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ABSTRACT

The master's thesis contains: 149 pages, 24 figures, 24 tables, 88 sources.

COATING, COLD SPRAY, HIGH ENTROPY ALLOY, MECHANICAL
ALLOYING, MECHANICAL PROPERTIES, PHASE COMPOSITION, POWDER,
SOLID SOLUTION, STRUCTURE

The purpose of the study is to prepare HEA-ceramic composite coatings by
cold-spraying and to investigate the structure, phase composition, microhardness. In
order to achieve this purpose it is necessary to decide the following: 1) To select and
validate the chemical composition of high-entropy alloy and the powder mixture for
HEA-ceramic coatings; 2) To prepare AINiCoFeCr HEA by mechanical alloying in a
planetary mill, powder mixture, steel substrates and HEA-ceramic coating by cold
spraying; 3) To study HEA powders, HEA—ceramic mixture and HEA—ceramic coatings;
4) To investigate the structure, phase, chemical composition and microhardness of
cold-sprayed HEA-ceramic coating on steel substrate.

Research methods and equipment: a planetary ball milling (Retsch PM100) was
used for mechanical alloying. Spraying was performed ona DYMET 405 equipment. The
structure and phase composition were studied using a SEM( REMMA--1061) , and an
Ultima IV X-ray diffractometer f. Rigaku. Microhardness was determined by indentation
on a PMT-3 device.

Object of the study is the cold sprayed AINiCoFeCr HEA-TiB2 composite
coatings. Subject of study is the formation of structure, phase and chemical composition
as well as microhardness of cold sprayed HEA-TiB2 composite coatings on steel

substrate.



Scientific novelty of the results:
This wok for the first time proves that solid-state CS technology is promising for
the fabrication of thick HEA-ceramic coating while retaining the starting phases in the

coating for using the advantage of interesting properties of HEA and ceramic in the form

of coatings.
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INTRODUCTION

Cold spraying technology, also known as cold gas dynamic spraying, is a new type
of spraying technology that has been rapidly developed in recent years. It uses
compressed gas (nitrogen, helium, air, etc.) as an accelerating gas flow to drive solid
powder particles (particle size 1-50 um) collide with the substrate at low temperature
(room temperature to 600 °C) and supersonic speed (300~1200 m/s), causing the particles
to undergo strong plastic deformation and deposit to form a coating.

Compared with the traditional thermal spraying process, the cold spraying
technology has a small thermal impact on the substrate and powder particles, and can
avoid the oxidation, burning, phase change and structure changes of the sprayed powder.
Therefore, the cold spraying technology is used in the preparation of nano materials ,
amorphous materials and other heat-sensitive material coatings.

There are currently more than 30 types of alloys developed. Most of the alloy
systems are based on one metal element (atomic percentage content is more than 50%),
and different properties are obtained by adding other alloying elements, such as steel
materials, aluminum alloys, and titanium alloys, etc.

In the 1990s, Professor Yeh Junwei proposed a new design concept, namely,
multi-principal high-entropy alloys: "Multiple elements are the main elements, with five
or more main elements, and the atomic percentage of each main element is between 5%.
and 35%.

At present, many well-known universities and research institutes at home and
abroad have conducted a series of studies on high-entropy alloys. The research on

multi-principal element high-entropy alloys has become one of the new research hot
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spots in the field of metal materials.

There have been several processing routes to prepare HEAs, of which these
includes laser cladding, vacuum arc melting, physical vapor deposition and mechanical
alloying (MA) It is important to know aside certain contradiction of a single phase HEAs
formed after mechanical alloying (MA). In other to address these issues, in the present
study, equi-atomic AINiCoFeCr ,the AINiCoFeCr - TiB, were chosen for synthesis of
HEAs by MA, and then AINiCoFeCr - TiB, coating were prepared by cold spraying . The
structure and properties of high-entropy alloys and HEA-TiB, coating were studied by
employing detailed characterization via X-ray diffraction (XRD) and scanning electron

microscopy (SEM) and Vickers microhardness.
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1 LITERATURE REVIEW

1.1 High entropy alloys as a novel concept of designing materials

The traditional alloy design concept believes that exists of many components at
alloy will lead to the formation of a variety complex microstructures such as
intermetallic compounds which making the material difficult to analyzing and
processing. At present, there are more than 30 kinds of alloy systems that have been
developed and put into practical use. Most of the alloy systems are based on one metal
element (atomic percentage content is more than 50%) where different properties can be
obtained by adding other alloying elements. However, with the rapid development of
science and technology, today's development and progress in many fields are dependent
on the properties and functions of various materials while traditional alloy systems is
unable to meet the higher and higher performance and function requirements. In
comparation with traditional mindset of designing alloys with one main element, Yeh 0
propose a new design concept, namely, "multi-principal high-entropy alloys" which
consists from five or more main elements are the elements. Atomic percentage of the
main elements in alloys is between 5% and 35%. It should be noted that atomic
percentage of each minor element, if it exists, is even smaller than 5%. The definition is

expressed as follows:

Nmajor =5; 5at.% <¢; < 35at.% (1.1)
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Nminor = 0; ¢; < 5at.% (1.2)

Where Nmajor and Nminor are the numbers of major and minor elements, respectively; c; and
c; are the atomic percentages of the major element, i, and the minor element, j,
respectively.

From this definition, HEAs not need to be equimolar or near-equimolar and can
contain minor elements to balance various materials properties. However, there is
another definition based on high mixed entropy value caused by multiple principal
components 2.

According to the Boltzmann’s thermodynamic statistics principle, the quantitative

relationship between the entropy and randomness of the system is given by:

AS.onf = klnw (1.3)

where K is the Boltzmann’s constant, and w is the number of distinguishable ways of
arranging the atoms in the solution.

In material thermodynamics, the total mixing entropy includes configuration

mag
mix

entropy ASEOR! | magnetic entropy AS vibration entropy ASYIP and electronic

randomness entropy ASEEC. The relationship among total entropy and its contributions

is 3:

ASmix = ASEORT + AS 108 + ASYD + ASSES (1.4)

mix mix mix mix
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The configurational entropy is dominant over the other three contributions. Hence,
the configurational entropy often represents the mixing entropy in order to avoid
complex calculations to determine the other three contributions 3. For an ideal random
n-component solid solution, its ideal configurational entropy per mole is approximately

4:

ASconf = —R[ciIncy +cplnecy + -+ ¢y Incy] (1.5)
n
ASconf = —Rz ¢;Inc; (1.6)
i=1

where R is the gas constant; ¢; is the mole fraction of the i** element; n is the number
of the components.

According to the extreme theorem, when ¢, = ¢, = - = c,, the entropy of
system reaches its maximum value.

Considering an equi-atomic alloy in its liquid state or regular solid-solution state,

its configurational entropy per mole could be calculated as 5:

AS.onf = Rlnn (1.7)

It defines that HEASs have configurational entropy in a random state larger than

1.5R, no matter they are single phase or multiphases at room temperature. This

definition could be expressed as 6:
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AS.ons > 1.5R (1.8)

As 15R is a lower limit for HEAs, we further define medium-entropy alloys
(MEASs) and low-entropy alloys (LEAS) to differentiate the power of the mixing entropy
effect for all alloys in the nature. Herein, 1R is the boundary between MEAs and LEAs
since the mixing entropy less than 1R are expected to be noncompetitive with a larger
mixing enthalpy 3.

So, the alloys are divided into the following three categories 6:

— LEAs: AS.,n ¢ < 1R, including traditional alloys based on one or two
elements;

—  MEASs: 1R < AS.on < 1.5R, including alloys based on two to four elements;

— HEAs: AS.,,¢ > 1.5R, including alloys based on five elements at least or

some quaternary equimolar alloys.

1.2 Core effects in HEAS

The multiprincipal-element character of HEAs leads to some important effects that

are much less pronounced in conventional alloys. These can be considered as four ‘core

effects” of HEAs. This section briefly introduces and discusses the core effects.

1.2.1 High-entropy effect

The high-entropy effect was first proposed by Yeh 7. According to the Gibbs phase
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rule, the number of phases (P) in a given alloy at constant pressure in equilibrium

condition is:

P=C+1—F (1.9)

where C is the number of components and F is the maximum number of thermodynamic
degrees of freedom in the system.

From the Gibbs energy expression AG,ix = AH,ix — TAS,ix, it can be seen that
the mixing entropy and mixing enthalpy are in a state of competition with each other. A
high mixing entropy value can effectively reduce the free energy, especially in the high
temperature stage. The change of free energy plays a leading role. High-entropy alloys
have the highest mixing entropy when the elements are randomly soluble in each other,
which can reduce the free energy of the system to a large extent.

The high-entropy effect is mainly used to explain the multi-principal-element
solid solution. According to the maximum entropy production principle 2, high entropy
tends to stabilize the high-entropy phases, solid-solution phases, rather than
intermetallic phases. Intermetallics are usually ordered phases with lower
configurational entropy. For stoichiometric intermetallic compounds, their

configurational entropy is zero.

