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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-

© Bogdanov V.M., 2024

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].

Frontier Materials & Technologies. 2024. No. 4
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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

Squeegee

Powder
marterial

Feeder
platform

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
Vror and the roller rotation speed Vgzor. 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 6=7.5 pm. To obtain
the powder layer surface of the required quality, the roller

New layer

Part

ﬁ

Fig. 1. Basic diagram of the process of applying a powder layer
Puc. 1. IlpunyunuanvHas cxema npoyeccd HaHeCeHUus HOPOUWKOB020 ClLOSL
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linear speed Vzor must not exceed 60 mm/s. In studies, the
application speed was most often chosen equal to
Vror=50 mm/s [10; 13; 14], which meets our requirements.
The rotation speed Vzor 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].

Squeegee

Feeder

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
050 mm, a rotating roller ¥30, 50, 70 mm, a rotating
roller with the addition of powder ¥30, 50, 70, 100, 150,
200, 250, 300 mm.

The diameter of the powder particles used in 3D print-
ing varies from 20 to 100 um. However, the available

Mefal powder — Powder layer

Build platform

Fig. 2. Simulation model
Puc. 2. Umumayuonnas mooens

Fig. 3. Ways of applying a powder layer:
a — a non-rotating roller; b — a rotating roller; ¢ — a rotating roller with additional powder feed
Puc. 3. Cnocobul Hanecenuss RHOPOUWIKOBO2O ClLOSL.
a — Hegpawarowuiics poauk,; b — epawarowuiics poruk; ¢ — epawalowuiics poauK ¢ nooadeil OONOIHUMENbHO20 NOPOUIKA
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Fig. 4. Dependence of layer roughness on application speed
Puc. 4. 3asucumocmsv uiepoxo8amocmu cios om cKOpoCmu HaneceHus
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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 6=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).

Time: 5485 s

Fz

Fx

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 o on the layer height.
The calculation scheme is shown in Fig. 6.

Calculation of the dependence of the angle o on the lay-
er height:

R—t t
coso.=———a=arccos| 1—— |.
R R

Now, we can associate the obtained force values with
the angle o, 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
Puc. 5. Pacuem obwjeil cunivl 0a6eHust NOPOUKA HA POIUK 8 KANCOOM CLOe

Fig. 6. Scheme for calculating the pressure angle o.
R — roller radius; t — layer height,; o — pressure angle
Puc. 6. Cxema ons pacuema yena 0agneHusi o.
R — paouyc ponuxa, t — evicoma cinosi; a.— y2on 0aeieHus.
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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/cm?, 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/cm’, with a particle diameter of
0.5 mm and a density of the particles themselves of more
than 7.2 g/cm®. 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.

0.07
0.06
0.05
0.04

0.03

Total force, F,,,, H

0.02

0.01

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.

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54

Pressure angle, deg.

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
Puc. 7. 3asucumocmsv obweii cunvl, deticmsyroujell Ha He8pawanwuiica poauxk ouamempom 50 mm, om yena 0asneHus.
Tlpusedenvt mpu epemenHbvie MOUKU YCMAHOBUBULE20CA PEXHCUMA HaHeceHusA.! Hayano — 3,5 ¢, yeump — 4,5 ¢, koney — 5,5 ¢
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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

Puc. 8. 3asucumocmov 06well cunvl, oeticmsyowjell Ha PAWArWULICS. POTIUK, OM Yeld Oa6NIeHUL.

Tpugedenvi epaghuru ons mpex ouamempog ponuka: 30, 50, 70 mm

250

&30

Fig. 9. Force distribution over the rollers with the diameters of 30, 50, 70 mm
Puc. 9. Pacnpeoenenue cunvi no poruxam c¢ ouamempamu 30, 50, 70 mm

Table 1. Powder layer density and compaction for rotating rollers

Taﬁﬂuua 1. Ilnomuocmo u YnjlomHerue nopoutKoe0o2co Clos onst epawiarouxcs poauxKkoes

Roller diameter, mm Layer density, g/cm? Layer compaction, %
Before application 4.500 -
30 4.692 4.26
50 4.740 5.35
70 4.796 6.59
Frontier Materials & Technologies. 2024. No. 4
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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
Puc. 10. 3asucumocmo obuyeti cunvl, delicmgyowell Ha pauarWUIcs POIUK ¢ OONOTHUMETbHOU NOOaYeli NOPOWKA, OM Yeid 0AIeHUs.
Ipusedenvt epapuru ons 6ocomu ouamempos poauxa: 30, 50, 70, 100, 150, 200, 250, 300 ymm

Table 2. Powder layer density and compaction for rotating rollers with additional powder feed
Tabnuya 2. ITnomHocms u yniomneHue nOPouKO8020 CLosL OISl BPAWAIOUUXCSL POIUKOS ¢ QONOIHUMENLHOU NOJAYeli NOPOUKA

Roller diameter, mm Layer density, g/cm? 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
Puc. 11. 3asucumocmo obuyeti cunvl, delicmayowell Ha He8PAWAWULIC POIUK, BPAUAIOUUTICS POIUK U 8PAUAIOUULICS POTUK
€ QONOIHUMENbHOU nodayell nopowka, om yena oasnenus. Ilpueedenvt epaghuxu ons ponuxa ouamempom 50 um

Table 3. Powder layer density and compaction for various methods of application
Tabnuya 3. [IiomHocms u yniomueHue NOpowK0o8020 Cios 05l PA3IUYHBIX CNOCOO08 HAHECEHUs.

Method of application Roller diameter, mm Layer density, g/cm? Layer compaction, %
Before application - 4.500 -
Non-rotating roller 4.573 1.61
Rotating roller 50 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 mmy/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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Annomayusn: Tlpu MccieoOBaHUU W aHAIN3E aJIMTHBHBIX TEXHOJIOTHMH 0C000€ BHHUMAHHE YJEJSICTCS MOBBIIICHUIO
IMPOU3BOAUTCIIBHOCTH U Ka4Y€CTBAa Hal€daTaHHBIX I/ISJICHPlﬁ. O]lHaKO JJId TTIOBBIIICHUSA ITPOU3BOAUTCIIBHOCTH 3D-meuatun
HEJIb3s1 IPOCTO YBEINYUTH CKOPOCTh MIEPEMEIICHHUS pakes 0e3 n3MeHeHust ero (opMbl WK THMa. M3-3a 3Toro Moser mo-
CTpaJaTb KAa4€CTBO MMOPOUIKOBOI'O CJIOsA, YTO NPUBEACT K YXYAUMICHUIO Ka4YCCTB KOHCUYHOM JCTAJIN. 21]'[5{ HCCJIICAOBAHUA BJIN-
SIHUSI XapaKTEPHCTHK POJIMKA Ha HAHECEHHE MTOPOIIKOBOTO CJIOS MPOBEJECHA CEPHsi KOMIBIOTEPHBIX MOJICIUPOBAHIIA UMH-
TAIIMOHHBIX Mojenel. OleHKa BIUSIHUS XapaKTEePUCTHK POJIMKA HA HAHECEHHE MOPOIIKOBOTO CJIOsI IIPOBOJIMIIACK ISl TUa-
MeTpoB ponmka 30, 50, 70, 100, 150, 200, 250, 300 mM. MomenupoBaHie POBOJUIOCE C TPEMs CIIOCOOaMH HAHECCHHS
BPAIIAIOIIMMCS M HEBPAIIAIOIIUMCS POJIMKOM, a TAKKe BPAIIAOIIUMCS POJIMKOM C MOJa4uei TOMOJHUTEIBHOTO MOPOIIKA.
OmnperneneHo, 9To MpyU HAHECCHUH CJIOS BPAIAIOIIMMCS POJIMKOM C JIOTIOJIHUTEIBHON 1MoJ1aueii opolKa MOXKHO TOCTHYb
MOCTOSTHCTBA CHJI, ICHCTBYIOIINX HAa POJNIMK. DTO MOXKET IOJIOKUTENBHO TOBIUATh HA OJXHOPOAHOCTH HAHOCHMOTO CJOSI.
Hanecenue ci0s1 BpalaroliMcsi pojMKOM C JIOTIOJHUTENBHOM Mojadyel nopomka Haubosee npurogHo B 3D-npuHTepax
¢ Ooupmioit 30HOW mocTpoeHus. JaHHBIN crmoco® Mo3BOIsET M30eraTh MepeMemIeHHs] OOJBIIOW MacChl TOPOIIKA IO
MpeABIIYIIEMY CJIO0, YTO IOJIOKUTENBHO BIMSET HA KaYeCTBO KOHEYHOH aeTaiy. BBISBIEHO BIHMSHUE XapaKTEepHCTHK
pOJHKa Ha HaHECEHHE TIOPOIIKOBOTO clios. B wacTHOCTH, ipn yBenmudeHun nuamerpa ponuka ¢ 30 xo 300 MM yBennunBa-
eTcsl M 3HaueHHe MUKOBOM cwilbl. [Ipu yBenudyeHun nuaMerpa posirka Ha 7,9 % yBelnuuBaeTcst ¥ IIOTHOCTh MTOPOILIKOBO-
r0o cios. BEISBIIEHO, 9TO HAa HEBPALIAIOIIUICS POJHK NEHCTBYeT HAaMOOIBINAsl CHUIa, a CHJIBI, NEHCTBYIOIINE Ha Bpallaro-
HIMecs POJIMKH, HE3HAYUTENBHO OTJIHYaroTcsl. Bparatomuiicss ponuk 6e3 po0aBiieHHs MOPOIIKA CO3aeT Hanboiee mioT-
HBII CIIOH ¥ 1TO3BOJIAET JOONTHCS YIUIOTHEHHUS OPOIIKOBOTO cios Ha 5,35 %.
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CJI0S1; paKeb.
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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 7=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 %.
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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-

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-

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).

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. Bogatov!, 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 arca 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

! 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 y 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%7Zn—0.06%Ca alloy
Tabnuya 1. Xumuueckuii cocmae cnaasa Mg—1%7n—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
Matrix
P

Billet

Fig. 1. ECAP equipment diagram
Puc. 1. Cxema ocnacmku ons PKYIT

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:

c<cult’

(1)

€
where the left-hand side of the inequality ¢ =J- ﬂdsi is

0 o
the damage index, the Cockcroft-Latham energy index of

the relative specific work of elementary tensile forces,

o) is the principal positive normal stress,

o; is the stress intensity,

g; is the deformation intensity;

cur 18 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>cy 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:

ZZ’

k=1
o1
c; ’

where 7 is the number of stages of deformation of the mate-
rial point;

€ k+
ACk:J O e

ik O

@

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);
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&, 18 the degree of deformation accumulated by the mate-
rial point of the billet by the beginning of the A-th stage of
deformation;
&, k+1 1S the degree of deformation accumulated by the ma-
terial point of the billet by the end of the k-th stage of de-
formation;
o1 is the principal positive normal stress;
o; is the stress intensity;
(01/6:)qv 1s 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;
&i,p 18 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 ¢i/c;
stress state index.

Functions

6., = —0.1911{&} +0.16;

G;

€)

6, = —O.ZIIn(ﬂJ +0.18,

G;

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 =150 stages, while the duration of all deformation
stages was the same and equal to f#~=Is, satisfying
the condition [10]:

(4)

where S is the area determined using the graph of the stress
state index o1/0; 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 ¢ 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 1073 s™! on the specimens with a work-

ing part size of 0.6x1x4.5 mm?>. 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 ¢ 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 o, positive normal
stress (Fig. 4).

The degree of deformation (Fig. 5) at the material point
in the time range of 6885 s, as well as the damage index,
increases.

