisely define fatigue 

damage Dv. It represents the cumulative damage that 

occurs in the considered alloy due to a cyclic loading. 

The present work presents a new definition of Dv which 

depends on the following concepts: 

– the mechanical properties such as ultimate tensile 

strength called σUTS and yield strength σy; 

– the S–N curve, i.e. the slope of the curve α and endur-

ance fatigue limit σe, obtained from S–N curve equation at 

107 cycles for the given case; 

– sequence loading effect, low stress σL and high 

stress σH.  

Based on the above concepts Dv can be calculated from 

the equation: 

for low-high loading sequence: 
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for high-low loading sequence: 
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Following the work of Miller et al. [23], the fatigue life 

under variable loading can be predicated by the formula: 

for high-low loading:  
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Fig. 3. Constant S–N curves at three temperatures (room temperature, 200 °C, 250 °C) 

Рис. 3. Постоянные кривые усталости (S–N кривые)  

при трех температурах (комнатная температура, 200 °C, 250 °C) 
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for low-high loading: 
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Experimental loading tests (high-low) and (low-high) 

were carried out for both alloys AA2024-T4 and AA2024-

T361 at various temperatures, with or without SP, using  

the previously described apparatus. The observed maximum 

number of cycles, the mean number of cycles, and the pre-

dicted number of cycles based on the SPM are all listed in 

Table 5.  

The analysis, which draws upon the experimental results 

presented in Table 5 and visualised through corresponding 

histograms, is illustrated in Fig. 4. 

It is evident from the results that the SPM consistently 

predicts fatigue lives that fall within the safe range, indicat-

ing durations shorter than those observed in experimental 

testing. Indeed, Fig. 5, 6 depict comparisons between 

these fatigue predictions, providing a clear distinction of 

how the model’s predictions align with or deviate from 

the experimental data. The given representation offers  

a valuable insight into the performance and reliability of 

the SP model in estimating fatigue life for the examined 

aluminium alloys. 

Fig. 5, 6 show a significant difference between  

the standard Miner’s rule technique and the experimental 

results achieved with identical samples. The Miner’s rule 

consistently yields predictions that exceed the actual fatigue 

life, primarily because it fails to account for crucial factors 

such as temperature variations and the impact of SP, which 

are considered by the safe model. 

 

DISCUSSION 

Based on data columned in Table 5, a comprehensive 

fatigue life assessment can be highlighted by comparing 

the experimentally obtained cumulative fatigue life with 

the predictions from the SPM. Indeed, the specification 

of the AA2024 alloy, whether T4 or T361, is a signifi-

cant factor in fatigue performance. It appears that  

the SPM model fits better with the AA2024-T361 alloy than 

 

 

 
Table 5. Cumulative fatigue life: experimental results and safe model prediction 

Таблица 5. Совокупная усталостная долговечность: экспериментальные результаты и модельное прогнозирование 

 

 

Loading 

sequence 
Alloy 

Specimen  

number 

Experimental  

number of cycles Nf_exp 

Mean number  

of cycles Nf_av [10] 

Number of cycles 

modelling Nf_model 

Low-high 

250 °C 

 

High-low 

250 °C 

AA2024-T4 

1 

2 

3 

38,800 

51,000 

62,600 

50,800 40,712 

4 

5 

6 

41,800 

29,600 

31,500 

34,300 28,151 

Low-high 

SP+250 °C 

 

High-low 

SP+250 °C 

AA2024-T4 

7 

8 

9 

48,200 

71,600 

88,000 

69,267 35,352 

10 

11 

12 

60,500 

49,600 

50,000 

53,367 25,765 

Low-high 

250 °C 

 

High-low 

250 °C 

AA2024-T361 

13 

14 

15 

42,800 

66,000 

37,800 

48,867 47,636 

16 

17 

18 

48,200 

32,400 

28,700 

36,433 34,360 

Low-high 

SP+250 °C 

 

High-low 

SP+250 °C 

AA2024-T361 

19 

20 

21 

53,000 

84,500 

68,800 

68,767 61,885 

22 

23 

24 

62,600 

56,800 

48,000 

55,800 46,143 

Note. SP is shot peening. 

Примечание. SP – дробеструйное упрочнение. 

Frontier Materials & Technologies. 2024. No. 4 117



Alwin A.H., Ksibi H.   “Predictive fatigue life modeling for aluminium alloys winder high temperature…” 

 

 

a 

 

b 

Fig. 4. Cumulative fatigue life: a comparative study of AA2024-T4 and AA2024-T361 alloys  

(average Nf_av and variance analysis) 

Рис. 4. Совокупная усталостная долговечность: сравнительный анализ сплавов AA2024-T4 и AA2024-T361  

(усредненный анализ Nf_av и вариационный анализ) 

 

 

 

 

 

Fig. 5. Comparison between experimental and model prediction AA2024-T4. 

The orange dashed line consistently matches both the safe model predictions  

and the experimental fatigue life values in every shot peening case (shot peening scenario)  

Рис. 5. Сравнение экспериментальных результатов и результатов моделирования для сплава AA2024-T4. 

Оранжевая пунктирная линия соответствует модели безопасного прогнозирования  

и значениям экспериментальной усталостной долговечности для каждого режима дробеструйного упрочнения  
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Fig. 6. Comparison of three methods for fatigue prediction for AA2024-T361.  

The orange dashed line consistently matches both the safe model predictions  

and the experimental fatigue life values in every shot peening case (shot peening scenario)  

Рис. 6. Сравнение трех методов усталостного прогнозирования для сплава AA2024-T361. 