1.2.2 Sluggish diffusion effect

The sluggish diffusion effect here is compared with that of the conventional

alloys rather than the bulk-glass-forming alloys (fig. 1.1 Fig-+-21).
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Ni 410" Atomic diffusion in
——— CoCrFeMnNi
Fe-15Cr-20Ni
10" Fe-15Cr-45Ni
Fe-22Cr-45Ni
Fe-15Cr-20Ni-Si
10™ FCC Fe
WA FCC Co
- Ni

T

Figure 1.1 — Comparison of the diffusion rate of the five components of FeCoNiCrMn

in the high-entropy alloy system and other traditional alloy systems 11

The formation of a new phase requires the coordinated diffusion of different types
of atoms in the phase change process controlled by the diffusion mechanism to realize
the redistribution of solutes, thereby completing the phase change. The stress field
generated by the lattice distortion in the high-entropy alloy hinders the diffusion of
atoms, thereby increasing the activation energy of the diffusion of atoms and reducing
the effective diffusion rate of atoms in the high-entropy alloy 10, so the new phase
nucleation is long. The large rate is slower, or is suppressed to the low temperature area.
In 2013, Yeh et al 11 reported accurate experimental results for the first time,
confirming this important characteristic. By designing different high-temperature
diffusion couples of FeCoNiCrMn system, the self-diffusion rate of different
components in the high-entropy alloy matrix and the corresponding lattice diffusion
activation energy are calculated. Comparing the traditional FCC crystal structure metal
materials containing these components (Omuoka! UcTOYHHK cCHLIKM He HalaeH.), it
can be seen that the diffusion rate of all five component elements in the high-entropy

alloy matrix is much lower than that of other single-principal alloys. In the high-entropy
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alloy, the lattice diffusion resistance becomes larger and the diffusion is slow. By
establishing a model of atomic jumping potential well in high-entropy alloys, the slow

lattice diffusion effect has also been initially explained.

1.2.3 Severe lattice distortion effect

The severe lattice-distortion effect is usually compared with the one dominant
element alloys, where the lattice site is occupied mainly by the dominant constituent. In
a high-entropy alloy solid solution phase containing a variety of main components,
various atoms are randomly distributed in the crystal lattice, and the difference in
atomic radius, chemical bond will cause the position of each lattice of the crystal lattice
to shift to different degrees, resulting in the lattice distortion shown in Figure 1.2 (a) to
Figure 1.2 (b) is obtained.

For HEAs, each element has the same possibility to occupy the lattice site, if
ignoring chemical ordering. Since the size of different elements can be very different in
some cases, this can lead to the severe lattice distortion.It can be inferred from this that
if the atomic size difference is large enough and the distortion energy is too high to
maintain the original stable simple crystal lattice, it will collapse to form a more stable
crystal structure, such as an intermetallic compound phase.

Yeh et al 12 systematically studied the decrease of X-ray diffraction intensity in
CuNiAICoCrFeSi alloy system, as shown in Figure 1.2 (c). They studied a series of
CuNiAICoCrFeSi alloys and systematically added the main elements from pure

elements to seven elements for quantitative analysis of XRD intensities. As the number
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of elements increases, the intensity of diffraction peaks gradually decreases and
becomes wider. According to the principle of X-ray diffraction, the lattice distortion of
the high-entropy alloy causes uneven surface of the atoms in the same layer, which
causes the X-rays to be scattered to the uneven Bragg surface during the diffraction

process.

(c) e :
Diffraction Peak without
Temperature/Distortion Effect
~
N2 - i - T T L - AR
L Temperature
PR § =~ Factor
Gy S -
- R | R ¢ i expem)
723 .
3:3 Combined n N e Distortion
= Effect Nee,, BF T USS mran Factor
E (R o
- exp(-M"™)
Mt~ —
N o] _--_-_--:ﬁ:_“
sin 6/A

Figure 1.2 — Schematic illustration of intrinsic lattice distortion effects on Bragg
diffraction: (a) perfect lattice with the same atoms; (b) distorted lattice with solid
solutions of different-sized atoms, which are expected to randomly distribute in the
crystal lattice according to a statistical average probability of occupancy; (c)

temperature and distortion effects on the XRD intensity 12
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1.2.4 Cocktail effect

The cocktail effect for metallic alloys was first mentioned by Ranganathan 13.
For metallic alloys, the effect indicates that the unexpected properties can be obtained
after mixing many elements, which could not be obtained from any one independent
element.

High-entropy alloys can be regarded as composite materials on the atomic scale.
Therefore, in addition to the indirect effects of various elements on the microstructure,
the basic characteristics of the components and their interactions make the high-entropy
alloy exhibit a compound effect, that is, the "cocktail effect.” The cocktail effect implies
that the alloy properties can be greatly adjusted by the composition change and alloying,
as shown in Figure 1.3, which indicates that the hardness of HEAs can be changed by

adjusting the Al content in the CoCrCuNiAl, HEAs.

FCC BCC
800 : 3.70- 3.00
700 FCC FCC + BCC . BCC
-0-0 €
600 - " D—D/D/D g
> P : @
I 50 «——+ 0 e—ee 13651295 O
= . | §
@400 ® -
© 300+ @
T i/ §
200 | o0 e-e C A, 1360{290 o
A 1

of a4 -

L L L L L ! L 3.5541 2.85

0.0 05 1.0 15 20 25 30 35
x value in CuCoNiCrAl Fe

Figure 1.3 — Hardness and lattice constants of a CuCoNiCrAl,Fe alloy system with
different x values: (A) hardness of CuCoNiCrAl,Fe alloys, (B) lattice constants of an

FCC phase, (C) lattice constants of a BCC phase 0
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The cocktail effect implies that the alloy properties can be greatly adjusted by the
composition change and alloying, as shown in Figure 1.3, which indicates that the
hardness of HEAs can be changed by adjusting the Al content in the CoCrCuNiAly
HEAs. Al is a soft and low-melting-point element. Addition of Al can actually harden
HEAs. As the increase of the Al content, the phases change from FCC to BCC + FCC
and then to BCC structures. As a result, the lattice constants for both the BCC and FCC

structures increase, and the hardness of the alloys increases.

1.3 Phase and crystal structure

Although there are more than four or five elements in HEASs , high-entropy alloys
can often form relatively simple phases after solidification. In addition to simple
multi-component solid solutions FCC (face-centered cubic cell), BCC (body-centered
cubic cell), HCP (hexagonal closed-packed cell), nanocrystalline precipitates,

intermetallic compounds and amorphous phases will also be formed in some alloys.

1.3.1 Simple solid solution structure

The study found that some systems of high-entropy alloys formed structures
dominated by simple FCC or BCC phases after solidification.Cantor et al 14 first reported
the microstructure of the FeCoNiCrMn component of the multi-principal alloy. It is
found that it is composed of simple dendrites, and this alloy has become one of the most
typical high-entropy alloy components,which contains Fe (BCC), Co (HCP), Cr (BCC),

Mn (BCC), and Ni (FCC) in an equimolar ratio, with only an FCC solid-solution phase
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when solidified dendritically in the as-cast sample.

The HCP phase is referred to as a typical simple solid-solution structure of HEAS.
The HCP solid solution phase was found in the alloy of TiCrZrNb by Tsau 15. However,
they found that the HCP phase did not exist independently, the HCP phase was in the

interdendritic region, and the matrix was BCC phase.

1.3.2 Mesophase and other complex phases in HEAs

The high mixing entropy effect will cause the multi-component high-entropy
alloy to tend to form a structure dominated by solid solution, but studies have shown
that in some alloy systems containing extremely negative mixing enthalpy element pairs,
a complex multi-phase coexistence structure will be formed, which indicates high
mixing entropy cannot completely overcome the contribution of high mixing enthalpy
to free energy. The mesophase or complex multi-phase coexistence forms in HEAs due
to the existences of some chemically-compatible elements. Li et al 16 studied the alloy
of FeNiCrCuM. They found that FeNiCrCuCo and FeNiCrCuMo alloys consist of a
single FCC solid solution. They found that FeNiCrCuCo and FeNiCrCuMo alloys
consist of a single FCC solid solution. When the Cu or Co in the alloy is replaced by Al,
the structure will change to BCC or BCC + FCC. Cu or Al has an FCC structure
promotes or worsens the formation of FCC solid solution. In addition, when Zr is added
to the alloy, due to its strong tendency to form compounds with other components,

compounds with complex structures will appear.
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1.3.3 Nanocrystalline and amorphous phases in HEAS

Conventional alloys can only precipitate nanocrystals under special
heat-treatment conditions.The sluggish diffusion effect and lattice distortion effect of
high-entropy alloys make it easy to form nanophase and amorphous phase. The
CuosNiIAICoCrFeSi as-cast high-entropy alloy developed by Chen et al 17. They found
that the dendritic phase is mainly composed of an amorphous phase with a small
amount of body-centered cubic (BCC) structure, while the interdendritic phase has an
amorphous structure containing a small amount of nano-scale precipitates. Zhao et al.
18 prepared an amorphous alloy that can be uniformly deformed at room temperature
without shearing. At the same time, its critical size is greater than 3mm, the amorphous
transition temperature of the alloy is close to room temperature, the density is low, the

specific strength is high, and the elastic modulus is low.