The value of metal damage at 7=20 °C calculated by
formula (2) was obtained equal to ®=1.19. Therefore,
the condition o<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 7=350 °C
was obtained as ®=0.9, which is less than 1, the nonfailure
condition of the metal w<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 7=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 4442.8 to 51.243.4 HV as
a result of plastic deformation by the ECAP method, with
a strain degree of €=5.04, accumulated over 8 passes
(Fig. 7 b, Table 2).
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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—T=20°C; b—T=350 °C
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Fig. 3. Change in damage index over time at a point: a — T=20 °C; b — T=350 °C
Puc. 3. Hsmenenue 60 epemenu noxkazamens nogpedxcoennocmu ¢ mouxe: a — T=20 °C; b — T=350 °C
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Fig. 4. Change of the o1/0i index of the stress state at a material point of the billet over time:
a—T=20°C; b—T=350 °C
Puc. 4. Hsmenenue 60 pemenu NOKa3amelis o1/Gi HANPAACEHHO20 COCMOAHUS 8 MAMEPUANLHOU MOYKe 3A20MO6KU:
a—T=20°C; b—T=350 °C
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Fig. 5. Change in the degree of deformation in a material point of the billet over time: a — T=20 °C; b — T=350 °C
Puc. 5. H3menenue 8o epemenu cmenenu depopmayuu 8 mamepuanshoti mouke 3azomogku: a — T=20 °C; b — T=350 °C

Fig. 6. Samples after one equal channel angular pressing (ECAP) pass:
a—T=20°C; b—T=400 °C (arrow indicates the ECAP pass direction)
Puc. 6. Obpazyvl nocie 00HO20 NPOX0OA PAGHOKAHATBLHOZ0 208020 npeccosanus (PKYII):
a—T=20°C; b— T=400 °C (cmpenxoti ykazaro nanpasierue npoxoda npu PKYII)

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
(01>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 ¢
damage index has a maximum value according to the re-
sults of computer simulation. Earlier in the work [22],
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Fig. 7. Results of mechanical tests:
a — stress-strain curve of the Mg—1%2Zn—0.06%Ca alloy before and after ECAP;
b — comparison of the initial microhardness and microhardness obtained after ECAP
Puc. 7. Pe3ynbmamol Mexanuueckux uCHblmanuiL:
a — Juazpamma pacmscenus cnaaea Mg—1%7Zn—0,06%Ca oo u nocne PKVII;
b — cpasnenue ucxoonoii u nonyuennoti nocie PKYII muxpomeepoocmu

Table 2. Results of tensile tests of samples and microhardness measurements
Taonuya 2. Pesynomamor ucnvlmanuii Ha pacmsicenue 00pasyos u UsMepeHus MUKpOmeepoocmu

State T,°C HYV (average value) outs, MPa 60.2, MPa o, %
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 7=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 £=5.04 performed
using the well-known formula [23]:

N O o ¥
g = ﬁ{thg(? + ?j + ¥ cos ec(? + ?ﬂ ;)

where N is the number of passes;
Y is the external angle;
@ 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 ®=1.19 (©0>1,
failure condition) corresponded to sample failure during
severe plastic deformation; 7=350 °C and ®=0.9 (»<l,
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 4442.8 to 51.2+3.4 HV.
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AHHomauuﬂ.' OCHOBHOM CJI0’KHOCTBIO B MCITOJb30BAHMU MarHUEBBIX CIIJIAaBOB, MPUMCHACMBIX B MCIUIIMHEC B KAYECTBE
OuopasyaracMeIX MaTepHaloB, IBISETCS TPYIHOAE(HOPMUPYEMOCTbD, YTO, B CBOIO OYEPE/b, IPUBOAUT K YaCTHIM pa3pylie-
HUSIM 00pasIoB BO BpeMs MHTEHCHBHOHM IUiacTHdeckoil nedopmanuu. B pabore mokasaHo, 9TO TEMIIEpaTypHBIA PEXUM
paBHOKaHaNBbHOTO yrioBoro npeccoBanusi (PKYII) maruueBoro craBa cuctemMbl Mg—Zn—Ca, obecrieunBatoimuii gedop-
MHpOBaHHE 00pa3loB 0e3 pa3pylICHHs, BO3MOXHO ONPEICISITh 10 Pe3ysibTaTaM KOHEYHO-3JIEMEHTHOTO KOMIIBIOTEPHOTO
MOJICTIMPOBAHMS HANPSHKEHHO-Ae(hOPMHUPOBAHHOTO COCTOSHHS 3ar0TOBKH, pacdeTa MOBPEXICHHOCTH CIUIABa C HCIOJIB30-
BaHueM Mozenu Kokpodra — JIsTomMa 1 mporHo3upoBaHus 00acTu pa3pyuieHus oopasua. MojeaupoBaHue mokasaio, 4To
MIOBEPXHOCTHAs 00JIaCTh 3ar0TOBKH, puMbIkaromias mpu PKVYII k BHyTpeHHEMY YTy MaTpHIIBI, SBIsSETCS 00JAaCThIO BO3-
MOJKHOTO pa3pyIIeHHs MarHMeBOrO CIUIaBa. 3HaueHHe NoBpexAeHHOCcTH ciutaBa npu PKVYII B atoit obmactu mpu
7=350 °C meHbIe 1, YTO COOTBETCTBYET HEepa3pylIeHUIO MeTasuia. s BepuduKanuu pe3yabTaToB KOMIIBIOTEPHOTO MO-
JIeTMPOBaHus BhINIONHEHO (usuueckoe MoaenupoBanre PKYII, nomyuyensl 3aroropku 0e3 npu3HakoB paszpyiueHus. [Ipo-
M3BEJICHO MCCIIEIOBAHNE MEXaHIMUECKUX CBOMCTB MaraneBoro cruraBa Mg—1%Zn—0,06%Ca o u nocie obpadborku PKYII
10 BEIOPAaHHOMY PEKUMY: TIpeJiel IPOYHOCTH MOBBICHICS Ha 45 %, TBEpAOoCTh yBean4uuiaach Ha 16 %, mpu 3TOM IIacTuy-
HOCTB TTOBBICHNIACh Ha 5 %.
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Abstract: The authors have studied for the first time the phase composition, microhardness and fine structure of
the VT23 (o+p)-titanium alloy, with stable and metastable B-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
Bm—a" martensitic transformation in the formation of alloy structure, and microhardness under high-pressure torsion was
revealed. The highest microhardness of the alloy with stable B-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 e=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 a-, and
a"-phase plates compared to the quenched state, as well as in the development of deformation fm—a", and o"—pm mar-
tensitic transformations. An increase in the degree of deformation by high-pressure torsion to e=7.7...7.9, regardless of
the deformation stability of the B-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 a-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 B-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-

© Gladkovsky S.V., Pilyugin V.P., Veselova V.E., Patselov A.M., 2024

Frontier Materials & Technologies. 2024. No. 4

29


https://orcid.org/0000-0002-3542-6242
https://orcid.org/0000-0002-5150-6605
https://orcid.org/0000-0002-4955-6435
https://orcid.org/0000-0001-6438-0725

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

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-6A1-4V (VT6)
alloy to the level of 6¢,=1200 MPa and ,~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 B—o- and partial a—o-
transitions, the formation of an embrittling ®-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 w—a-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 B-grains by plates of the
forming stress a'"-martensite. When high (critical) defor-
mation degrees are reached, the B-phase is stabilised, with
respect to the formation of deformation martensite and
the reverse o"—f-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 o"-mar-
tensite in titanium alloys with deformation-metastable
B-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—5A1-5V-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 B-phase stability, since according to the data [11;
12], after quenching from 800 °C, the B-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 ®=0.3 rpm. The rotation angle ¢ varied within
the range from 0 to 1080° (0...3 revolutions). The true
accumulated deformation was estimated using the rela-
tionship given in [13]:

22\
e=In 1+(‘D; +1nh—0 ,
hy hy

where ¢ is the rotation angle during torsion;
r is the disk radius;

ho is the initial disk thickness;

hi 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-Ka 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 um

Table 1. Chemical composition of the VT23 alloy, wt. %
Taonuua 1. Xumuueckuii cocmag cnnasa BT23, mac. %

Element Ti \% Al

Content 85.870 4.780 4.855

1.865 1.305 0.800 0.150 0.025
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thick, with a thin abrasive disk under water cooling condi-
tions, mechanical processing to a thickness of 100 um, 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 VI23 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 3-phase, quenched from a temperature of 860 °C,
grows more intensively compared to the alloy with a stable
B-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 B-phase (395 HV 0.05)
is observed after torsion under pressure upon reaching a higher
degree of true deformation e=5.4. The microhardness of
the alloy, regardless of the quenching temperature, and accor-
dingly, the deformation stability of the B-phase at the maxi-
mum degree of true deformation e=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 B-phase, in the ini-
tial state, have characteristic differences (Fig. 2). At de-
formation degrees from e=1.6 to 4.5...4.7, the loading
curve of the alloy with a metastable P-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 10 7.7...7.9, the difference in the position of the
curves gradually decreases, and at a degree of deformation

HV 0.05

of 7.7...7.9 they practically coincide, which is associated
with the stabilisation of the B-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
(a+P+a") state (a-phase with a hep lattice, B-phase with
a bece lattice and o"-phase with orthorhombic lattice), and
the w-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 a-phase (100), (110),
(112) broaden as the deformation degree increases, and
their intensity decreases, which indicates the refinement of
a-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 a/a"- and
B-phase is also observed, which indicates both the texture
formation, and the phase transformation of the metastable
phase fm—a".

The study of the fine microstructure of the alloy,
quenched from 800 °C by the TEM method (Fig. 4), re-
vealed the presence of a-plates with a thickness of
150...250 nm located in the B-matrix, corresponding to
the crystallographic relationship [110]f || [001]a. Reflec-
tions from the a"-phase formed in the B-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 B-matrix (Fig. 4 b), which indicates a reduced sta-
bility of the B-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 a-phase
plates of varying thickness from 50 to 250 nm with B-phase
interlayers (Fig. 5 a). The plates have an irregular shape,

il
e

Fig. 1. Effect of true deformation degree e during torsion under pressure
on the VT23 alloy microhardness
Puc. 1. Brusnue ucmunnotl cmenenu oegpopmayuu e 8 npoyecce KpyieHus noo 0asieHuem
Ha mukpomeepoocmy cniasa BT23
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Fig. 2. Loading — unloading curves of V123 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
Puc. 2. Kpusvie nacpyorcenus — pazepyoicenus oopazyos cniaeéa BT23 npu paznuunvix cmenensx oegpopmayuu noo 0asieHuem:
a — b6e3 depopmayuu; 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...54, 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]
Taonuya 2. Pazosviii cocmas mumarnogozo cnnasa BT23 [11]

Heat treatment conditions a, % p/pm, % a", %
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 B-phase, the processes of deformation by com-
pression under pressure, with a degree of e=1.6 are characte-
rised mainly by phase transformations, caused by deformation
of the metastable phase fm—a" (Fig. 5 b). The TEM structure
is represented by fragments of plates of the initial a-phase with
a thickness of 50...250 nm, as well as by more dispersed parti-
cles of a"-martensite (stress) (Fig. 5 b).

In the electron diffraction patterns of the samples, de-
formed with a degree of ¢=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
o-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 a-phase plates and athermal o"-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 o"-martensite, which has a more
dispersed microstructure compared to the initial a-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 a-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 B-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 B—o" 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 a- and B-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 Bm-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 a 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 f-phase.
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Fig. 3. Diffraction patterns of VI23 alloy samples:

a — after quenching from 800 °C and torsional deformation under pressure;
b — afier quenching from 860 °C and torsional deformation under pressure
Puc. 3. Jughpakmozpammel obpaszyos cnaasa BT23:

a — nocae 3axanku om 800 °C u deghopmayuu Kpyuenuem noo dasneruem,
b — nocae 3axanku om 860 °C u oepopmayuu kpyuenuem noo oagienuem

*  a"[022]

Fig. 4. TEM image of the microstructure of VI23 alloy after quenching: a — from 800 °C; b — from 860 °C
Puc. 4. [IDM-uzo6pascenus muxpocmpykmypwoi cnaasa BT23 nocae 3axanku: a —om 800 °C; b — om 860 °C
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Fig. 5. TEM images of V123 titanium alloy:
a — after quenching from 800 °C and SPD, e=1.6; b — after quenching from 860 °C and SPD, e=1.6
Puc. 5. [IDM-uz00pasicenus mumarnogoeo cniasa BT23:
a — nocne 3axanxku om 800 °C u UI1J[, e=1,6; b — nocne 3axarxu om 860 °C u UI1/], e=1,6
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B[110]
a[100]/a"[110]
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a"[001]

a[001]

Fig. 6. TEM images of VT23 titanium alloy after quenching from 800 °C and torsion under pressure, e=7.7.
The solid line highlights o-phase equiaxed particles with weak dislocation contrast,
and the dotted line highlights those with banded contrast
Puc. 6. I[IDM-uzobpascenus mumanosozo cniasa BT23 nocne 3axanku om 800 °C u kpyuenus noo oasnenuem, e=7,7.
Cnaownotl nunuell 8vloesienbl pasHOOCHblE YACMUYbl 0-Qasvl cO cC1abbiM OUCTOKAYUOHHBIM KOHMPACHOM,
NYHKIMUPHOU — € NOAOCYAMBIM KOHMPACOM

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...