Оранжевая пунктирная линия соответствует модели безопасного прогнозирования 

и значениям экспериментальной усталостной долговечности для каждого режима дробеструйного упрочнения  

 

 

 

with AA2024-T4. Furthermore, it proves to be effective in  

a SP scenario at high temperatures (250 °C). 

Furthermore, the Miner’s rule provides only an appro-

ximate estimate of fatigue life, with significant errors due to 

different limitations, as indicated by the histograms in 

Fig. 5 and 6 for alloys AA2024-T4 and AA2024-T361. 

First, the rule assumes that stress cycles below the fatigue 

limit are insignificant. Second, it fails to account for  

the effects of treatments such as SP and environmental 

factors such as temperature. Finally, the rule undervalues 

the significance of loading sequences that alternate be-

tween low and high stress levels. In contrast to Miner’s 

rule, we’ve included the average value, shown by the 

orange dashed line, to show how close it is to the safe 

model, see Fig. 5, 6. The histogram illustrates the maxi-

mum number of cycles for the low-high and high-low 

scenarios at 250 °C, both with and without SP. In every 

SP case, the orange dashed line consistently aligns with 

the safe model predictions and the experimental fatigue 

life values. In fact, this observation is particularly 

evident for the AA2024-T361 alloy compared to  

the AA2024-T4 alloy. 

Indeed, a complex interaction of important variables 

is the cause of the Miner theory’s inaccuracies in fatigue 

life prediction. First off, a major flaw in the hypothesis 

is its disregard for fracture initiation, particularly in the 

early stages of the brief fatigue crack phase. Understand-

ing the initiation dynamics requires an understanding of 

this phase, which spans approximately 80 % of the fa-

tigue life as the applied stress approaches the fatigue 

limit. The absence of this important detail leads to  

a significant underestimate of the total cumulative harm 

[22], suggesting a key weakness in the theory’s predic-

tion power. 

The fatigue performance of the two suggested alu-

minium alloys, AA2024-T4 and AA2024-T361, was 

assessed by comparing their service life (measured in 

terms of cycles). The analysis focused on two key met-

rics: the mean number of cycles to failure (Nf_av) and the 

variance in fatigue life for each procedure. In fact, re-

sults indicated that AA2024-T361 demonstrated a signi-

ficantly longer fatigue life than AA2024-T4, as depicted 

in Fig. 4. This superior performance of AA2024-T361 

can be attributed to its specific damage processes, which 

may include enhanced resistance to crack initiation and 

propagation due to its microstructural characteristics or 

alloying elements [3; 18]. Additionally, the SP treat-

ment, known for inducing compressive residual stresses, 

may have further improved the fatigue resistance of 

AA2024-T361 by delaying the onset of fatigue cracks. 

These findings suggest that AA2024-T361 is better suit-

ed for applications where extended fatigue life under 

high-temperature conditions is critical, offering valuable 

insights for selecting materials in engineering designs 

that require durability and reliability. 

 

CONCLUSIONS 

The study investigated at the cumulative fatigue beha-

viour of AA2024-T4 and AA2024-T361 alloys at 250 °C, 

evaluating both isolated scenarios at temperature T=250 °C, 

and a combined shot peening (SP) treatment at the same 

temperature (SP+250 °C), all at a stress ratio R=−1.  

The results revealed that applying cumulative varied loads 

resulted in a significant decrease in fatigue life, particularly 

at high temperatures; however, SP demonstrated a signifi-

cant improvement in fatigue resistance. Furthermore, clas-

sic approaches for estimating fatigue life, such as the linear 

damage rule or Miner’s theory, or models derived from 

them, have shown limitations in terms of providing unreli-

able and inaccurate predictions.  
As a result, a novel fatigue life prediction model has 

been developed that incorporates loading sequence data 

obtained from the S–N curve, as well as pertinent mechanical 
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parameters. This model provides a conservative but robust 

way to estimating fatigue life under various stress situa-

tions, whether encountered at increased temperatures or in 

combination with SP treatment at elevated temperatures.  

A comparison of the mean number of possible cycles and 

variance for the various experimental settings, stated previ-

ously, demonstrates the accuracy of the provided model, 

although at elevated temperatures with SP for AA2024-

T361 against AA2024-T4. 
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Аннотация: Повышение качества поверхности оболочек из алюминиевых сплавов, подвергающихся высоким 

нагрузкам, остается актуальной задачей, для решения которой используются различные методы. Для алюминие-

вых сплавов наибольшее распространение получило дробеструйное упрочнение. В статье исследуются усталост-

ные характеристики алюминиевых сплавов 2024-T4 и 2024-T361 после дробеструйного упрочнения и без него при 

комнатной и повышенной температуре (250 °C). Полученные результаты хорошо согласуются с ранее опублико-

ванными данными, предоставляя полезную информацию о поведении этих сплавов при повышенных температу-

рах. Была разработана математическая модель, объединяющая кривую усталости «напряжение – количество цик-

лов до разрушения», амплитуду нагрузки, температуру и твердость поверхности, подвергнутой дробеструйному 

упрочнению. Полученные с использованием этой модели результаты были сравнены с гипотезой Майнера для 

оценки усталостной долговечности. Было установлено, что новая модель обеспечивает более точные прогнозы 

усталостной долговечности, чем гипотеза Майнера, тем самым повышая надежность и безопасность разработан-

ных на ее основе компонентов при высокотемпературных условиях эксплуатации.  
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On the cover: Surface morphology of a thermal barrier coating based on zirconium dioxide partially stabilized by yttri-
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