1.4  Phase formation rules and phase prediction for HEAs/solid solution
formation rules and phase prediction

1.4.1 Thermodynamic and geometry effect

According to the Hume-Rothery rules for high degree of solubility in binary alloy
systems, two factors are mentioned, which would affect the formation of the solid
solution in alloys 19.The first factor is the size effects of component atoms. For alloys
whose component atomic-size differences are over 15 %, it’s most improbable to form a
substitution solid solution. For binary alloys, their atomic radius difference should be

less than 15%. The second factor is the chemical compatibility between components, the
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electro-negativity difference, their difference in electro-negativity should be less than
0.4. The larger the electro-negativity difference, the more likely the alloys form
compounds rather than solid solutions.

However, high-entropy alloys have many components and cannot distinguish
between solvents and solutes, so it is difficult to analyze them with traditional methods.

Zhang et al. extended the "Hume-Rothery criterion" to the field of high-entropy
alloys, and proposed three parameters that affect the solid solution phase formation of
high-entropy alloys: the difference in atomic radius (3), the enthalpy of mixing (the
energy at which atoms combine with each other, AH,,ix ), and mixed entropy (ASnix), the

calculation method is as follows 19:

n
AHmix = Z ‘QijCiCj (110)
i=1,i#j
n
AS,.. =klnw=—R Z(cl- Inc,) (1.11)
i=1

5= \/Zi ¢ (r — )2 (1.12)

n
r= Z CiTi (113)
i=1

where Q;(=4 AH™ ) is the regular melt-interaction parameter between i" and j"
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elements, and AH™ g is the mixing enthalpy of binary liquid alloys,R is the gas
constant; ¢; is the atomic percentage of the i" element. r; is the atomic radius of the i
element.

They summarized the published atomic radius difference, mixing enthalpy and
mixing entropy of HEAs, and other five elements or more multi-component alloys, the
relationship between the atomic radius difference and the mixing enthalpy, and the atomic
radius difference, mixing enthalpy and mixing entropy are drawn. The three-dimensional
relationship diagrams are shown in Figure 1.4 and Figure 1.5. The Figure 1.4 is
relationship between Delta and AHn,x for MHAs and typical multicomponent bulk

metallic glasses.

10

. A ®  solid solution
- A . .
[ .“ Twee A o ordered solid solution
1 Ll . .

' S Nl S i A |ntermed|at‘e phase
= s m 5 ' /) v bulk metallic glasses
= - = Na ’ '

g R A
= -15 |- A LA o 8D
kA ~0 A A4
':|/_2O | A d (P4
A A [
55 C & ___-‘%A'—'- ----- & )
T [ v v v v -
=30 Vv v )
- - . v v B1 v
.35 | A Y
e ey o -
-40 - A
45 | a
L iy
50 =
55 |
I A
60
I 1 [ 1 1 1 1 1 1 1

O'2‘4 8'8'10 12'14'16'18'20‘22
Delta
Figure 1.4 — Relationship between Delta and AH,,ix for MHAS and typical

multicomponent bulk metallic glasses 19

According to the Figure 1.5, we can know that the range of solid solution phase
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formation is: the difference in atomic radius is less than 6.5%; the mixing enthalpy is
between —15 KJ/mol to 5 KJ/mol; the mixing entropy is between 12 KJ/mol to 17.5
KJ/mol between. Among them, the S region forms a disordered solid solution, and the S'
region corresponds to an ordered solid solution, which indicates that an ordered solid

solution is easily formed when the atomic radius difference is large.
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Figure 1.5 — The Effect of AS,,ix on the phase formation of the MHASs and typical

multicomponent bulk metallic glasses 19

In order to simplify the prediction standard of high-entropy alloy solid solution

structure, Yang and Zhang proposed the Q parameter, which is defined as 27:

Q= TmASmix

(1.14)
AHmix

where Ty, is the theoretical melting point of the alloy, ASy,x IS the mixing entropy,

and AH,x IS the mixing enthalpy.
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n

T =) (T (1.15)

i=1

where (T.); is the melting point of the i-th element, and c; is the atomic
percentage of the i" element.

Yang and Zhang drew the Q-6 diagram 27, as shown in Figure 1.6. The area
formed by the solution is Q> 1.1 and 6 < 6.6%, which is the S region in the figure. The

formation area of bulk amorphous 9 is relatively large, Q < 1.1.
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Figure 1.6 — The relationship between parameters 6 an Q for multi-component alloys 27

In the HEAS design, this parameter can effectively predict whether the alloys will
form a solid solution structure. However, it is still impossible to predict whether the
solid solution structure of the high-entropy alloy is FCC or BCC structure, and whether

the solid solution is ordered or disordered. For this reason, for the phase formation law
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of high-entropy alloys, other solid solution formation criteria have also appeared. For
example, there are valence electron concentration parameters, atomic size difference

parameters, and entropy angle @ parameters, which will be described in detail below.
1.4.2 Valence electron concentration

Guo et al. 21 proposed the relationship between the valence electron concentration
(VEC) and the stability of solid solution by summarizing the existing data. They
organized and analyzed published data, they believed that when VEC > 8.0, the FCC
solid solution phase is relatively stable; when VEC < 6.87, the BCC solid solution phase

Is relatively stable; when 6.87 < VEC < 8.0, there is a FCC+BCC dual-phase structure.

n
VEC = Z ¢, (VEC), (1.16)
i=1

where ¢; is the atomic percentage of the i-th element; (VEC); is the valence electron
concentration of the i-th element

It is worth noting that the valence electron concentration (VEC) plays an important
role in the formation of alloy phases.

The Figure 1.7 shows that the relationship diagram of the valence electron

concentration of different high-entropy alloy systems.
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Figure 1.7 — The relationship diagram of the valence electron concentration of

different high-entropy alloy systems 21

According to the figure 1.7, it can be concluded that it is mainly manifested in the
effect on solid solubility for solid solution alloys. One is the so-called atomic valence
effect. In solid solution alloys, the higher the atomic valence of the solute, the smaller its
maximum solid solubility; the second is the so-called relative valence effect, that is, the
higher the valence of the component. The solid solubility in the valence component is
greater than the opposite solid solubility. However, when studying the phase formation
law of high-entropy alloys, the valence electron concentration cannot be considered alone,
and the atomic size factor is also very important.

For the atomic radius difference 6, Wang et al. 22 believed that & only represents
the average effect of the atomic size difference. The stability of the solid solution depends
on the maximum atomic radius and the minimum atomic radius. Therefore, considering
the degree of atomic stacking mismatch and topological instability, Wang proposed an
atomic size difference parameter y to predict the formation of solid solutions. The

definition of y is as follows 22:
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_ o5 _ [Cstn2-r2 (rp D)2 -T2
Y= wr, o (1 (rg+r)2 )/( (rL+1)2 ) (1'17)

(rg + r)? — 12
Wy, = —\/ (rs n r_)z (118)
wg=1— J (FL(:Z rjzr_)_z r (1.19)

where 1, is the smallest atomic radius, r, is the largest atomic radius, r is the average
atomic radius.

In Figure 1.8. ws and ®, are shown. When y < 1.175, the alloy phase exists in the
form of solid solution; when y > 1.175, the alloy phase exists in the form of multiphase

structure or intermetallic compound.

Figure 1.8 — Sketch of the atomic packing around an atom via a solid angle: (a) around a

largest atom; (b) around a smallest atom. 7 is the average atomic radius 22

Like the valence electron concentration parameter of Guo [21], the phase
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formation law of high-entropy alloys cannot be treated equally or treated in isolation.

1.5 High entropy alloys properties

1.5.1 Mechanical properties

The property of high-entropy alloys depends on its unique structure. In general,
the solid solution of BCC structure has high strength and low plasticity; while the solid
solution of FCC structure has lower strength and higher plasticity. For different HEAs
systems, their properties show great differences.

For room-temperature mechanical properties of HEAs, Zhou designed alloy with
composition of AICoCrFeNiTix by using the strategy of equiatomic ratio and high
entropy of mixing 23. The alloy system is mainly composed of BCC solid solution.
Through testing, they found that this HEA has excellent compression mechanical
properties at room temperature. In particular, the AICoCrFeNiTiys alloy has a yield
stress of 2.26 GPa, the fracture strength of 3.14 GPa, and a plastic strain of 23.3%,
which is better than most high-strength alloys.

Wang et al. 24 prepared CoCrCuFeNiTix by arc melting of the pure elements and
suction casting under an argon atmosphere. The HEA forms a single FCC solid solution
of CoCrCuFeNi and CoCrCuFeNiTigs alloys. The CoCrCuFeNiTigg and CoCrCuFeNiTi
alloys are basically composed of a primary FCC solid solution and a eutectic mixture of
Fe,Ti-type FCC phases and Laves phases. With the increase of Ti element addition, the
yield strength of the alloy increased from 230 MPa to 1272 MPa. Among them, the

compressive strength of CoCrCuFeNiTigs alloy was as high as 1650 MPa, and it also
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had a wide range of work hardening and a large plastic strain limit of 22 %.

Otto F. 26 produced an equiatomic CoCrFeMnNi high-entropy alloy, which
crystallizes in the FCC crystal structure. They found that the HEAs of yield strength,
ultimate tensile strength and elongation to fracture all increased with decreasing

temperature.

1.5.2 Wear and fatigue properties

Compared to such coatings fabricated from traditional metal-ceramic materials,
HEA coatings are characterized by excellent wear resistance and bonding strength,
garnering them considerable attention in recent years 27.