”

w[200]
a[011)/a"[111]
B[110]
a[100]/a"[110]
w[001
w[110
a"[001]
a[001]

Fig. 7. TEM images of V123 titanium alloy after quenching from 860 °C and torsion under pressure, e=7.9.
The solid line highlights o-phase equiaxed particles with weak dislocation contrast,
and the dotted line highlights those with banded contrast
Puc. 7. [IDM-u3o6pasicenus mumanosoeo cniasa BT23 nocne 3axanxku om 860 °C u kpyuenus noo dasnenuem, e=7,9.
CnnowHotl tunuell bl0eieHbl PABHOOCHbLE YACTUYbL 0-ha3bl CO CLAOLIM OUCTOKAYUOHHBIM KOHMPACHOM,
NYHKMUPHOU — € NOIOCYAMBIM KOHMPACMOM

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 a- and B-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 a"-martensite and the phase trans-
formation of metastable phases according to the schemes
fm—a" and a"—Pm. The subsequent softening of the alloy
in the deformation range of ¢>5.4 for the sample quenched
from 800 °C, and e>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 a-phase. At the maximum value of the true deformation
degree e=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 (a+f+a") composition, at the degree of de-
formation from e=1.6 and more, there is a refinement of
o- and o"-plates, as well as a phase transformation —
the Pm-phase decomposition during quenching from 860 °C
according to the scheme fm—a".

At the deformation degree of e=1.6, a fragmentation of
the a and " plates occurs, as well as an increase in disloca-
tion contrast. In a sample with a metastable Pm-phase
(quenching from 860 °C), it decomposes with the formation
of dispersed needles of o'"-stress martensite. An increase in
the deformation degree to ¢=7.7...7.9 leads to the formation
of equiaxed a-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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Annomayusn: Buepsble n3yueHsl (pa3oBblii cocTaB, MUKPOTBEPAOCTh U TOHKAsl CTPYKTypa (o+f)-TUTaHOBOTO CILIaBa
BT23 co crabmwisHON 1 MeTacTabWiIbHOI B-(ha3oit mocie neopmanuu B kKamepe bpumkMeHa KpydeHHEM MMOJT TaBICHUCM
4 I'Tla mpyu KOMHATHO# TeMIiepaType. Y CTaHOBJICHO, YTO MUKPOTBEP/IOCTh CIUIaBa B 3aBUCHMOCTH OT MCTHHHOH CTEIICHH
nedopmanny B yCIOBHSX BBICOKOTO THAPOCTATHUECKOTO JABICHHUS MEHSETCS 110 KPUBOH C MaKCMMyMoM. BrisiBiena poss
VMHHAIMMPOBAHHOTO HaIpsHKeHHeM BM—a" MapTEeHCHUTHOTO NpeBpamieHus B (OpMHUPOBaHUU CTPYKTYpBl U MUKPOTBEP/IO-
CTH CIUIaBa NpW KPYUYCHHH IOJ MaBieHHeM. HambompImas MEKPOTBEPAOCTh CIIaBa cO CTaOWMIBHOW P-(ha3oil cocTaBmia
395 HV 0,05, a ¢ metactabmipro# — 470 HV 0,05. [Ipu 3TOM MakcHMyM MHUKPOTBEPAOCTH METACTaOMIBHOTO CIUIaBa IO
CPaBHEHUIO CO CTaOMJIBHBIM OBLI CMEIeH B 00JacTh MEHbIIeH UCTUHHOW aedopmanyu e=2,6. Vcnons3oBaHie MeTO10B
pEeHTreHo(ha30BOro aHaM3a U MPOCBEUNBAIONIECH 3JIEKTPOHHOW MUKPOCKOIHH TO3BOJIMIO MPOCICAUTh SBOIIOLHUIO CTPYK-
TYpBI CIIaBa npu AedopMaliy O JaBICHAEM, 3aKIFOYAOLIYIOC] B H3MEIBYCHHH 110 CPABHEHHUIO C 3aKaJICHHBIM COCTOSI-
HHEM IUTacTHH o- ¥ a'-}a3, a Takke B pa3BUTHU JAedopMannoHHbIX fM—0" U a"—PM MapTEeHCHUTHBIX IMpPEBPaIICHHH.
VYBenuueHue creneHu AeopManuy KpydeHHEM IO JaBJICHHEM 10 e=7,7..7,9 He3aBucuMO OT jae(OopMaIiioHHON cra-
OmwTpbHOCTH B-(a3pl IPUBOIUT K CHUIKCHUIO MUKPOTBEPAOCTH CIUIaBa 0 ypoBHs 185...205 HV 0,05, uro cBs3aHo ¢ pa3Bu-
THEM IMpolecca AMHAMUYECKON pPEKpHUCTANIM3aluK U (OPMHUPOBAHMEM PAaBHOOCHBIX HAHOYACTHI] O-(a3bl pazMepoM
20...50 HM. BbIsBIEHHBIC PU KMHETHYECKOM WHJICHTUPOBAHUH PA3IMYMs B KPUBBIX HArpyKEHHS — Pa3TPy>KEHUS COOT-
BETCTBOBAJIM XapaKTepy U3MEHEHHs MUKPOTBEPJIOCTH ciutaBa BT23 B 3aBUCHMOCTH OT TeMIepaTyphl 3aKajKH M CTEIICHU
WUCTHHHOU AedopMariim.

Kntoueewie cnoea: tntanossiit criaB BT23; ¢a3oBelii coctas; kamepa bpumkmena; kpydeHne 1o 1aBJICHAEM; HCTHH-
Hasl cTeneHb Aedopmarim;, MeTactabuinbHas B-aza; MapTEHCUTHBIC TIPEBPAIICHUS.
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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 LN. Study of centrifugal atomisation mechanisms based on
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INTRODUCTION
Centrifugal melt atomisation (CMA) is one of the com-

the melt. For high-temperature alloys, centrifugal atomisa-
tion of a rotating rod is usually used.

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

© Zhukov E.Yu., Naurzalinov A.S., Pashkov L.N., 2024

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 R;
and the height of the liquid film H, the following equations
were used [9]:

21
Rc=o.55(—pQ ]4,
Lo
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Air
[—— -

Fig. 1. Diagram of the centrifugal atomization process
Puc. 1. Cxema npoyecca yeHmpo6es*HCHO20 paAcnbLIeHUs.

where p is the density of the liquid, kg/m?;
QO is the volumetric flow rate, m’/s;

u is the dynamic viscosity, Pas;

o is the rotation speed of the bowl, rad/s;

1
3 3
2npw” r cosa

where 7 is the radius of the bowl, m;
a 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-

a

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 —

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—20mm; b— 50 mm; ¢c— 150 mm

Puc. 2. H3menenue gvlcomul nodauu HcudKocmu om yawiu npu nomoxe 6,69 xe/u u enaokoi oopabomxe yauiu:
a—20mm; b— 50 mm; ¢ — 150 um

Frontier Materials & Technologies. 2024. No. 4

41



Zhukov E.Yu., Naurzalinov A.S., Pashkov LLN. “Study of centrifugal atomisation mechanisms based on a simulated experiment”

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

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
Puc. 3. Hzmenenue wepoxosamocmu nogepxnocmu npu nomoke 6,69 ke/u u paccmosimuu 00 wawiu 50 mm:
a — enaokas wawa,; b — vawa 6e3 o6pabomku

Table 1. Calculation of liquid parameters during centrifugal atomization
Tabnuya 1. Pacuem napamempog #CUuOKoCmu npu YyeHmpooeICHOM pacnvlieHuu

Needle diameter, Pressure, Flow rate, Hydraulic jump radius, Film height,
mm atm. kg/h mm mm
1 3.96 1.83 0.34
0.8 2 6.69 2.38 0.39
4 9.25 2.80 0.42
1 21.18 4.24 0.52
1.5 2 34.45 5.40 0.59
4 42.35 6.00 0.62
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a

Fig. 4. Changing pressure when liquid is supplied to the surface of the bowl without treatment, needle diameter is 0.8 mm:
a—1atm.; b—2 atm.
Puc. 4. Hzmenenue oagnenus npu nooave 3cuOKOCmuy Ha NO8ePXHOCMb yauiu 6e3 oopabomku, ouamemp ueivl 0,8 mm:
a—1amm.; b—2amm.

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.
Puc. 5. H3menenue oagnenus npu nooave 3cUOKoCmu Ha n08epXHOCMb yauiu 6e3 oopabomku, ouamemp ueavl 1,5 mm:
a— 1 amm.; b—2 amm.

Ve e
& s

a b

Fig. 6. Changing the distance from the needle to the smooth surface of the bowl:
a—50mm; b— 100 mm; ¢ — 150 mm
Puc. 6. H3menenue paccmoanust om ueivl 00 2Na0KOU NOGEPXHOCMU HaAWUU:
a—50mm; b— 100 mm; ¢ — 150 mum
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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
Puc. 7. Kanns 600bl Ha HeCMA4u8aemMoil noeepxXHocmu

a

b

Fig. 8. Changing pressure when supplying to a non-wetted surface of a bowl:
a—1atm.; b—4 atm.
Puc. 8. Hzmenenue oasnenus npu nooaie Ha HECMA4UBAemMy0 HOBEPXHOCHb YaAU.
a— 1 amm.; b—4 amm.
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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
Puc. 9. Hzmenenue oaenenus nooasaemori #HUOKOCMu Ha YauLy:
a— 1 amm., enaokas nogepxnocmov wawiu,; b — 1 amm., nosepxnocms wawu 6e3 ob6pabomru;
¢ — 2 amm., enaokas nosepxrocms wawu,; d — 2 amm., nosepxrnocmu yauiu 6e3 0opabomxu

b

Fig. 10. Changing the pressure of the liquid supplied to the rough bowl surface: a — 1 atm.; b — 2 atm.
Puc. 10. Hzmenenue 0asnenuss no0agaemoul HCUOKoOCmu Ha Wepoxo8amyro nogepxHocmy yawu.: a — 1 amm.; b —2 amm.

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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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.;
¢ — diameter is 0.8 mm, pressure is 2 atm., d — diameter is 1.5 mm, pressure is 2 atm.
Puc. 11. H3menenue 0asnenus u Ouamemp uenvl npu pacnvlieHul HUOKoCmu Ha yaute ¢ bopmamu:
a — ouamemp 0,8 mm, oagrenue 1 amm.; b — ouamemp 1,5 mm, dasnenue 1 amm.;
¢ — ouamemp 0,8 mm, dasnenue 2 amm.; d — ouamemp 1,5 mm, oagrenue 2 amm.

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.

4.0On 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.