Chen et al. 28 investigated the microstructure and mechanical properties of the
CoCrCuFeNiNDb high-entropy alloy coating. The prepared Nb coating has two phases:
the first solid solution phase is FCC; the other is (CoCr) Nb Laves phase.
CoCrCuFeNiNb coating shows excellent wear resistance and corrosion resistance.
Under the same environmental test conditions, the wear resistance of Nb-containing
coatings is about 1.5 times higher than that of non-Nb coatings.

Lin et al. 29 FeCoCrNiAl HEAs coatings were prepared by vacuum heat
treatment and laser remelting technology, respectively. Through research, it is found that
the spray coating is composed of pure metal and Fe-Cr. The AINi phase is formed after
the vacuum heat treatment process. After laser remelting treatment, BCC structure with
less AINi can be found in the coating. The average hardness value of the sprayed
coating is 177 HV, the average hardness value of vacuum heat treatment at different

temperatures is 227,266, and the average hardness value of laser remelting is 682 HV.
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Experimental data shows that vacuum heat treatment and laser remelting promote the
alloying of the coating The process helps to improve the wear resistance of the coating.

Among them, the laser remelted coating has the best abrasion resistance.

1.5.3 Corrosion properties

Research has found that the random distribution of elements in the
multi-component solid solution and the addition of easily passivating elements (such as
Cr, Mo, Ti) make some high-entropy alloys.

Some HEAs present outstanding corrosion resistance even better than the
traditional stainless steels.

Shi YunZhu et al. 30 investigated the influence of Al-content and
potential-scan-rate on stable / metastable pitting of Al,CoCrFeNi high-entropy alloys in
a 3.5 wt.% NaCl solution. As Ommoka! McTouHHK cchbLJIKH He HalijaeH. showed the
comparison of E,, which represents the resistance to pitting corrosion, and ¢, Which is
relevant to the corrosion rate of Al,CoCrFeNi HEAs in the 3.5 wt. % NacCl solution at
room temperature with those of some conventional alloys, including stainless steels, Al
alloys, Ti alloys, Cu alloys, and Ni alloys. The HEAs data are located at the upper left
portion of the figure, which shows that the pitting potential of HEAs are much higher
than those of Al alloys, Cu alloys, and some Ti alloys. In addition, the pitting potentials
of HEAs are also comparable with those of stainless steel and Ni alloys, which represent
the excellent local corrosion resistance of HEAs. The corrosion current densities of
HEAs are much lower than those of Cu alloys and some Ti alloys, which indicate the

corrosion rate is relatively low.
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HEAs and other conventional alloys in the 3.5 wt. % NaCl solution at room temperature

[30]

In general, the local and overall corrosion resistance of Al,CoCrFeNi HEAS in
3.5wt. % NaCl solution is equivalent to or better than that of traditional

corrosion-resistant alloys.

1.5.4 Oxidation resistance

When a high-entropy alloy is used as a high-temperature material, it not only needs
to have good temperature strength, but also requires high temperature resistance.

Qin et al. 31 prepared CoCrCuFeNi-TiO HEAs and researched oxidation
resistance of CoCrCuFeNi—TiO HEAs. The results of the oxidation resistance test are
shown in Figure 1.10 (a), which shows that the weight of all tested samples increases
with the increase of the holding time. In the heat preservation process, the oxidation

resistance of the sample is No.2>No0.3>No.4>No. 1 sequence. But the rake angle ratio
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of the sample after 500 min is No.4>No.3>No.2>No.1, which proves that the larger the
amount of Ti,CO added, the faster the oxidation rate., as shown inOmmuoka! UcTouHuk

CCHLIKH He HaiineH. (D) .
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Figure 1.10 — The results of the oxidation resistance tests (a) and the ordering of the

rake ratio for the samples (b) 31

This result shows that the oxidation resistance of HEAS increases with the

addition of Ti,CO, and the oxidation rate increases with the formation of TiO.

1.5.5 Other properties

HEAs also have other excellent properties, such as thermoelectric properties,
thermal stability, as well as very high resistivity. Thermoelectric materials capable of the
direct conversion between heat and electricity have attracted tremendous attention in the
past several decades for the engine-waste heat recovery to improve the fuel efficiency.

HEAs have a high degree of chaos in its atomic arrangement, resulting in the enhanced
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scattering of phonon and effectively reducing its lattice thermal conductivity. The
PbSnTeSe HEA was discovered, possessing a quite low lattice thermal conductivity of
0.6 W m* K™ at room temperature 32. By minor additions of La to substitute Pb, the
thermoelectric performance of PbSnTeSe could be further enhanced. At the same time,
the HEA has good soft magnetic properties. Zhang et al prepared the FeCoNi(AISi)g,
HEA by arc-melting method 33, the saturated magnetic strength, coercivity, and
electrical resistivity at room temperature reach 1.15 T, 1,400 Am* and 69.5 mQ cm

which are promising in the high-frequency communication.

1.6  Effect of elements on the structure and properties of HEAs

Because high-entropy alloys are mainly composed of transition metal elements,
such as ferromagnetic elements Fe, Co, Ni, ferromagnetic elements Cr and Mn,
diamagnetic elements Cu and paramagnetic elements Ti, etc., so high-entropy alloys can

achieve excellent electrical, magnetic and other functional characteristics

1.6.1 Effect of Ni on the structure and properties of HEAs

Liu et al 34 investigated the effects of composition and phase constitution on the
mechanical properties and magnetic performance of AlICoCuFeNiy high entropy alloys
(HEAS).The results show that Ni element can cause the coexisting phase structure of
FCC, BCC and ordered BCC to evolve into a single FCC phase. The change in phase
composition increases plasticity but reduces the hardness and strength. AICoCuFeNi s
alloy achieves a better balance of mechanical and magnetic properties, it could be used

as structure materials and soft magnetic materials.
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1.6.2 Effect of Cr and Al on the structure and properties of HEAs

High-entropy alloys containing Al, Cr, Ni and other elements that are easy to
oxidize to form a dense oxygen film often have good corrosion resistance. In traditional
alloys, adding appropriate amounts of Al, Cr and Si can greatly improve the oxidation
resistance of the alloy, because these elements can form a dense and stable oxide layer
on the surface at high temperatures. Existing research results show that Al, Cr, Si are
beneficial to the improvement of high-entropy alloy high-temperature oxidation
performance, while Mn, Ti, Zr, Hf and other elements are not conducive to improving
the high-entropy alloy's high-temperature oxidation property.

In the existing high-entropy alloy system, it is found that Cr element can not only
promote the formation of eutectic structure of high-entropy alloy and promote the
refinement of alloy grains, but also change the solid solution structure of the alloy.Li
Xinling 35 explored the effects of Cr and Al on the structure and properties of
FeCoCrNiAl high-entropy alloys. the results show that the crystal structures of
Fe15CoCry NiyosAlgos and FepsCoCrNigsAl, alloys are composed of single-phase
FCC solid solution. The crystal structure of the alloy does not change with the change of
the element content. In mechanical experiments, the yield strength of all as-cast alloys is
below 200MPa, and the elongation is above 50 %. After cold rolling and annealing, the
strength and hardness of the alloy increase with the increase of element content, but
excessive Al element will adversely affect the plasticity of the alloy. In the
electrochemical experiment, the appropriate amount of Cr makes the alloy form a

denser oxide film during the electrochemical corrosion process, thereby improving the
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corrosion resistance of the alloy. The cold rolled and annealed Fe; ,5C0oCrg75Niq 25Alg o5
alloy exhibits excellent corrosion resistance. In the magnetic experiment, the reduction
of Cr element content helps to improve the soft magnetic properties of the alloy. The
cold-rolled and annealed Fe; ,sCoCrosNiyosAlg 5 alloy exhibits excellent soft magnetic
properties. At the same time, the alloy has an elongation rate of up to 62 % and good

workability.

1.6.3 Effect of Co on the structure and properties of HEAS

Co element is ferromagnetic and is a relatively expensive hard and brittle metal. It
Is usually added to steel in a small amount, but it is not widely used. Under different
conditions, the purpose of adding Co is different: sometimes to obtain special magnetism;
or to increase hardness; or to increase plasticity; sometimes to increase wear resistance;
and it is possible to obtain the above-mentioned comprehensive effect.

Zhang Yong et al 36 found that TiysCrFeNiAICo high-entropy alloy can form two
BCC crystal structures, one with larger lattice parameters and the other with smaller
lattice parameters. They added more Co to TigsCrFeNiAICo alloy to detect changes in
crystal structure and properties. Through research, it is found that as the amount of Co
added increases, the smaller BCC preferentially transitions to the FCC, and the

compressive strength decreases slightly.

1.7 Preparation methods of HEAs materials

The HEAs fabrication technologies were categorized into four main routes. The

first route is from the solid state, which involves mechanical alloy (MA), sintering
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process, hot pressing process, and spark plasma sintering. The second route is from liquid
state, which mainly involves arc melting process, laser melting process, laser cladding
process and infiltration process. The third route is thin-film deposition (TFD) techniques,
and the last route is additive manufacturing technology (AMT). Discussing below some

routes from the four categories.