5.0n 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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Annomayusa: lporiecc nucTieprupoBaHys paciijlaBa Ha BPAIAOIIEHCs Yalle SABISeTCS PaclpOCTPaHEHHBIM METOIOM TI0-
Jy9eHUs] MEeTANINYECKHUX MOPOLIKOB. V3ydyeHne mponecca IUCIEprHPOBaHIS Ha PEATbHBIX PacIaBax, B TOM YHCIIE METO/a-
MH BHU3yaJIM3alliH, 3aTpygHeHo. [loaroMy BimsHne Takux (GakTopoB, Kak BBICOTA MA/ICHUS CTPYH, BEIMYUHA TIOTOKA XKUIKO-
CTH, CMaYMBaHUE MOBEPXHOCTH, HAJIMYUE CTEHKH Y YallM, Ha MPOLECcC MOMYYEHUs] MEJKUX Kalelb MPeAIokKeHO HU3y4YuTh
C MIOMOIIIBIO MOJIETBHON XKHUAKOCTH 0€3 KpHUCTAIUTM3aiH, (PUKCHPYS MPOLECC MyTeM BBICOKOCKOPOCTHOH cheMKH. Llensb pa-
00THI — onpesieNieHIe HanboIee OIArONPUATHBIX YCIOBUH ANCTICPTUPOBAHNS, KOTIa BCS T0/1aBaeMast KMKOCTh ITpeBpalaeT-
csl B Karuii 6e3 o0pa3oBaHMs KPYIHBIX Karesb, IONOJHUTEIBHBIX CTPYH, MPUBOASIIMX K BTOPHYHOMY pacibuieHuIo. B kaye-
CTBE MOJEIBHON JKUIKOCTH BBIOpaH PacTBOP ITIMIIEPHHA B BOJE C BSI3KOCTHIO, PaBHOM BA3KOCTH paciuiaBa ojioBa. IIporecc
JIICTIEPIMPOBAHNSl CHUMAJICS Ha BBICOKOCKOPOCTHYIO Kamepy ¢ 4acToTod cbeMku 1200 kazpos/c. YCTaHOBIEHO, YTO IIPH
YBEJIMYEHNH TI0TOKA pacijiaBa HaOJolaeTcs N3MEHEHUE pekuMa pacibuleHus. [Ipu pocte naBlieHUs YBETMYUBACTCS TTOTOK
1 KHHETHYECKOE B3aMMOJICHCTBHE CTPYHU C TIOBEPXHOCTHIO YAIlIH, a CJIEI0BATEIFHO, M30BITOK KHUIKOCTH, KOTOPBIN pacIblIs-
eTcsl IpexaeBpeMeHHo. [Ipn moboM MoToKe MOJaBaeMON XHUAKOCTH, €CIH XHUAKOCTh HE MOMAAacT B LEHTP, MPOUCXOIHUT
BTOPUYHOE PACIBUICHUE 3a CUET pa3pylLIeHUs IUIEHKH Ha THAPABINUECKOM CKauKe M3-3a HEPaBHOMEPHOM paJuaibHON CKO-
poctu Ha nuke ckauka. [Ipu u3menennu BbicoThl nogaun ot 100 1o 150 MM HaOmoAaeTcsi BTOPUYHOE pacIibUICHHUE B BUC
Karenb B MECTe THAPABIMIECKOT0 ckauka. KoandecTBo cnimpaineil 1 BTOPUIHOE PacHbUICHUE BIMSIOT HAa yBEIMUCHUE pa3Me-
pa ¢pakumu gactun. B auanazone BeicoTs naseHus ctpyu ot 50 1o 100 MM oTMeuaeTcs ONTUMATBHBIA MPOIECC, TPH KOTO-
POM MOXHO MOJIyYHTh HAMMEHBIYIO (pakiuo. B sxcniepumenTe HaOM0Aanach TEHASHIMA K YITyUIICHUIO MTpoLiecca Pacibl-
JICHUS TTPY TOBBIMICHUH YUCTOTHI 00paOOTKH MOBEPXHOCTH YaIllk. 33 CUYET CTEHOK Yallll yBEINYUBACTCS IyTh KUAKOCTH JIO
BBIXOJIa €€ C YalllH, pa3pyIIaloTcs B IJICHKY KaIlIH, JICTSIINE HaJl HOBEPXHOCTHIO Yallll, BCIIEACTBUE YETO YJTydIlaeTcs Mmpo-
L[ecC TUCTIEPTUPOBAHHS.

Kniouegoie cnoga: eHTPOOSIKHOE paclbUICHHE PacIlaBa; AUCIIEPTHPOBAHNE PacIliiaBa Ha BpaIIAIOIIEics dJale; 1mo-
TOK XHMJKOCTH; METAUIMIECKUH MOPOIIOK; THAPOANHAMUYECKHUE YCIOBHS; BBICOKOCKOPOCTHASI ChEMKa.
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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.
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Modern thermal barrier coatings are heat-resistant
composite coatings with a thickness of 100+400 pm con-
sisting of two layers. The first (lower) layer is a metal
heat-resistant binder, usually of the MeCrAlY type,
where Me is the yNi 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°K™' 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%Y,03 (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 ZrO,, 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 ZrO, 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
ZrO,-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 um/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 pm/h (Fig. 1). To apply a ceramic TBC layer
50 pm 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.1, 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.1. Ulyanova (Lenina) Publ., 2023, pp. 108—113. EDN: GTVAVJ

Puc. 1. 3asucumocmsv ckopocmu ocadxcoenuss nokpuimus Ha ocHoge ZrYO om pacxoda Kuciopooa
npu MOWHOCMU MASHEMPOHHO20 pa3paoa 5 KBm (oxnasxcoaemas mMuuieHy).
Hcmounuk: Kavanun I'B., Meonukos A.®., Meodsedes K.C., bviuxos A.U., 3unosa O.C. Hzyuenue énuanus pacxooa Kuciopooa
HA CKOPOCHb 0CANCOEHUsL NOKPbIMUSL HA 0CHOBe Zr—Y npu MazHempOoHHOM PACbLIEHUL C OXIAACOAeMO MUueHsio // BakyymHas mexnuka

u mexuonozuu — 2023: cooprux mpyooe 30-ii Bcepoccutickoil HAyuHO-mexXHU4ecKoll KoH@epenyuu ¢ mexcoyHapoonvim yuacmuem. CII6.:

Canxm-Ilemepbypeckuii 2ocyoapcmeennulil snekmpomexnudeckuil yHusepcumem «JIDTH» um. B.U. Yavanosa (Jlenuna), 2023.

C. 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 710x80x8 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
5-107% 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
Puc. 2. Cxema mexnonozuueckoll ycCmaHo8Ki HaHeceHus
mepmobapbepHo20 NOKPLIMUSL MACHEMPOHOM
€ NPOMSAHCEHHOU HEOXANHCOAEMOU MUULEHBIO !
1 — eaxyymnas kamepa, 2 — nampyoox 8blCOKOBAKYYMHOU OMKAUKU;
3 — nnanemapnas kapycenwv, 4 — oopaszey; 5 — MacHemMpPOHHBI UCTIOYHUK,
6 — Heoxnadcoaemas Muuiensb, 7 — nooaya apeond; 8 — nooaua Kuciopood,
9 — MazHempoH UOHHOU OYUCTKU 0OPA3YO6

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’
Puc. 3. Buewmnuii 6uo neoxaaxcoaemou muuienu Zr—Y:
a — 00 svIKIOUeHUs: paspaoa; b — nocie evikIOUeHUs paspsaoa

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

40

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.

35
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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)
Puc. 4. 3asucumocms napyuanbHo2o 0agieHus KUciopooa 0as oxaaxcoaemo (1)
u Heoxaadxcoaemoll (2) muuieneti om pacxooa KUciopooda npu MOWHOCMU MazHempoHHo20 paspsaoa 3 kBm
(cmpenkamu nokazamo Hanpagienue usMeHeHus pacxood KUciopooa)
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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

1500
(®]
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e
© 1100
-
=7
® 900
(]
Q.
£ 700
o °
g 500 t=59.935P + 33.896 2
2 300
100 } } } } } } } } } }

6 7 8 9 10 11
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Fig. 5. Dependence of temperatures of uncooled (1) and cooled (2) zirconium targets
on the magnetron discharge power
Puc. 5. 3asucumocmv memnepamyp neoxnaxcoaemoii (1) u oxnaxcoaemoti (2) yupkonuesvix muneretl
OM MOWHOCIU MACHEMPOHHO20 PA3PAOA
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Fig. 6. Dependence of the partial pressure of oxygen on oxygen consumption
for various magnetron discharge capacities
Puc. 6. 3asucumocmsv napyuanbHo2o 0asienus KUCI0pood om pacxood KUciopooa
0I5 PA3UYHBIX MOWHOCTEN MACHEMPOHHO20 PA3PA0A HA HEOXAANCOAEMOU MULLEHU
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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 um with gaps between
them of 0.1-0.5 um.

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 um) (Fig. 8 a), the width of the columns in
the lower part of the coating is 0.2+0.4 um, in the upper
part it varies from 0.4 to 2 um (on average 0.9 um), 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 um) (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 pum, 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 ¢). 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 pm at the microlevel, which, in turn, are combined
into conglomerates up to 15 um 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
6267 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
Taénuua 1. Cxopocmo ocadicoenusi mepmobapvephuix YSZ-noxkpvimuii, nOIy4eHHbIX

C UCNONB308AHUEM OXTANCOAEMOU U HEOXANCOAEMOU MULLeHell

Magnetron type, power of 9 kW

Deposition rate, pm/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
Puc. 7. Cmpyxmypa mepmobapveptozo YSZ-nokpbimusi, nonyuennas npu mownocmu 8,7 kBm
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a

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
Puc. 8. [lonepeunwiti unugh (a, b) u mopghonoeuss nosepxnocmu (¢) mepmobapveproeo YSZ-nokpoimus,
ChOpMUPOBAHHO20 € UCNONBL30BAHUECM HEOXTANCOAEMOU MUueHy npu mownocmu 9 kBm

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 pm 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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Annomayusn: IIpuMeHeHre MarHETPOHHBIX PACIBUIMTENBHBIX CUCTEM C MPOTSKEHHBIMH HEOXJIaXKJAEMBIMH MHIIECHS-
MH TIO3BOJIUT pa3paboTaTh MPOMBIIUICHHBIE MMIOPTO3aMEIIAIONINe TEXHOIOTHH (HOPMUPOBAHUS TEPMOOAPHEPHBIX II0-
KPBITHH Ha OCHOBE OKCHJIAa IIUPKOHUSI, JIETHPOBAHHOTO OKCHJAMHU PEIKO3EMEIbHBIX METAIIIOB, /ISl PEIICHNsT aKTyaJIbHBIX
3aJa4d ra3oBoro TypoocTpoeHus. B paboTe npuBeneHs! pe3ysbTaThl CPABHEHUS TEXHOJIOTHH MOIY4YEHHS TePMOOaphepHBIX
MOKPBITHH METOJIOM MarHeTpPOHHOTO PACIIBUICHUS C ABYMS THITAMH NPOTSDKEHHBIX MUIICHEH U3 ciaBa Zr—8%Y — mmpo-
KO PacrnpoCTpaHEHHOW M MPUMEHIEMOHN OXJIaKAaeMOH MHIIEHBIO U pa3padaThiBaeMOi aBTOpaMu HEOXJIAXKIAeMOW MPOTs-
JKEHHOM MHILIIEHbIO MarHeTpOHHOW pacHbUIMTENbHOW cuctembl. [IpuBeneHO cpaBHEHHE pe3yJIbTaTOB MAaccC-CHEKTPO-
METPHUYECKHX HCCIEOBAaHUH THCTepe3rca MapiualbHOTO JaBJICHUS KHCIOPO/a, CBOHCTBEHHOTO TEXHOJIOTHH MOIYyYCHHUS
OKCHIHBIX TJICHOK; BJIMSIHUSI THIIA MUIIEHH HA CKOPOCTh POCTa TIOKPBITHUS; HCCIICOBAHUI METOIOM PacTPOBOi JIEKTPOH-
HOW MHKPOCKOIIUH CTPYKTYpPbI TEpMOOapbepHBIX MOKPHITUH; 3JIEMEHTHOTO COCTaBa IMOKPHITHH Ha OCHOBE JAMOKCHJA LIUP-
KOHHMSI, YaCTUYHO CTaOMJIM3MPOBAHHOTO OKCHAOM HTTPUS — YSZ. DKCHEPHMEHTAIBHO YCTaHOBICHO, YTO IIOBBIIICHHE
TEMITepaTypbl MUIIEHH MarHETPOHHOW PACIBUIMTEIBHON CHCTEMBI ITO3BOJISIET B 2 pa3a YMEHBIINTH IIMPHUHY METIH Xapak-
TEPHOTO TUCTEPE3UCa 3aBUCUMOCTH MapIHaIbHOTO JaBJICHHS KUCIOPOAa OT ero pacxona. [lomydeHHble 3aBUCUMOCTH 1103~
BOJIMJIH ONIPEACINTH ANAIa30H 3HAYEHUH pacxoja KUCIOpoa MPH Pa3IHYHBIX MOIIHOCTSX MarHETPOHHOTO pa3psiia, Mpu
KOTOPBIX pab0Ta MOKET MPOM3BOANUTECS C YCTONUMBBIM M CTAOMIBHBIM YIpaBIeHHEM IIpoliecca, 0€3 OMacHOCTH I0Ta/ia-
HUSL B TUCTepe3nc. [IpoBeneHHbIE MeTauiorpaguyeckue MCCIEAOBaHUS MOKA3IM XapaKTEepHYIO Pa3BHUTYIO ITOPHCTYIO
JNEHIOPUTHYIO CTPYKTYpPy KEPaMHUUIECKOTO CJI0s, HEOOXOIUMYIO AJIsI CHIDKEHHS KO QHUIIEHTA TEIUIONPOBOAHOCTH TEPMO-
6apbepHOro HMOKPHITHS. BEIABICHO, YTO IPHIMEHEHHE HEOXIAXKIAeMOH MHIIECHH TO3BOJISET IOBBICHTH CKOPOCTH OCAXKIE-
HUSI TEpMOOApbEePHOTO MOKPHITUS Oojiee ueM B 10 pa3 1o cpaBHEHHIO CO CKOPOCTHIO OCAXKACHUS IS OXJIaXKIaeMOW MHIIIe-
HH. HOJ’Iy‘IeHHLIe PE3YIbTAaThl ACMOHCTPUPYIOT BO3MOKHOCTHL NMPUMEHCHUA TEXHOJOIMH MAarH€TPOHHOI'O pacClblUICHUA
MIPOTSHKEHHOHM HEOXJIaX1aeMOi MHUIIIEHH 1St JOPMHUPOBAHMS KEPAMUIECKOTO CII0S1 TEPMOOaphEPHBIX MOKPBITHH.