1.7.1 Mechanical alloying

The preparation method of high-entropy alloy powder is mainly mechanical
alloying( MA) method Ommoka! Mcrounuk ccblJIKM He HaiigeH., Which is easier to
obtain nanocrystalline or amorphous particles with uniform structure and composition
distribution. Mechanical alloying refers to a certain proportion of metal or alloy powder
in the ball mill through repeated impacts and collisions between the powder and the
grinding ball for a long time.

This method was first used by Benjamin in 1970 to prepare oxide
dispersion-strengthened iron-based and nickel-based superalloys 39. Since mechanical
alloying is a solid processing technology, it can process raw materials with large melting
points, and can also avoid component segregation and eutectic structure caused by liquid
phase to solid phase, and ensure that the alloy has a uniform structure and stable property.
In the process of preparing high-entropy alloy powder by mechanical alloying, the
powder is subjected to various forces such as impact force, shear force and compression
force, and diffusion and solid phase reaction occur at the same time. Finally, a nanophase

or amorphous phase with uniform structure and composition is obtained. Figure 1.11 is
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schematic diagram of mechanical alloying 38.
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Figure 1.11 — Schematic diagram of the ball moving in the ball mill during mechanical

alloying 38

In the process of preparing high-entropy alloy powder by mechanical alloying, the
powder is subjected to various forces such as impact force, shear force and compression
force, and diffusion and solid phase reaction occur at the same time. Finally, a nanophase
or amorphous phase with uniform structure and composition is obtained. Compared with
other methods, mechanical alloying to prepare high-entropy alloys can maximize the
solid solubility between the main elements and promote the formation of solid solution
phases between alloying elements. For some systems with special compositions,
mechanical alloys can form a metastable phase or even an amorphous phase 38.

This method has the advantages of simple equipment, low cost, wide range of
adjustable components, fine microstructure of the prepared alloy, stable microstructure,
good chemical homogeneity, easy formation of unstable phase and supersaturated phase,
excellent room temperature processing performance, etc.

Varalakshmi et al 39 reported the nanocrystalline equiatomic HEAs synthesized by
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mechanical alloying in the CuNiCoZnAlITi system from the binary CuNi alloy to the
senary CuNiCoZnAlTi alloy. The equi-atomic alloys such as nanocrystals have FCC
structures up to five-element CuNiCoZn alloys and have BCC structures in six-element
CuNiCoZnAlITi alloys. In non-equiatomic alloys, BCC is the main phase in alloys with
Cu content lower than 8.33 at.%, while FCC phase is observed in alloys with higher Cu
content.

Moravcik I. et al. 40 focused on synthesis and heat treatment of non-equiatomic
AlICoCrFeNiITigs high entropy alloys, which has a composite structure reinforced by
TiC nanoparticles. The initial alloy was prepared by mechanical alloying in a planetary
ball mill, compacted by spark plasma sintering and heat-treated at different temperatures.
During the mechanical alloying process, a Cr-based supersaturated solid solution with a
BCC structure is formed. After spark plasma sintering at 1100 °C, the BCC solid
solution decomposed into a nanostructure formed by FCC and ordered BCC solid
solution, o phase and TiC nanoparticles in situ.

Vaidya M. et al. 41 studied the phase transition and thermal stability of
nanocrystalline CoCrFeNi and CoCrFeMnNi HEAs prepared through mechanical
alloying followed by spark plasma sintering. After mechanical alloying, both alloys
showed a single-phase FCC structure, resulting in a small amount of tungsten carbide
due to contamination of the grinding media. After Park plasma sintering, with the
evolution of Cr;Cs, the main phase in the two alloys is still FCC.

To further consolidate the powder prepared by mechanical alloying into a bulk
sample, the subsequent sintering process is involved. Choosing a suitable sintering

process is particularly important for the study of the properties of high-entropy alloys.
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In the field of high-entropy alloys, hot isostatic pressing, vacuum hot pressing and spark
plasma sintering are all applicable.

a) Hot Isostatic Pressing (HIP)

The hot isostatic pressing process takes nitrogen, argon and other inert gases as
the pressure transmission medium 42, and places the powder in a closed container.
Under the combined action of high temperature and high pressure, the same pressure is
applied to the powder in all directions. The powder is pressed and sintered. The
processed products are uniformly compressed in all directions, so the processed
products have high density, good uniformity and excellent performance. At the same
time, the technology has the characteristics of short production cycle, few procedures,
low energy consumption, and low material loss. But its equipment is expensive and
productivity is low. Hot isostatic pressing sintering will often be used for subsequent
processing in the preparation of high-entropy alloys to increase the density of the alloy.

Tang et al 43 studied the microstructure and phase composition of an
AlICoCrFeNi high-entropy alloy in as-cast and homogenized conditions. This HEA was
synthesized via VAM method followed by consolidation of the as-cast HEA using HIP
at 1273 k under 207 MPa for 1 h. The ultimate tensile strength of the as-cast HEA is
about 400 MPa and the ductility is 1%, while the ultimate tensile strength of the HIP
HEA sample is 393 MPa and the ductility is about 12%. This is because the
homogeneous heat treatment of HIP completely changes the microstructure. It can be
understood that the improved mechanical properties from HEA can be obtained through
the HIP process.

b} Hot Pressed Sintering ( HPS)
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Vacuum hot pressing sintering refers to a sintering method in which dry powder
is filled in the model under vacuum, and then pressurized and heated from a uniaxial
direction to complete the molding and sintering at the same time. The advantage of
vacuum hot pressing sintering is that the purity of the prepared block is relatively high.
The disadvantage is that the equipment is complicated, the mold requires high, the
energy consumption is high, the process is strict, the efficiency is low, and the cost is
high.

Liu X et al 44 prepared FeCoCrNiMnTig1Cq 1 (TiCyg alloy) high-entropy alloy by
mechanical alloying and vacuum hot-pressing sintering at different temperatures. In the
process of the mechanical alloying, the constituent elements were gradually alloyed and
formed FCC solid solutions. The microstructure of bulk TiCy, alloy is mainly composed
of FCC phase as the matrix phase and a small quantity of M,;Cs, M;C5 and TiMnO;
phases. The TiCyy alloy has better comprehensive mechanical properties when sintered
at 900 °C. The yield strength of the alloy reached 1652 MPa and the hardness of the
alloy reached 461 HV.

€} Spark Plasma Sintering (SPS)

SPS is a novel sintering technique and is well known as pulsed electric current
sintering or pressure-assisted pulse energizing process 45. This technique is mostly used
to densify powders in a faster manner due to its effective and remarkable features,
namely, energy conservation and fewer procedure steps when compared to the
conventional sintering techniques. The principle idea of SPS is that the pressure ram
which is work as electrode attached to direct current (DC) source as shown in Figure 1.12.

The DC is infltrated (750-1500 A) through the powders by the graphite punch
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simultaneously the powder particles are being compressed (25-150 MPa).

Grap.hene Electrode
Die Puncher
DC Hydraulic
Source System
\ Metal
Vacuum [ Powders
Chamber

Figure 1.12 — Schematic of the working principle of spark plasma sintering (SPS)

process 45

Using SPS, we can make high dense products with nano-structures based on
desired sintering parameters. In fact, the principle of SPS is similar to that of HPS,
except that SPS applies a controllable pulse current to the mold. Using high pulse
current to heat and apply pressure at the same time, the internal particles of the sintered
body instantly heat up, and the sintering is completed in a short time, which
significantly inhibits the rapid growth of material grains, thereby retaining the internal
microcrystalline structure, so that SPS can also be widely used in the preparation of

nanocrystalline materials.

1.7.2 Vacuum arc melting
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The vacuum arc melting method is currently the most used method for the
preparation of high-entropy alloys. Vacuum arc re-melting (VAR) is a process to obtain
materials with high degree of homogeneity. It differs from the traditional metallurigal
techniques and is able to control the micro-structure more accurately. Usually, the alloy
to be VAR is formed into a cylindrical consumable electrode and placed in a crucible in
a metallurgical vacuum. Place a small amount of alloy to be remelted at the bottom of
the crucible. And put the top electrode close to the material that keeps remelting. The
arc between these two parts is generated by passing a few kA of DC current between the
two parts. The metal continues to melt, and the top electrode is gradually moved
downward by the mechanical pressure head, thereby stably maintaining the arc between
the electrodes. The arc between the crucible and the electrode is controlled by designing
the crucible to have a larger diameter than the electrode. The crucible is cooled by a
water jacket, and the solidification of the material is tightly controlled. The quality of
the resulting alloy depends on the cooling rate, the gap between the electrodes and the
current.

Yeh et al 0 prepared AICrCoNiCu bulk high-entropy alloy by the method of
"vacuum arc melting + copper mold casting”. The powder metallurgy method has the
characteristics of low-temperature sintering, avoiding segregation, and high material
utilization rate that are not available in the traditional melting and casting method.

Yim et al. 46 have synthesized CoCrFeMnNi HEA reinforced with TiC
composite by water atomization, MA and SPS methods. Systematically study of the
microstructure evolution and mechanical properties of TiC reinforced HEA composites

They believed the role of TiC nano-particles in the strain hardening improvement with
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respect to the dislocation-particle interaction and consequently increased dislocation

density.

1.7.3 Laser cladding

Laser cladding uses a focused laser beam as a heat source. By focusing on a very
small area, it can keep the heat-affected area of the substrate very shallow. Under rapid
heating, the substrate is minimally affected by heat and does not deform. The laser
cladding structure is a rapid solidification structure. This method not only ensures the
excellent performance of the original coating material, but also minimizes the thermal
Impact on the substrate. Laser cladding can obtain a cladding layer with high hardness,
high wear resistance and high corrosion resistance

Qiu Xingwu et al 47 prepared Al,CrFeCoxCuNiTi high-entropy alloy coating on
Q235 steel substrate by laser cladding method, and studied its structure and properties.
The study found that the Al,CrFeCoxCuNiTi high-entropy alloy coating structure is
mainly composed of equiaxed crystals with fine spherical particles distributed on the
equiaxed crystals. The high-entropy alloy coating is mainly composed of
FCC+BCC1+BCC2+Laves phases; with the increase of Co content, the FCC structure
increases and the BCC structure decreases; with the increase of Co content, the relative
wear resistance of Al,CrFeCoxCuNiTi high-entropy alloy coating decreases, and the

highest value is 3.77.
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1.7.4 Physical vapor deposition

Physical vapor deposition processes are atomistic deposition processes in which
material is vaporized from a solid or liquid source in the form of atoms or molecules
and transported in the form of a vapor through a vacuum or low pressure gaseous (or
plasma) environment to the substrate, where it condenses 48. Typically, PVD processes
are used to deposit films with thicknesses in the range of a few nanometers to thousands
of nanometers; however, they can also be used to form multilayer coatings, graded
composition deposits, very thick deposits, and freestanding structures.

Pulsed Laser Deposition (PLD) is also one of the PVD technique. PLD considers
fast thin film technique (10-15 min) with high quality compared to other methods. Also,
it is a low-temperature process due to which it can be applied to sensitive materials.

Cropper M.D. 49 has been prepared thin films of the high entropy alloy
AICrFeCoNIiCu by pulsed laser deposition. The 35nm film was deposited on the glass in
ultra-high vacuum at room temperature. The results show that the film deposited at
room temperature exhibits a mixture of FCC and BCC reflections. The size of the FCC
grains is similar to the film thickness, but the BCC grains are larger. The reflection
intensity of the two crystal structures decreases with the increase of the deposition
temperature. The decrease of BCC starts at a lower temperature than FCC, which is

related to the decrease of Al and Cu content.

1.7.5 Thermal sprayed methods

Thermal spraying refers to a series of processes in which fine and dispersed
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metallic or non-metallic coating materials are deposited on the surface of a prepared
substrate in a molten or semi-melted state to form a certain spray deposition floor 50.
Liang Xiubing et al 51 used thermal spraying method to prepare FeCrNiCoCu(B)
on Mg substrate. They analyzed the structure and properties of the coating. The results
show that the two kinds of coatings exhibit compact layered microstructure and the phase
lattice type are both FCC, the microhardness of the FeCrNiCoCu coatings reaches
414 HV,,; the bond strength is 36.9 MPa, the microhardness of the FeCrNiCoCuB is

342 HV1,the bond strength is 33.6 MPa.

1.7.5.1 High-Velocity-Oxygen-Fuel spray (HVOF)

The high-velocity-oxygen-fuel (HVOF) spray process is characterised by high
particle velocity (supersonic particle jet) and a comparatively low process temperature.
These process characteristics result in coatings with a high bonding strength, as well as a
low porosity and oxide content. Lower average particle temperatures, compared to
plasma spray, reduce the degree of particle melting and oxidation. Despite the lower
average particle temperatures, high coating densities are still achieved through HVOF
high particle impact velocities, which deform particles that may not have been well
melted 50.

Lobel M. et al 52 investigated the suitability of inert gas-atomised HEA powder
for high-velocity-oxygen-fuel (HVOF) thermal spray. The powder and coating showed a
multiphase microstructure, while the chemically ordered bcc phase appears as the main
phase. The thermal spraying process causes slight changes in the lattice parameters of

the main phase and the additional phase. Compared with hard chromium-plated samples,
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the wear resistance is improved. In addition, in the scratch test, no brittle behavior
occurred under abrasive load. The study of the wear traces shows that there is only

slight cracking and peeling under the maximum load.

1.7.5.2 Plasma spray

Plasma spraying uses plasma arc as the heat source to heat the alloy to a molten
or semi-molten state and spray it to the surface of the material at high speed. Plasma
spraying technology has the following characteristics:

— ultra-high temperature characteristics, which is convenient for spraying high
melting point materials;

— the speed of spraying particles is high, the coating is dense, and the bonding
strength is high;

— the spraying material is not easy to be oxidized because the inert gas is used as

the working gas.

1.7.5.3 Cold spray process

Cold spray is a solid-state material deposition process, which was originally
developed as a coating technology in the 1980s 53. In this process, high-temperature
compressed gases (typically nitrogen, air, or helium) are used as the propulsive gas to
accelerate powder feed-stock to a high velocity (typically higher than 300 m/s), and to
induce deposition when the powders impact onto a substrate. The principle is shown in

Figure 1.13. In contrast to conventional high-temperature deposition processes, the
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formation of a cold spray deposit relies largely on the particle kinetic energy prior to
Impact rather than the thermal energy. The feed-stock used for cold spray remains solid
state during the entire deposition process. Deposition is achieved through local
metallurgical bonding and mechanical interlocking which are caused by localized
plastic deformation at the inter-particle and particle-substrate interfaces. This allows for
the avoidance of defects commonly encountered in high-temperature deposition
processes, such as oxidation, residual thermal stress and phase transformation [58]. To
iImprove the deposition effect of cold spraying, the accelerated gas is generally

preheated, with a temperature generally less than 600 °C.
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Figure 1.13 — Schematic of high pressure and low pressure cold spray systems 49

Cold spraying is a new surface technology completely different from hot



52

spraying.Compared with the traditional thermal spraying technology, cold spraying has
the following characteristics 54:

a) the deposition temperature is low, with little thermal effect on the coating
and substrate.Cold spraying is deposited by strong plastic deformation at low
temperature. The deposited particles will not be subjected to obvious thermal action,
which can well retain the tissue structure and materialized properties of the original
powder, and basically has no oxidation, composition burning, grain growth,
composition analysis and other problems;

b) cold spraying on the powder requirements are not high, as long as the
particle size can meet the requirements, spraying can generally be
implemented.Therefore, the mechanical combination method is usually used freely
combined, and the compound powder is prepared, and then cold spraying is applied to
obtain a multiple heterogeneous compound coating with uniform composition;

c) the deposition layer has a low porosity and a high binding strength with the
substrate. Cold spraying forms the coating based on the high-speed impact of the
powder and the substrate and produces severe plastic deformation. During deposition,
high velocity impact of subsequent particles tam the first deposited coating. At the same
time, the coating did not experience the contraction process of cooling from the melting
state, so the obtained coating porosity is low, and the resulting density can be up to 98%,
which can be used to prepare some high thermal conductivity, high electrical
conductivity, corrosion protection and other coatings. In addition, the compaction of the
spray particles enhances the binding strength between the coating and the substrate to

over 100 MPa;
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d) powder utilization rate is high, safe and environmental friendly. Cold
spraying is deposited at low temperature, undeposited powder does not change in low
temperature properties, can be recycled to achieve 100% of the spraying powder
using .At the same time, the cold spraying operation is simple, safe without radiation,
no pollution of the environment, is a green, environmental protection, energy-saving
spraying technology.

Zhu Sheng et al 55 prepared AICrFeCoNi high-entropy alloy coating on Mg
substrate by cold spraying method and analyzed its structure and properties. They found
that the HEA coatings improve significantly the corrosion resistance of the magnesium
alloy surface.

Yin S. 56 prepared FeCoNiCrMn HEA coating by solid-state cold spraying (CS).
The experimental results confirm that cold spraying can be used to produce a thick HEA
coating with low porosity. As a low-temperature deposition process, cold spraying
completely retained the HEA phase structure in the coating without any phase
transformation.

Xu'Y. et al 57 fabricated about 3 mm thick five-element equimolar high-entropy
alloy FeCoCrNiMn by solid-state cold spraying (CS). The FeCoCrNiMn alloy coating
exhibits higher parabolic rate constants and more favorable internal oxidation than the

bulk HEAs that have similar compositions in the literature.

1.8 Potential applications of high entropy alloys and high entropy coatings

HEAs were widely used in industrial fields due to HEAS have the characteristics of

high strength, high hardness, high wear resistance or high temperature softening
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resistance:

a) high-entropy alloys can be used to make molds with higher material
requirements. Currently, the production of plastic molds and ordinary die steel for
extrusion dies is gradually being replaced by high-entropy alloys;

b) HEAs were used welding materials, turbine blades, heat exchangers and
heat-resistant materials for high-temperature furnaces, due to its high high-temperature
resistance and high compressive strength;

c) the excellent corrosion resistance of HEAs allows it to work in environments
prone to corrosion, such as the construction and production of chemical plants and
marine vessels;

d) HEAs not only has high hardness and high wear resistance, but also has a low
elastic modulus, which makes it very suitable for making golf head hitting surface,
hydraulic and pneumatic rods, steel pipes and hard rollers;

e) soft magnetism and high resistivity are also one of the characteristics of
high-entropy alloys. Therefore, high-entropy alloys also have great application potential
in high-frequency communication devices, which can replace other materials to make
high-frequency transformers and motor cores;

f) in addition, high-entropy alloys also have broad development prospects in
many other fields, such as biomedical materials, electrical heating materials, hydrogen
storage materials, IC diffusion barriers and other industrial fields.