Knrwouegvle cnosa: MarHeTpOHHOE PACIbUICHHE; HEOXJIAXKAAaeMas MHUIICHb; TepMOOaphepHbIC MOKPBITHS; THCTEPE3NC-
HBIC ABJICHHUSA; CKOPOCTH OCAXKICHUS ITOKPBITHA.
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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 pm, 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 CaCl, per 1000 ml of water. The volume of the corrosion
cell was 5 1. 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 % CrOs +
+1 % AgNOs. 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 um, while the WZ31 alloy has an average
grain size of about 1 pm. 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 um) LPSO phase parti-
cles, there are small particles 0.2-2 pm 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.2b 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 Ca,MgsZns [15] and
MgeZn3Cas [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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Mg-alloy

fucad

Ti-alloy

Fig. 1. Schematic diagram of the arrangement of samples during the corrosion tests
Puc. 1. Cxema pacnonodicenus oopasyoe 60 6pems KOPPO3UOHHbIX UCHbIMAHUL

Table 1. Chemical composition of the WZ31 and ZX10 magnesium alloys, % wt.
Taonuya 1. Xumuueckuii cocmas macnuesvlx cniacoé WZ31 u ZX10, eec. %

Alloy Mg Zn Zr Ca Fe Mn Si Al Cu Y
WZ31 0.69 0.13 <0.001 0.004 0.002 0.002 0.008 <0.001 2.790
Base
7X10 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.
Tabnauuya 2. Xumuueckuii cocmae cnaasa Ti6Al4V, sec. %
Ti Si Mn Cr Ni Mo Al Fe \% C Cu
Base 0.016 0.002 0.021 0.011 0.011 5.618 0.102 3.950 <0.002 0.006

Fig. 2. Maps of crystallographic orientations of grains of the ZX10 (a) and WZ31 (b) alloys
Puc. 2. Kapma kpucmannocpaguueckux opuenmayuii sepen cnaaeoe ZX10 (a) u WZ31 (b)
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Fig. 3. SEM image and chemical composition of secondary phase particles in the ZX10 alloy
Puc. 3. COM-cHUMOK u Xumuyeckuii cocmas 4acmuy emopuynsix gasz ¢ cniase ZX10

Fig. 4. LPSO phase particles (marked by red arrows and frame) in the WZ31 alloy
Puc. 4. Yacmuywvr LPSO-¢hazvl (nomeuervl KpacHvimu cmpeakamu u pamoil) 6 cniage WZ31

o B 1 15 0 %

0.75 0.80 0.85 0.90 O.9W5 1.00 1.05 1.10 1.15 |

Fig. 5. Electrode potential distribution on the WZ31 alloy surface. Light areas are the LPSO phase
Puc. 5. Pacnpedenenue 31ekmpooHo2o nomenyuaia Ha nosepxuocmu cniasa WZ31. Ceemuvie yuacmku — LPSO-¢haza
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Fig. 6. Dependence of the corrosion rate of the ZX10 (a) and WZ31 (b) alloys on the number of magnesium alloy samples (anodes)
Puc. 6. 3asucumocmsv ckopocmu xopposuu cniaeoe ZX10 (a) u WZ31 (b) om uucna obpasyos macnuesoeo cniasa (ano0os)

Table 3. Chemical composition of the WZ31 alloy matrix and LPSO phase
Taonuya 3. Xumuueckuii cocmas mampuywl cnaaéa WZ31 u e2o LPSO-gazvl

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

Taénuua 4. Maxcumanvuolii ypogeno pH pacmeopa, docmuenymuiii 6 x00e KOPPOZUOHHBIX UCHbIMAHULL

Group of samples

Maximum pH level

ZX10 control group, 1 anode 8.52
ZX10 control group, 4 anodes 9.44
7ZX10, 1 anode 8.52
ZX10, 2 anodes 8.68
7X10, 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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“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 Haymat Coer PAH 10 e xosaencipossmests cpes
where young scientists, employees of factory Ropui g plomionass ssasagsppoiniscsil
laboratories, postgraduate students, university ToTeATTHRCKH: FOCY AapCTRERRS yHEBEpCRTET
professors, and other relevant skill profile

employees could attend a course of lectures on

MHHHCTepCTBO 00pasoBanus PoccHiickoi denepammn

I MexaynapoaHasi IIKoJ1a

the hottest issues of physical materials science «@u3nveckoe
and receive a competent advice of leading metal MaTepHaJIOBEeHIE)
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 22-26 Honbpn 2004 ropa
(Germany) and many others participated in it as Tomuswrm, Poccan
visiting lecturers. The audience was more than
one thousand specialists, among which at least
50 % are young researchers.

First information message

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

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

The SPhM is also famous for its remarkable performances, which are organized
by efforts of its participants, who are talented in all respects.

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.



doi: 10.18323/2782-4039-2024-4-70-7

Intensification of the process of equal channel angular pressing
using ultrasonic vibrations

Vasily V. Rubanik'*, Doctor of Sciences (Engineering), Professor,
Head of the Laboratory of Physics of Metals, Corresponding Member of the National Academy of Sciences of Belarus
Marina S. Lomach*'*, junior researcher
Vasily V. Rubanik Jr."*, Doctor of Sciences (Engineering), Professor, Director
Valery F. Lutsko', senior researcher
Sofya V. Gusakova?, PhD (Physics and Mathematics),
leading engineer of radiation and vacuum equipment in the Scientific Research Service Sector
Unstitute of Technical Acoustics of the National Academy of Sciences of Belarus, Vitebsk (Republic of Belarus)
2Belarusian State University, Minsk (Republic of Belarus)

30RCID: https://orcid.org/0000-0002-0350-1180
4ORCID: https://orcid.org/0009-0005-9930-1798
SORCID: https://orcid.org/0000-0002-9268-0167

*E-mail: ita@vitebsk.by

Received 30.06.2023 Revised 09.10.2024 Accepted 28.10.2024

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.

© Rubanik V.V., Lomach M.S., Rubanik V.V. Jr., Lutsko V.F., Gusakova S.V., 2024
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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 properties' [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

! 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
UV? [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

E)

I=n—
2

where A 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 A7 material (GOST 11069-2001), %
Taonuua 1. Xumuueckuii cocmas mamepuana A7 (FOCT 11069-2001), %

Fe Si Ti Al

Mg 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 pm, 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 1.5times 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 ¢). 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.

P
T punch
e
sample
|
/ |
matrix
; magnetostrictive
transducer
7
1 1
A | [ UsG
el
a

Fig. 1. Schematic (a) and external appearance (b) of the acoustic unit of the ultrasonic assisted ECAP device
Puc. 1. Cxema (a) u eénewnuii 6uo (b) axycmuueckoeo yzna yempoiicmea yavmpasgykogozo PKYII
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Fig. 2. Dependence of the pressing force of zinc on the displacement of the punch (a) and A7 aluminium alloy (b)
Puc. 2. 3asucumocmy ycunus npeccosanusi YuHKA om nepemeuyeHus Nyancona (a) u amtomunuegozo cnaasa A7 (b)

Fig. 3. Microstructure of zinc: a — initial; b — after 1 pass of ECAP without UV, ¢ — after 1 pass of ECAP with UV
Puc. 3. Muxpocmpykmypa yunxa: a — ucxoonozo; b — nocne 1 npoxooa PKVII 6e3 Y3K; ¢ —nocne 1 npoxoda PKVII ¢ V3K

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 um. 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 um 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 um (Fig. 6 b). Analysis of
the grain structure shows that small grains are formed at the
boundaries of large grains (Fig. 4b). The proportion of
low-angle boundaries in the grain decreases by 2 times
(Fig. 5b). 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 um 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 ¢ and 5 ¢, 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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d

Fig. 4. Grain structure of zinc: a — initial; b — after 1 pass of ECAP without UV, ¢ — 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°
Puc. 4. 3epennas cmpykmypa yunxa: a — ucxoonozo,; b — nocne 1 npoxooa PKVII 6e3 V3K;
¢ — nocne 1 npoxooa PKYII ¢ V3K; d — yeemosoti koo.
JKupHwbiMu uepHblMu TUHUSAMU 8bI0€EHbl SPDAHUYbL 3ePeH ¢ pazopuenmayueil borvue 10°,
MOHKUMU YEPHBIMU TUHUAMU — MATOY2NI08ble SPanuybl ¢ pasopuenmayueti bonvuie 2 u menvuie 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 um (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 um (Fig. 10 b), while with
ultrasonic vibrations it was 3.5 um (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 aluminium?®. However, in the device described

3 Donic¢ T., Martikin 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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Fig. 5. Histograms of grain misorientation of zinc:

a — initial; b — after 1 pass of ECAP without UV, ¢ — after 1 pass of ECAP with UV
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Fig. 6. Histograms of grain sizes of zinc:
a — initial; b — after 1 pass of ECAP without UV
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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 pm, 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%: 162.5kN and 147.7kN 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,
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20 pm

Fig. 9. Grain structure of the A7 aluminium alloy:
a — initial; b — after 1 pass of ECAP without UV, ¢ — after 1 pass of ECAP with UV
Puc. 9. 3epennas cmpykmypa anomunuegozo cniasa A7: @ — ucxoonozo;
b —nocae I npoxooa PKVII 6e3 Y3K; ¢ —nocne 1 npoxooa PKVII ¢ Y3K
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Fig. 10. Histograms of grain sizes of the A7 aluminium alloy: a — initial; b — after 1 pass of ECAP without UV
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Fig. 12. Histograms of grain misorientation of the A7 aluminium alloy:
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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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U 3ar0TOBKE B Mpolecce MpeccoBaHus. Briepsrie mpeanoxeHo nepenasatsh Y 3K B 30Hy mepeceueHus: KaHAJIOB MaTPHUIIBI,
yepe3 KOTOpbIe EPEMEIaeTCs 3ar0TOBKA, HE Yepe3 IyaHCOH, a IMTOCPEACTBOM BO30YKICHNUS KOIeOaHUH B caMOW MaTpHIle,
T. €. MaTpHLa OJHOBPEMEHHO SIBJISIETCS BOJIHOBOJOM MpPOJ0IbHEIX Y3K. DT0O M03BOIMIO MHOTOKPAaTHO HOBBICUTE Y QeK-
TUBHOCTb YJIBTPa3ByKOBOT'O BO3ICHCTBHUS 3a CUET CHMIKCHUS CHJI TPEHHUSI MEKAY ITOBEPXHOCTBIO 3aTOTOBKH M MOBEPXHO-
CTBIO KaHAJIOB MAaTPHIIBI, & TAK)KE 33 CUET CHIDKCHUS Je(opMannoOHHBIX YCHINH B 30HE NEpECEeUeHHs KaHAIOB MaTPHIb,
I/Ie TIPOMCXOMT MPOCTOH cABUT NedopmupyemMoro Metaia. B pe3ynbraTe o cpaBHEHHIO ¢ M3BECTHBIMHU CIIOCOOAMH yJIb-
Tpa3BykoBoro PKVII, B KOTOpbIX CHIKEHHE YCUIIHS IPECCOBaHUA cocTaBisgeT MeHee 15 %, Bo30yxnenue Y3K Hemocpen-
CTBEHHO B BOJTHOBO/IE-MaTpPHIIE ITO3BOJIMIIO CHU3HUTH YCHIINE NpeccoBanus B 1,54 paza. [Ipn 3TOM cymecTBeHHO MeHSETCS
U CTPYKTYpa MPECCyeMbIX MaTepPHAaIOB: YMEHBIIIAETCS pa3Mep 3epeH U UX KpHcTaJutorpaduueckiue OpUEHTHPOBKY, YBEIIH-
YHBAETCs MUKPOTBEpIOCTh. V3MeHeHus (azoBoro cocrtasa ajst Bcex 00pa3nos, monydeHHbx PKVYII ¢ Y3K u no o0buHO#M
TEXHOJIOTUH, He HaOII0gaeTCs.