High-entropy alloy coatings exhibit more excellent performance than traditional
coating materials and have deep research value. At present, the most extensive research

on high-entropy alloy coatings is metal coatings, and some scholars also perform
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nitriding, carburizing or adding functional elements to form composite coatings on the
basis of which to optimize performance. Researchers have conducted a series of
explorations on the application of high-entropy alloy coatings. The main applications of
the product are hard protective coatings on the surfaces of tools, molds, etc., and
diffusion barrier coatings in microelectronic components 58.

Transition metal nitrides (such as TiN, TiAIN) have the characteristics of high
hardness, wear resistance and good oxidation resistance. Some progress has been made
in the application research of high-entropy alloys and their nitride coatings on the
surface hard coatings of tools, molds, etc.

Shen W.J. et al 59 prepared (Al 34Crg2Nbg.11Sio.11Tlg22)50N50 high-entropy nitride
coatings by reactive magnetron sputtering. It has been proved to have high hardness and
superior oxidation resistance. They founded that hardness of the coating is 36 GPa,
which only decreases slightly to 33 GPa after 900 °C annealing either in air or in
vacuum for 2 h. No significant change in phase and microstructure were detected after
annealing at 1000 °C.

High-entropy nitrides have been attempted as robust diffusion barrier materials to
inhibit the severe interdiffusion of Cu and Si; however, the improvement in their
diffusion resistance relative to the abilities of few-component nitrides has actually not
been verified. Thus, nitride barriers with different numbers of components (metallic
elements), from unitary TiN to senary high-entropy (TiTaCrZrAIRu)N (with the same
face-centered cubic structure and a thickness of 5 nm), were prepared by Chang S Y 60.
The failure of these nitride barrier layers to prevent the mutual diffusion of Cu and Si

was examined, and the activation energy of Cu diffusion through the nitride was
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determined. With the addition of more components, it was found that the failure
temperature of nitrides increased significantly from 550 °C to 900 °C, and the activation
energy of Cu diffusion was effectively increased from 107 kJ/mol to 161 kJ/mol. Severe
lattice distortion and random cohesion are considered to be the main factors to improve
the anti-diffusion ability of multi-component high-entropy nitrides.

At present, the application of high-entropy alloy coatings not only focuses on the
above two aspects, but also shows important application prospects in the field of
biomedicine.

Biomedical application devices based on high-entropy alloys are mainly focused
on load bearing joints, e.g., in knee and hip arthroplasty, and so the proper
categorization falls into implant devices, with contact to tissue/bone with a type C

duration (more than 30 days) 61.

1.9 Conclusions and statement of the research task

High-entropy alloys are a new type of metal materials that have emerged in the past
ten years. High-entropy alloys have unique properties such as high strength, high
toughness, high hardness, excellent low temperature toughness, excellent corrosion
resistance and radiation resistance due to its effects such as high entropy effect, sluggish
diffusion effect, severe lattice-distortion effect and cocktail effect, and high-entropy
alloys have a wide range of applications. At the same time, surface treatment technology
Is an important method to improve and repair the matrix material, which can improve the
strength, hardness, wear resistance and corrosion resistance of the material. Preparing a

layer of alloy coating on the surface of common industrial materials is one of the most
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effective measures for surface treatment. High-entropy alloy coatings are gradually
showing superior performance over traditional coatings, and have outstanding
performance in terms of hardness, wear resistance, corrosion resistance, and high
temperature stability. Regarding the preparation of HEA coatings, various
manufacturing methods have been developed. Most of these methods are based on laser
cladding, thermal spraying, vapor deposition methods, and a few are related to powder
metallurgy 62. At present, there are few studies on the preparation of high-entropy
alloys by cold spraying technology. However, there is a series of advantages for
preparing HEA coating by cold spraying. The cold sprayed coating has low oxygen
content, low porosity, and extremely dense coating due to the spraying temperature is
relatively low. At the same time, oxidation reaction, burning loss, and phase change are
not prone to occur during the cold spraying process. In order to improve the overall
performance of high-entropy alloys, adding appropriate reinforcing phases is also an
Important way to further improve alloy strength, oxidation resistance, and corrosion
resistance.

So, the purpose of this study is to prepare HEA—ceramic composite coatings by
cold-spraying and to investigate the structure, phase composition, microhardness. In
order to achieve this purpose it is necessary to decide the following:

a) toselect and validate the chemical composition of high-entropy alloy;

b) to prepare AINiCoFeCr HEA by mechanical alloying in a planetary mill;

c) to select the chemical composition of the powder mixture in order to obtain
high-strength protective HEA-ceramic coatings on a steel substrate;

d) to prepare powder mixture and steel substrates for HEA-ceramic coating by
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cold spraying;

e) to study a HEA—ceramic coatings on steel substrates by cold spraying;

f)  to investigate the structure, phase, chemical composition and microhardness
of cold-sprayed HEA-ceramic coating on steel substrate;

g) to analyze the results and draw conclusions.
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2 EXPERIMENTAL MATERIALS AND PROCEDURES

2.1 The selection of alloy components for multi-component HEA

The high-entropy alloying elements studied in this paper are mainly composed of
Al, Co, Cr, Fe, Ni. The atomic radius difference between adjacent elements is small, and
there are many similarities in property. Cr, a-Fe and B- Ti has a body-centered cubic
structure, and Al, Ni, and y-Fe have a face-centered cubic structure. Infinite solid
solutions can be formed between these elements, which are conducive to the stable
combination of elements. The addition of Cr element can make the alloy have higher
hardness and good corrosion resistance. Al has larger atomic radii than the first four
elements, and has good compatibility with them. The Table 2.1 shows that the basic

physical properties of the original elements.

Table 2.1 — The basic physical properties of the original elements

Atomic
Atomic Melting | Crystal Electro-
Elements radius VEC
number point (°C) | structure negativity
(A)
1 2 3 4 5 6 7
Al 13 1.43 3 660.3 FCC 1.61
Ni 28 1.25 10 1455 FCC 1.91
Co 27 1.25 9 1495 HCP/FCC 1.88
Fe 26 1.24 8 1539 | BCC/FCC 1.83
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Continuation of table 2.1

Cr 24 1.25 6 2130 BCC 1.66

The enthalpy vaviration between different elements AH is shown the Table 2.2.

Table 2.2 — The enthalpy vaviration between different elements AH(KJ/mol)

Elements Al Ni Co Fe Cr
Al - -22 -19 -11 -10
Ni -22 - 0 -2 -7
Co -19 0 - -1 -4
Fe -11 -2 -1 ; 1
Cr -10 -7 -4 -1 -

In order to select and substantiate the chemical composition of the powder mixture
and to predict the phase composition of the AINiCoFeCr HE alloy / coating, using the Eq.
1.10-1.12 and Eq. 1.16 in the literature 1921 the mixing entropy (ASnix), the mixing
enthalpy (AHyix), the atomic size difference (9), the valence electron concentration (VEC)

were calculated by data in Table 2.1 and

Al 13 1.43 3 660.3 FCC 1.61

Ni 28 1.25 10 1455 FCC 1.91

Co 27 1.25 9 1495 HCP/FCC 1.88
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Fe 26 1.24 8 1539 BCC/FCC 1.83

Continuation of table 2.1

Cr 24 1.25 6 2130 BCC 1.66

The enthalpy vaviration between different elements AH is shown the Table 2.2.

Table 2.2,

The results of calculations of solid solution criteria parameter values in accordance
with the mixing entropy (ASnix), the mixing enthalpy (AHx), the atomic size difference
(8), the valence electron concentration (VEC) for multi-principle elemental AINiCoFeCr

HEA are generalized in Omu6ka! HeBepHasi cChIJIKa 3aKJIATKH..

Table 2.3 — Solid solution criteria parameter values for multi-principle elemental

AINiCoFeCr HEA
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Smix(J/mol-K) | Hmix(kJ/mol) |6 (%) | VEC(e/at) | Phase composition

13.38 —8.55 5.78 1.2 BCC+FCC

According to the subsection 1.4 phase formation rules and phase prediction for
HEAs , the valence electron concentration (VEC) of AINiCoFeCr HEA is 7.2 . It is
known that if this parameter is in the range of values of 6.87 < VEC <8, it can be
concluded that the AINiCoFeCr HEA contains two phases: face-centered cubic structure

(FCC) and body-centered cubic (BCC) structure 21.

2.2 The selection of the reinforcing phase

At present, the volume fraction of the reinforcing phase in composite materials is
generally 5-20%. The volume fraction of the high-entropy alloy matrix composite
reinforcement in the paper was selected as 20 %.

The optional reinforcements usually include carbides, borides, oxides, and can also
be intermetallic compounds.

Their common characteristics are high melting point, high specific strength, high
specific rigidity and good chemical stability.