Knrouesvte cnosa: paBHOKaHaNBHOE yrioBoe mpeccoBanue; PKVYII; ympTpasBykoBbie koneOanus; Y3K; oObemHOE
HAHOCTPYKTYPUPOBaHUE; WHTEHCHUBHAsI IutacTudeckas aepopmarus; WUI1/I; BonHOBOA; MaTpuua; neOpMallMOHHBIE YCH-
TS, 3epPeHHAs CTPYKTYpa; LIMHK; aTIOMUHHUI.
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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
CuZn13Mn8AI5Si2FelPb 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 composition and microstructure of indus-
trial batches, made it possible to establish that the alloy matrix solution is a (atp)-brass, and corresponds to
the phase ratio at 700 °C on the polythermal pseudo-binary cross-section of the Cu—Zn—Mn;sSis 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/m?, while
the calculated density of the matrix solution is 8100 kg/m*. 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 a- and B-phases. The content of the a-phase in the alloy ranges from 37.5 % to 66.5 %, while
the B-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 critically important for optimising technologi-
cal processes, and improving the operational properties of materials.

Keywords: multicomponent brass; CuZn13Mn8AISSi2FelPb; stability of technological processes; chemical composi-
tion of special brasses; statistical simulation modelling of phase composition; brass microstructure; brass density; zinc
equivalent; silicides.

For citation: Svyatkin A.V., Kostin G.V. Universal model for predicting the phase composition of multicomponent
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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

© Svyatkin A.V., Kostin G.V., 2024

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: CuZnl13Mn8AIl5Si2FelPb — 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;
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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 (Zn.) according
to the Cu—Zn diagram is performed using the formula

Zn+ Y K-
Zn, = ,
Cut+Zn+ ) K;-C,

(1)

where Cu, Zn are the actual content of copper and zinc in
the alloy, %;

C; is the content of the i-th element in the alloy, %;

K; 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

MesSiy = (14 otp, + Oty + 0ty )+ Si- 2295 % vol.,  (2)
PMesi,

where ore, O, ONi are the coefficients of connectivity for
silicon [12; 13];
Pitessi, = 0.0 kg/dm?® 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 CuZnl3Mn8Al5Si2FelPb
brass, low quality indices of the models were obtained'.
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

! 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 y-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—Zn.~MnsSi3
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
CuZn13Mn8AIS5Si2FelPb brass tubes in a hot-pressed state
(heating temperature is 750 °C).

A batch of samples was formed from 20 real industrial
melts of CuZn13Mn8AI5Si2FelPb 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—Zn—MnsSi3 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)sSiz) was determined on unetched sec-
tions in longitudinal and cross sections. The amount of
a- and B-phases was recorded after etching (FeCl; — 5 g;
HC1- 30 ml; H,O — 100 ml).

To refine the chemical composition of the phases, X-ray
spectral analysis was performed on an EVOI18 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 %x2000...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
Taonuya 1. Kosghpuyuenmol 5K6Usanenmuocmu YuHKa @ J1amyHsx

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
-]
7 X Y
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Fig. 1. Pseudo-binary polythermal section of the Cu—Zne—MnsSi3 diagram with a constant content of silicides.
Source: Kotlyarov L.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-1V mezhdunarodnykh
nauchno-prakticheskikh konferentsiy. Tolyatti, TGU Publ., 1996, pp. 130-134, p. 131.
Puc. 1. [Icesoobunapmuiii nonumepmudeckuii paspes ouazpammvl Cu—Zne—MnsSis,
€ NOCMOSIHHBIM COOEPIHCAHUEM CUTUYUOOS.
Hcemounuk: Komnapoe U.B., Konvin M [{., Tponomos A.B. Cneyuanvhvie ramynusie chiagul 05 KOeY CUHXPOHUZATNOPOG:
ONMUMU3AYUSA COCMABOS U MeXHONo2UYecKux npoyeccos // [Ipobaemvr paseumus asmomodburecmpoenus 6 Poccuu: c6opHuk uzdpanbix
00k1a008 [I-1V medxncoynapoonvix Hayuno-npakmuueckux kougepernyui. Tonvsmmu: TI'Y, 1996. C. 130—-134. C. 131.

M:Mmat+MMeSi’ (3)
where M is the sample mass;
Myae 1s the mass of the matrix solution;
Moesi is the mass of silicides.

Having expanded the formula for finding the sample
mass, we obtain

p-V= Pmat Vmat P usesi VMeSi > 4)
where p is the sample total density measured according to

GOST 20018-74;
V is the sample volume taken equal to 1;

Pmesi=3990 kg/m?;
according to the law of stereometric metallography on
the correspondence of phase volumes and areas:
Vna=Smar, Viesi®Suesi are the volumes occupied by the ma-
trix and silicides, respectively, calculated according to
the data of metallographic analysis;
Smat 1 Sumesi 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 CuZnl3Mn8AIS5Si2FelPb 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 CuZnl3Mn8AI5Si2FelPb alloy components, wt. %
Taonuya 2. Xumuuecxkuii cocmas komnonenmos cniasa JIMyAKKC, mac. %

Element Al Cu Fe Mn Ni Pb Si Sn Zn Impurities
Norm 50-60 | 69.5-71.5 | 1424 | 65-7.5 | <0.1 | 0.6-12 | 1.7-25 | <0.1 res. <0.5
Average 5.35 70.06 1.61 7.10 0.07 0.88 1.87 003 | 1298 0.13
gii'l‘;i‘zg 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 a-phase amount is not less than 50 %.

Tpumeuanue. «+» coomeemcmeyem HOPMATLHOMY PACHPEOETIeHUIO, «—» — NPAMOY20IbHOMY, Konuvecmeo a-gasvl we menee 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:

_UTL-LTL

66
6

; )

where UTL and LTL are the upper and lower tolerance limits.
The element value for each iteration:

E =E+K,-o, (6)

where F is the corresponding element of the chemical com-
position;
K, 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 CuZnl3Mn8Al5Si2FelPb
alloy as the average and standard deviation. The a- and
f'-phases change in a fairly wide range: 0=43.1...63.2 %,

B'=26.0...53.6 %. The proportion of silicides (Fe, Mn)sSis
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 CuZn13Mn8AI15Si2FelPb alloy has a density
of 7650+20 kg/m?. Then, from formula (4), it follows that
the density of the CuZn13Mn8AI5Si2FelPb brass matrix is
~8100 kg/m’.

When studying the microstructure, it was found that
the CuZn13Mn8AI15Si2FelPb alloy is a 4-component sys-
tem, and consists mainly of equiaxed grains of the (a+f")
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 B'-phase consists of dispersed plates
oriented transversely to the pressing direction (Fig. 2).
Intermetallides are represented by two main types — large
primary (Fe, Mn)sSis silicides, and secondary dispersed
rod-shaped MnsSis inclusions.

Statistics on the chemical composition of the a- and
B'-phases are given in Table 4. The chemical composition
of the a- and B’-phases is rather stable from batch to batch.
It was found that iron is completely bound in silicides —
(Fe, Mn)sSi3, silicon is unevenly distributed in the solid
solution, and is part of the a-phase with a content of
0.14+0.09 % by weight, and of the B’-phase with a content

Table 3. Results of metallographic study of the CuZnl3Mn8AI5Si2FelPb alloy microstructure
Taonuya 3. Pesynomamer memannoepaguueckozo uccredosanus muxpocmpykmypul cnaasa JIMyAXKKC

Indicator a-phase, vol. % p-phase, vol. % o/ (Fe,Mn)sSis, 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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Signal A= HDBSD
Mag= 300KX

EHT=20.00 kV
WD =843 mm

Date: 25 Jan 2024

X
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Signal A= HDBSD
Mag= 200KX

Date: 25 Jan 2024

Fig. 2. Microstructure of the CuZnl3Mn8A15Si2Fel Pb alloy:
a — section in the pressing direction; b — radial section; ¢ — view of the -phase plates with the radial section
Puc. 2. Muxpocmpyxmypa cnaaga JIMyA>XKC:
a — ceyeHue 6 HanpasieHuu npeccosanus; b — paouanvroe ceuenue; ¢ — 6ud niacmun f-gasvl ¢ paouaIbHLIM ceteHuem

Table 4. Statistics of chemical composition of o and p-phases
Taonuya 4. Cmamucmuka xumuyeckozo cocmasa a- u f-gas

o-phase p-phase
Element
Al Si Mn Cu Fe Zn Al Si Mn Cu Fe Zn
X 4.78 0.14 2.72 78.80 13.63 7.72 0.05 2.75 74.83 0 14.69
c 0.29 0.09 0.12 0.26 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 a- and B'-phases with a concentration of
2.72...2.75 %. Aluminium is detected in both phases, de-
spite the fact that it belongs to the B-forming elements. In
the a-phase, the aluminium concentration is 4.78+0.29 %,
in the f'-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 a- and B-phases. The amount of a-phase in the alloy de-
termined by the Six Sigma rule varies from 37.5 to 66.5 %,
and the amount of f'-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 CuZnl3Mn8AI5Si2FelPb
brass, silicon forms a stable (Fe, Mn)sSi; 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

'—. , (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:

.3 Mn- 4r(Si)
Siyy, == ———~—2, 8
M5 4r(Mn) ©
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:
S0 = Si—Sip— Sipy, - Q)
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

Si,,,; =0.07-Si+0.03 .

mat (10)

By analysing Table 2, and comparing it with the Cu—
Zn—((Fe,Mn)sSi3) 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
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the works [12; 13]. In this case, the formulas for the predic-
tion methods take the form:

41.6—Zn,
o, = e 11
Pret41.6-34.4 (an
45.6 -7
Oanneal = >0 Te . (12)
45.6-36.5

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= Py 1,9~ (Fe, M) Siy

volume
100

volume)

(13)

The volume fraction of lead and silicides is determined
in accordance with the formula [12]:

Porass
Wmas : >
c

W,

volume —

(14)

where W, is the mass fraction of the corresponding substance;
Porass and p. are the densities of brass and the corresponding
substance.

Next, the R? 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 a-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 Zn~33.0 % is for the a-phase, Zn.~41.8 % is for
the B-phase, which corresponds to the a-phase at 750 °C and to
the B-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 a- and
B-phases in the alloy: a-phase=39...70 % (=50 % in 88 %
of cases), B-phase=18...50 %. In 99 % of cases, the o-phase
predominates in the microstructure.

DISCUSSION

It is known [18], that the silicides in the alloy are the (Fe,
Mn)sSi3 compound. However, no signs of the B—o+f eutec-
toid decomposition identified earlier in [18] were revealed.

The microstructure of the CuZn13Mn8AI5Si2FelPb 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 CuZn13Mn8AI5Si2FelPb alloy,
after pressing, the eutectoid decomposition of the high-
temperature B-phase, is almost completely suppressed, and
the alloy is in a nonequilibrium state. High variability of
the microstructure o/f=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 a-phase will be
40...65 % (0=>50 % in 67 % of cases), the B'-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 a- and
B-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 a-phase is 28.5..58.3 %
(0>50 % in 18 % of cases), B-phase — 30...61 %. It is known
that maximum wear resistance is ensured with the amount of
fB'-phase of 45...50 %, a-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 (R?)
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 R?<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
Taonuya 5. Iloxazamenu pacuemnoii mooenu

Average for the sample group, %

Standard deviation, %

i} (Fe,Mn)sSis

p

Coefficient of determination R?
(Fe,Mn)sSi3

53.1 355 11.5 44

4.0

0.4 0.62
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CONCLUSIONS

Statistical analysis of industrial batches of
CuZn13Mn8AI5Si2FelPb 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)sSi3) diagram.

The formula for predicting the a-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
a- and B-phases in the pseudo-binary polythermal section of
the Cu—Zn.~MnsSi3 diagram at 700 °C. For the hot-pressed
state, complete binding of Fe in silicides, the presence of
residual Si content in the a- and B-phases, and uniform dis-
tribution of Mn in the o- and B-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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Annomayus: Ipyn pa3paboTke TEXHMYECKUX TpeOOBaHUH K CIUIaBaM Ba)KHO NPUMEHATHh KOMIUIEKCHBIH noaxoxn. Coue-
Tasi aHATITUYECKOE W UMUTALMOHHOE MOJIETMPOBAHUE, MOXXHO YMEHBIINTh TEXHOJOTHYECKHE PUCKU Ha 3Tare CO31aHMs
WIN W3MEHeHMs TpeOoBaHMi. Peanmzanms naHHOTO MOAXoJa HAmpsMYIO 3aBHCHT OT CTENEHH ydeTa BceX (haKTOpOB,
BKJIFOUEHHBIX B MOJIEJIH, & TAK)KE OT MX BIMAHUS Ha U3MEHYMBOCTb XapakTepucTuk. OIHAKO N3BECTHBIE MOJEIH HE JAIOT
YIOBIIETBOPUTEILHON CXOIMMOCTH C PEabHBIMH ITPOMBIIUICHHBIMH CIIIIaBaMu. Ha mpumMepe Ciio:KHOJIETUPOBAHHOMH JIaTy-
HU JIMIAXKKC (CuZnl13Mn8AlSSi2Fel1Pb) npemioskeH moaxo, MO3BOJSIONIAN OMKACATh H3MEHYHUBOCTh CTPYKTYPHOTO
COCTOSIHHSI MHOTOKOMITOHEHTHBIX JIaTyHeW. AHAJIN3 CTaTHCTHYECKUX AaHHBIX XUMHYECKOTO COCTaBa M MHUKPOCTPYKTYPBI
MIPOMBIIIUICHHBIX MTAPTHH MO3BOJIMI YCTaHOBUTH, YTO MAaTPUYHBIH PacTBOp CIUIaBa MpejcTaBisieT coboi (o+f)-maryHs
U COOTBETCTBYeT cooTHouleHuo ¢a3 mpu 700 °C Ha MOTUTEPMUUYECKOM IICEBIOOMHAPHOM paspese auarpamMmbl Cu—Zn—
Mn;Sis. MeTtoaMu peHTTeHOCHIEKTPAIbHOTO aHAIN3a UCCIE0BAHO paclpeielIeHUe JETHPYIOMNX JIEMEHTOB B OCHOBHBIX
(hazax. IlonTBepkaeHa MOJHAsT CBA3aHHOCTH JKeJle3a B CHJIMIUAAX W PaBHOMEPHOE paclipefeeHHe MapraHiia B ropsde-
MIPECCOBAHHOM COCTOSHUH. [Ipeanoxken pacder 10oau KpeMHMS, BXOJAAIIETO B TBEPABIA pacTBop. M3MepeHHast MIOTHOCTh
cmaBa cocTaBiseT 7650 Kr/M°, pacdeTHast INIOTHOCTh MAaTpHYHOro pactBopa — 8100 kr/m°. Ha OCHOBaHHME yTOYHEHHBIX
IapaMeTpoB YHHUBEPCAIBHOW Mozenn MeTonoM MonTte-Kapio oneHnnm u3MeHIMBOCTh MHUKPOCTPYKTYpPBI B 3aBHCHMOCTH
0T TpeOOBaHMH K XUMHUECKOMY cocTaBy. [IpnunHOI HecTaOMIIBHOOCTH TEXHOJOTHYECKUX CBOMCTB SIBIISIETCS] 3HAUUTENb-
Hasi I3MEHYMBOCTh COOTHOIIEHHMS o~ U B-da3. Conepkanne o-¢as3sl B ciutaBe u3Mmensiercst ot 37,5 no 66,5 %, B-¢passl — ot
17,5 no 55,2 %. UmutaunoHHas MoJienb, pa3padoTaHHasi B paMKaxX UCCIIEOBAHMS, IIPEJOCTABISIET BO3MOXKXHOCTh HE TOJIb-
KO aHaJIM3MPOBATh CYLIECTBYIOIIUE CIIABBI, HO M IPEICKa3bIBaTh MMOBEJCHNE HOBBIX CILIABOB, UTO SIBJISAETCS KPUTHYECKU
Ba)KHBIM JUI ONTHMH3AIUHI TEXHOIOTHYECKHUX MTPOLECCOB U YIy4IIEHHs SKCILTyaTaIl[IOHHBIX CBOWCTB MaTepUaJIOB.

Knruesste cnoea: muorokommnonenTHas 1aTyHb; JIMIAXKKC 70-7-5-2-2-1; cTabOMIIBHOCTS TEXHOIOTHICCKHUX TIPOIIEC-
COB; XMMHYECKHII COCTAaB CIEIHAIbHBIX JIATYHEW; CTaTUCTHYECKOe MMHUTALMOHHOE MOJAEIMpOBaHHE (Ha30BOTO COCTaBa;
MHUKPOCTPYKTYypa JaTyHEH; INIOTHOCTb JIATYHH; IIMHKOBBIM SKBUBAJICHT; CHIHUIUABL.

Jna yumuposanun: Ceatkue A.B., Koctun I'.B. YHuUBepcanbHas Moellb IPOTHO3UPOBAHKS (Pa30BOr0 COCTaBa MHO-
TOKOMIIOHEHTHBIX JIATYHEel Ha OCHOBE JIaHHBIX XMMH4Yeckoro aHanusa // Frontier Materials & Technologies. 2024. Ne 4.
C. 87-95. DOI: 10.18323/2782-4039-2024-4-70-8.

Frontier Materials & Technologies. 2024. No. 4 95



FOR AUTHORS

GENERAL PUBLICATION REQUIREMENTS

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

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

Required structural elements of the manuscript

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

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

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

— acknowledgements to individuals, granting organizations;

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

— references (at least 20 sources).

Article structure

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

— INTRODUCTION
- METHODS

— RESULTS

- DISCUSSION

— CONCLUSIONS

Tables and figures formatting

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

Formulas typing

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

References and citations formatting

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



doi: 10.18323/2782-4039-2024-4-70-9

Effect of alloy composition on machining parameters
and surface quality through comprehensive analysis

Shailesh Rao A.*!, PhD, Professor, Department of Mechanical Engineering
Srilatha Rao?, PhD, Professor
Nitte Meenakshi Institute of Technology, Bangalore (India)

IORCID: https://orcid.org/0000-0001-6190-9857
20RCID: https://orcid.org/0000-0003-3691-8713

*E-mail: shailesh.rao@nmit.ac.in

Received 25.04.2024 Revised 18.06.2024 Accepted 05.11.2024

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].

© Shailesh Rao A., Rao S., 2024

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 products'.
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-

' 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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Fig. 1. Chip formation for the different materials at different rake angles and rotational speeds
Puc. 1. Obpaszosanue cmpysicku 015l pasniUUHbIX MAMeEPUAno8 NPU PATUYHBIX Yeax HAKIOHA U CKOPOCMAX 6paujeHus

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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Fig. 2. Determination of some mechanical properties during the machining process
Puc. 2. Onpedenerue HeKOMOPLIX MEXAHUYECKUX CBOUICME 80 8peMsl npoyecca 00pabomxu

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

T =199.64—0.05Fc —0.1Ra + 6.482y +0.077SFM ,

where T is temperature;
Fc is cutting force;
Ra is surface roughness;
v is rake angle;
SFM is cutting speed.
Linear Regression for Aluminium

T =116.41-0.02Fc —0.05Ra +2.66y +0.132SFM .

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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Fig. 3. Temperature distribution for various rake angle

Puc. 3.

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

Pacnpedenenue memnepamypul 015 pasnuynsix nepeoHux yenos

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 um to 17-18 um 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
Taonuua 1. Tabnuunvie 3HaueHUs napamempos npoyecca OJisk CMaiu u amoMUHUs

Material Surface lIllrt:lughness, I:Col:-tctel:llgv Rake cf&ngle, Temp:(r:ature, Speed, rpm Peakanelight,
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
Aluminium
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
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
Steel
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
Tabnuya 2. 3navenus xoppersyuu 0N CMAU U ATIOMUHUS NPU PA3TUYHBIX NAPAMEMPAX npoyecca
Steel Aluminium
Roughness C];lot:ic:g Rake Angle Roughness CFu()t:icrlg 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

Taonuya 3. Ilapamempor npoyecca npu obpadbomre anoMuHUsl U COOMEEMCMEYIowue UM 3HAYeHUs]

Temperature
Roughness, Cutting Rake Cutting Speed, .
pm Force, N Angle, ° rpm Actual Regression Residuals
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
Taonuua 4. [lapamempul npoyecca npu 06pabomke Cmanu u COOMEENCmMaywue UM 3HAYeHus
Temperature
Roughness, Cutting Rake Angle, ® Cutting Speed, - Residuals
pm Force, N rpm Actual Regression
Value
7 125 3 140 220 222916 —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
300 280
2 50 R*=0.9996 .- o o R?=0.9995 .
°3 T T e S 220 7T
§ g 20000 e % E 240 .‘
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Fig. 4. Comparison of actual temperature and predicted temperature value for aluminium (a) and steel (b)
Puc. 4. Cpasnenue paxmuueckozo u npoSHO3UPYeMO20 3HAYeHUll memnepamypul 0 anromunus (a) u cmanu (b)
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Fig. 5. Variation of cutting force and cutting speed with temperature for aluminium (a) and steel (b)
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Fig. 6. Variation of rake angle and cutting speed with temperature for aluminium (a) and steel (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.
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Fig. 8. Error plot during the Random Forest model iteration (a)
and dependency plot between the variables for the material selection as output (b)
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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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Annomayusa: V3ydanocsh BIMSHHE COCTaBa CIUIAaBOB (MSATKON CTalM M aTIOMHHHUS) Ha HECKOJBKO IMapaMeTpoB oOpa-
OOTKH, TaKMX KakK TeMIlepaTypa, CHiIa Pe3aHus, IepOXOBATOCTh MOBEPXHOCTH W MOPQOIOTHs CTPYKKH. 3HAYUTENbHBIE
M3MEHEHHsI ITUX NapaMeTpoB ObUTM OOHApYKEHBI MyTeM MOAM(DUKAINY CIUIABOB NPH MOJAECPIKAHUH MMOCTOSHHBIX YCIIO-
BUIf Ipo1iecca. B MATKo# cTanmy CKOpoCTh BpameHus BIHsIa Ha MOP(OJIOTHIO CTPY>KKH, IIPH 3TOM HMOBBIILIEHHBIE CKOPOCTH
MIPUBOIMITH K 00pa30BaHUIO HEMPEPBIBHOM CTPYKKH, a IIOHIKEHHBIE CKOPOCTH — K 00pa30BaHUIO 0oJiee KOPOTKOW CTPYIK-
KU. YBEJIWYEHHBIH MEPeHUIA Yrojl BIUIET Ha CBOWCTBA CTPYXKKH, YTO MPHBOJIUT K HEOOJIBIIOMY YMEHBIIEHHIO €€ JUTHHBI.
[1pu 3agaHHON CKOPOCTH BpalleHHs Ha JIMHY CTPYXKKH BIIUsUIA CHJIa Pe3aHusl. AJFOMHHUEBBIE CIUIABBI, HAIIPOTHUB, IIPOH3-
BOJIFUIA HETIPEPhIBHBIC ()parMEHTHI CTPY’KKH HE3aBUCHMO OT CKOPOCTH PE3aHMs WM MepeTHero yria. beuii BEIOpaHbI KO-
3¢ GUIMEHTH KOPPEJSIIMN epeMEHHBIX, pa3pabdoTana 3QeKkTHBHAsS perpecCHOHHas MOJENb U NMPUMEHEHa K JKCIepH-
MEHTAIBHBIM JaHHBIM. MoJelb cIyJaifHOTo Jieca IOKa3bIBaeT, YTO BEIOOP MaTepHaja CYIIECTBEHHO BIUSET Ha TeMIlepa-
TYpY, CWIy pe3aHusi, MIEpOXOBaTOCTh MOBEPXHOCTH U MOP(OJIOTHIO CTPYKKH BO BpeMst 00paboTku. ITomydeHs! naHHbIe
0 KOppEJSILMK MEXly NepeHUM YIJIOM WHCTPYMEHTa M JPYTMMH IapaMeTpaMHu 0OpabOTKH, BBISBICHBI (haKTOPHI, BIHS-
IOIIME HA KaYeCTBO MOBEPXHOCTH. Pe3yNbTaThl ClIOCOOCTBYIOT JydIlleMy OHHMMAaHHIO CBOMCTB 00pab0OTaHHOM MOBEPXHO-
CTH, 4TO 00JIeryaeT ONTUMH3ALHUIO OTepaIiii 00pabOTKM JUIS Pa3IMIHBIX MAaTEPHAIIOB.

Knrouesvle cnosa: ToxapHast 00pab0TKa; IepeJHUHN yroil; MOpQOIIOTHsI CTPYKKH; TPOTHO3HOE MOJICIIMPOBAHHE.
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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
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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,

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

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-

© Alwin A.H., Ksibi H., 2024

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

Frontier Materials & Technologies. 2024. No. 4

111



Alwin A.H., Ksibi H.

“Predictive fatigue life modeling for aluminium alloys winder high temperature...”

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.

D)Damage = 1 =100% =1, (1)
N.

1

where D is defined as fatigue and is equal to 1, when failure
is occurred;

n; is the applied number of cycles;

N; 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.

Mabhdi 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 (o) and
the fatigue endurance limit. It also incorporates the effects
of sequential loading at two distinct stress levels: low (o)
and high (og).

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

Counter

Motor

Load

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 R? assess the good-
ness of fit of a statistical model, particularly in linear
regression analysis. In this context, we denote variable
D, as the damage due to variable amplitude fatigue, and
n; is the applied cycles under ih 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.

w

Specimen
'

insulated

Fig. 1. Fatigue testing (SCHENCK PUNU):
a — at room temperature; b — at high temperature using a furnace
Puc. 1. Mawwuna ons ycmanocmuuix ucnvimanuii (SCHENCK PUNU):
a — npu kKomHamuou memnepamype; b — npu evicoxoii memnepamype ¢ ucnonv3oeanuem neuu
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Table 1. Chemical analysis of AA2024-T4 and AA2024-T361 measured, wt. %

Tabnuya 1. Pezynomamul xumuyeckozo ananusa cniaeos AA2024-T4 u AA2024-T361, mac. %

AA204-T4 AA204-T361 Nominal chemical Nominal chemical
Element experimental experimental composition composition
measurements measurements AA2024-T4 [24] AA2024-T361 [24]
Cu 4.10 4.6 3.8t04.9 3.8t04.9
Fe 0.38 0.5 0.5 0to 0.5
Si 0.25 0.5 0.5 0to 0.5
Mn 0.48 0.7 0.3t00.9 0.3t00.9
Mg 0.42 1.7 1.2t0 1.8 1.2t0 1.8
Zn 0.12 0.25 0.25 0to 0.25
Cr 0.05 0.045 0.15 0to 0.1
Al Balance Balance 90.9 t0 93.0 90.7 to 94.7

Table 2. Mechanical properties of aluminum alloys AA2024-T4 and AA2024-T361
Taonuua 2. Mexanuueckue ceoticmea antomunuesvix cniaéos AA2024-T4 u 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]
Tabnuya 3. Ycnosus ucneimanuii [10]

Setups

Empirical model

Case (1), 250 °C, AA2024-T4

6/=2719 N7 02053, R2=0.969

Case (2), SP+250 °C, AA2024-T4

6/=2243 NfO18%, R2=0.970

Case (3), 250 °C, AA2024-T361

6/=2665 Ny 02005, R2=0.996

Case (4), SP+250 °C, AA2024-T361

6/=2709 N/ 01972, R2=0.924

Note. SP is shot peening.
Ipumeyanue. SP — opobecmpyiinoe ynpouneHue.

114 Frontier Materials & Technologies. 2024. No. 4



Alwin A.H., Ksibi H.

“Predictive fatigue life modeling for aluminium alloys winder high temperature...”

]

r 6.74

20

7N

80

N

Fig. 2. Fatigue sample dimensions in mm as per DIN 50113 standard specifications
Puc. 2. Pazmeput obpasya 6 mm 6 coomeemcmesuu ¢ 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:

D2 100%=1. 2)
Ny Ny

If more than two blocks are applied, this equation is
generalised to write:

"y,

NoT (3)

It should be mentioned that the experiments with vari-
able loading on flat samples of an AA2024-T3 sheet showed

that the damage ZNL values varying from 0.61 to 1.45,
F

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
D, under variable loading requires a definition. It ap-
pears that the D, 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 (R?) for the four cases
Tabruua 4. Ypasnenus S—N kpuevix ¢ koaghpuyuenmom koppensyuu (R?) ons uemoipex pexcumos

Case No Symbol Description
| 250 °C Cumulative fatigue testes at two stress levels, low-high and high-low for aluminum alloy
AA2024T4 under 250 °C
o Cumulative fatigue testes at two stress levels, low-high and high-low for the same alloy
2 SP+250 °C h
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
o Cumulative fatigue testes at tow stress levels, low-high and high-low for the same alloy under
4 SP+250 °C .
SP and high temperature

Note. SP is shot peening.
Tpumeuanue. SP — opobecmpyiinoe ynpounenue.
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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 R? 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 D,. It represents the cumulative damage that
occurs in the considered alloy due to a cyclic loading.

The present work presents a new definition of D, which
depends on the following concepts:

—the mechanical properties such as ultimate tensile
strength called oyrs and yield strength o,;

— the S—N curve, i.e. the slope of the curve a and endur-
ance fatigue limit o., obtained from S—N curve equation at
107 cycles for the given case;

—sequence loading effect, low stress o; and high
stress op.

Based on the above concepts D, can be calculated from
the equation:
for low-high loading sequence:

N :[ o, }[i’;]“ | @

Oyrs ~On
for high-low loading sequence:

Ou

fsmsf

v
Surs “Om

Following the work of Miller et al. [23], the fatigue life
under variable loading can be predicated by the formula:
for high-low loading:

440

400 —

360 —

320 -

Applied Stress (MPA)

280 —

10 000

100 000

1 000 000

No of Cycles to Failure (Ng)

Fig. 3. Constant S—N curves at three temperatures (room temperature, 200 °C, 250 °C)
Puc. 3. [locmosinnvle kpugvle ycmanocmu (S—N kpuesvie)
npu mpex memnepamypax (komuamuas memnepamypa, 200 °C, 250 °C)
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for low-high loading:

Su

— |0

Gyrs — O [Gu] L
{UTS L} (GH_GL) a
L Surs —Om

S 1 1 1
AOL GH a_GL o

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

(7

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
Tabnuya 5. Cosokynnas ycmanocmuas 001208e4HOCHIb: IKCNEPUMEHMALbHbIE PE3YIbMambl U MOOEIbHOE NPOSHOZUPOBAHUE

Loading Alloy Specimen Experimental Mean number Number of cycles
sequence number number of cycles Ny exp of cycles Ny av [10] modelling Ny modet
1 38,800
Low-high 51,000 50,800 40,712
250 °C 3 62,600
AA2024-T4
High-low 4 41,800
250 °C 5 29,600 34,300 28,151
6 31,500
7 48,200
Low-high 8 71,600 69,267 35,352
SP+250 °C 9 88,000
AA2024-T4
High-low 10 60,500
SP+250 °C 11 49,600 53,367 25,765
12 50,000
13 42,800
Low-high 14 66,000 48,867 47,636
250 °C 15 37,800
AA2024-T361
High-low 16 48,200
250 °C 17 32,400 36,433 34,360
18 28,700
19 53,000
Low-high 20 84,500 68,767 61,885
SP+250 °C 21 68,800
AA2024-T361
High-low 22 62,600
SP+250 °C 23 56,800 55,800 46,143
24 48,000
Note. SP is shot peening.
Ipumeuanue. SP — opobecmpyiinoe ynpounenue.
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Fatigue life

1,E+09 -

1,E+08
1,E+07
1,E+06
1,E+05
1,E+04
1,E+03
1,E+02
1,E+01
1,E+00

Corresponded Value

T4 (LH /HL) 250

T361 (LH /HL) 250

B N;_av

42550

42650

E Variance

155567000

179847000

1,E+09

1,E+08
1,E+07
1,E+06
1,E+05
1,E+04
1,E+03
1,E+02
1,E+01
1,E+00

Corresponded Value

T4 (LH /HL) 250+SP

T361 (LH /HL) 250+SP

B N¢_av

61317

62283

@ Variance

25116670

b

171281670

Fig. 4. Cumulative fatigue life: a comparative study of AA2024-T4 and AA2024-T361 alloys
(average Nr av and variance analysis)
Puc. 4. Cosokynnas ycmanocmuas 001208e4HOCHb: CpasHumenvubvlil ananus cniasos AA2024-T4 u AA2024-T361
(vepeonennviil ananus Nf av U 6apUAYUOHHBLE aHATU3)
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40000
30000
20000
10000

L-H (250°C)

H-L (250°C)

L-H (SP+250°C)
Process

H-L (SP+250°C)

Fig. 5. Comparison between experimental and model prediction A42024-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)
Puc. 5. CpasHenue sxcnepumeHmanibHblx pe3yabmanmos u pe3yibmanog mooeauposarus ons cnaaea AA2024-T4.
Opandicesas NyHKMUPHAs TUHUSA COOMEEMCMEYem Mooenu 6e30nacH020 NPOSHO3UPOBAHUSL
U 3HAYEHUAM IKCHEPUMEHMATLHOU YCMATOCIHOU 00I208EYHOCIU OISl KAACO020 PeHCUMA OpobecmpyiHO20 YNpOUHeHUs

B Miner
@ Safe Model

I experimental
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Fatigue life
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L-H (250°C) H-L (250°C)

L-H (SP+250°C)
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B Miner
@ Safe Model

[ experimental

H-L (SP+250°C)

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)
Puc. 6. Cpasnenue mpex menooos ycmaniocmuo2o npocHo3uposanus 0ns cnaasa AA2024-T361.
Opanoice8as nyHKMUpHAasi IUHUSL COOMBEMCMEYen Mooeu 6e30nacho20 NPOSHO3UPOBAHUS
U 3HAYEHUAM IKCNEPUMEHTNANLHOU YCMATOCMHOU 001208€4HOCTU OJIA KAHXCO020 Pexcuma 0pooecmpyiiHo2o ynpouHeHUs

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 (Ny o) 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 7=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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On the cover: Surface morphology of a thermal barrier coating based on zirconium dioxide partially stabilized by yttri-
um oxide, formed using an uncooled target at a power of 9 kW. Author of the photo: A.A. Burmistrov, leading engineer of
“Wear Resistance” Research Center (National Research University “Moscow Power Engineering Institute”, Moscow, Russia).

Ha 06n0xcke: Mophomnorust MoBEpXHOCTH TEPMOOAPHEPHOT0 MOKPHITHSI HA OCHOBE JMOKCHAA ITUPKOHUS, YaCTUYHO
CTaOMIM3UPOBAHHOTO OKCHJIOM UTTpPUS, C(OPMHPOBAHHOTO C HCIIOJIb30BAHMEM HEOXJIaXIAeMOH MHUIIECHH ITPH MOITHOCTH
9 kBT. ABTOp hoTO: A.A. Byp™MucTpoB, Beaymuii nrxenep Hayunoro nientpa «M3HococToiikocTsy (HanmoHanbHbIH UC-
cienoBaresbCkuid yauBepcuter «MOW», Mocksa, Poceus).
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