In this work, TiB, was selected as reinforcement in the composite materials, and its

properties were shown in

Table 2.4.
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Table 2.4 — Main physical properties of TiB, crystal

Melting Tensile
Density Thermal expansion | Elastic Modulus
point Strength
(glem®) coefficient (10°/°C) (GPa)
(<) (GPa)
4.52 2600 6.39 550 0.28

2.3 Preparation of AINiCoFeCr high-entropy alloy powder

According to the atomic percentage of AINiCoFeCr high-entropy alloy, to
calculate the mass of each element powder required for each high-entropy alloy. Using an
electronic balance (with an accuracy of 0.01 g) to weigh the element powder of the
corresponding mass and place it in the same container.

AINiCoFeCr high-entropy alloy powder was prepared by mechanical alloying .A
high-energy planetary mill Retsch PM100 equipment was used to prepare AINiCoFeCr
high-entropy alloy powder. The powders of the elements Al, Ni, Co, Fe, and Cr were
mechanically alloyed in a planetary ball mill for 5 hours. Hardened steel balls with a
ball-to-powder ratio of 10:1 were used as milling medium. Carbide grinding drums and
balls with a diameter of 10 mm were used in the experiment. In order to avoid oxidation,
cold welding and excessive agglomeration of AINiCoFeCr high-entropy alloy powder,
the purified gasoline was used as a process control agent. In addition, during the
production of HEA alloys in the planetary mill, powder samples were taken at certain

intervals to control the structure and phase composition.
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2.4 Feed-stock AINiCoFeCr HEA — TiB, powder mixture preparation for

cold spraying

The powders of the elements Al, Ni, Co, Fe, and Cr were mechanically alloyed in a
planetary ball mill for 5 hours, then add 30 wt. % TiB, (ceramics) powder, the alcohol
was used as a process control agent. The mass ratio of the initial powders was 70HEA:
30TiB,.

Drying AINiCoFeCr HEA powder after the mixture of AINiCoFeCr (HEA) + 30

wt. % TiB, (ceramics) powder.

2.5 Cold spray process for coating deposition

Deposition of powder AINiCoFeCr - TiB, was performed by CS process on a steel
substrate using an air with a gun temperature and pressure of 300 °C and 0.85 MPa,
respectively.

The stand-off distance between the nozzle and the steel substrate was 30 mm. A
commercial cold spray system (DYMET 405) was used in spraying experiments with
compressed air.

The cold spray system and the compressor are shown in Figure 2.1 (a) and Figure

2.1 (b), respectively.
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a — Cold spray system; b — compressor

Figure 2.1 — Cold spray system (DYMET 405) and compressor

Just prior to spraying the coatings, the substrate surface was prepared by

SiC-blasting, rinsing, and then wiping with solvent to eliminate surface wetness.

2.6 XRD analysis of the structure and phase composition

In this experiment, Ultima IV X-ray diffractometer (Rigaku Co. Japan) was used to
analyze the phase composition of the sample and Cold Sprayed coatings . Before the test,
first polish one side of the sample smoothly with different types of sandpaper, and then
ultrasonically clean the sample with acetone and absolute ethanol.

During the test, in monochromatic Cu-Ko radiation, the operating voltage and
current were 30 kV and 20 mA, respectively. The monochromator is a single crystal of
graphite in the path of the diffracted beam. The diffraction pattern was obtained by

scanning step by step at 20 (20° — 120°). The scanning angle was 0.04°, and the angular
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velocity of the goniometer was 2° / min. The X-ray diffraction data was processed using
Powder Cell 2.4 software to perform full profile analysis of X-ray spectra. The lattice
parameters of the solid solution were calculated by linear extrapolation according to the
position of the center of gravity of the diffraction pattern. The crystallite size
(coherent-scattering region) in the milled powders as well as after consolidation by CS
process has been calculated from the XRD peak broadening using peak profile analysis

after eliminating the instrumental and strain contributions.

2.7 Microstructural characterization

A scanning electron microscope (SEM) was used to examine the microstructure of
the feedstock material powder and cold spray coating.
Analysis of chemical element composition was carried out by energy dispersive

spectrometer (EDS).

2.8 Vickers microhardness measurements

The Vickers microhardness tester PMT-3 was used to measure Vickers
microhardness measurements on the cross-section of the coating in accordance with
standard procedures. Due to the unevenness of the material structure, in order to ensure
the accuracy of the test data, 5 points on each sample are selected for testing to obtain the
average value as the final result.

Experimental parameters: the applied load pressure is 50 g, and the load holding
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time is 10 s. The calculation of hardness is shown in formula (2.1):

2P sin(E)
HV — = 2 ’ (21)

where P is the applied pressure load which unit is g; a is the angle between the
opposite sides of the diamond indenter, which is 136°; d is the average value of the
diagonal of the indentation which unit is um.

The standard deviation of the random error of the hardness measurement results is

determined by the formula:

ia:\/zn:(HVC—HVn) 22

where +c is the standard deviation of the random error of the hardness
measurement results;

HV. — is the arithmetic mean value of the hardness numbers obtained in the "n"
measurements;

HV, — hardness number obtained in a concrete measurement;

n — is the number of measurements.
2.9 Experimental program and experimental procedure

In order to ensure that the experimental work is carried out in a planned and orderly

manner, the following experimental procedures have been developed.
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Omuobka! Ucrounuk cchlIku He HaligeH. IS the technical procedure for this

experiment. It is mainly divided into six parts:

the AINiCoFeCr high-entropy alloy powder was prepared by ball milling;

the structure of AINiCoFeCr HEA was analyzed;

the AINiCoFeCr HEA — TiB, mixture was prepared by ball milling;

the structure of AINiCoFeCr HEA — TiB, mixture was analyzed,;

the AINiCoFeCr HEA — TiB, coating was prepared by cold spray technology;

the structure and properties of AINiCoFeCr HEA — TiB, coating was analyzed.
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3  RESULTS AND DISCUSSION

3.1 Structure and phase composition of AINiCoFeCr HEA powder resulted

from mechanical alloying

The powder of the elements Al. Ni. Co. Fe and Cr were ball milled together
through the planetary mill in the gasoline. Powder samples were taken out at different
stages of ball milling and enter into characterization. The Figure 3.1 shows the X-ray

diffraction spectra of the equiatomic mixture of powders of the AINiCoFeCr HEA at

different stages of mechanical alloying .
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a — mixture of starting powders, 0 hour; b — 1 hour; ¢ — 2 hours; d — 3 hours;
e — 5 hours; f— 8 hours

Figure 3.1 — X-ray diffraction spectra of the equiatomic mixture of powders of the

Al-Ni-Co-Fe-Cr system at different stages of mechanical alloying
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It can be seen from Figure 3.1 that at the initial stage of ball milling (0 h), the
diffraction peaks corresponding to the alloy constituent elements (Fe, Ni, Co, Cr, and Al)
can be clearly found on the XRD pattern of the initial powder mixture. The X-ray
diffraction spectra show that the alloy elements of Co and Al have strong blurring and low
intensity after 1 hour of grinding the mixture of initial powders (Figure 3.1, b), and after
2h of ball milling, the diffraction peak intensity of each element decreases sharply. Their
diffraction maxima are very complex after 2 hours of MA (Figure 3.1, ), the diffraction
peaks corresponding to the Al element basically disappeared, and the intensity of the
diffraction peaks of the Ni, Fe and Cr elements continued to decrease. There is a system
of lines corresponding to disordered BCC and FCC solid solutions of substitution based
on Fe-Cr in the diffraction spectrum, which have a BCC lattice and unlimited mutual
solubility and Ni-Co. This indicates the beginning of the alloying process, which occurs
during the grinding of grains / crystallites of elementary components to nanoscale 62, 63.

When equiatomic AINiCoFeCr powder mixture processed to 3 hours by MA
( Figure 3.1, d), the maximum diffraction intensity of Fe-Cr and Ni-Co is significant
decrease, and the diffraction peaks width is increased, which indicates a significant
decrease in the crystallite size and an increase in the magnitude of microstresses due to
severe plastic deformation in the process of mechanical alloying, as well as the crystal
lattice distortion through the mutual dissolution of atoms of components with different
atomic radii 63.

When equiatomic AINiCoFeCr powder mixture processed to 5 hours and 8 hours
by MA ( Figure 3.1, e, f ), almost all the maximum diffraction of the FCC solid solution

(a-phase) disappear and clearly seen diffraction maximum was remained at diffraction
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angles in the diffraction X-ray spectrum. The diffraction pattern exhibits 5 peaks at
different angles, corresponding to - phase — (110) B, (200) B; (211) B; (220) B; (310)p,
respectively. There are a set of lines of 3-phase noticeable intensity can be seen in XRD
spectra e and f. As for the FCC phase, there are barely noticeable very blurred lines of this
phase. Therefore, this indicates the formation of a nanostructure in the BCC and FCC
solid solutions, rather than amorphization. WC contamination was observed after 5 hours
of milling and increased thereafter. During 8 hours of MA, the formation of an amorphous
phase (partial amorphization of the solid solution) is observed, the diffraction intensity is
decreased, but the diffraction peak width is increased, which indicates that severe plastic
deformation or the long-range order of atoms in the alloy will be destroyed in the
mechanical alloying process.

Yeh et al. 64 prepared Al,FeNiCoCr (x=0~1.8) high-entropy alloys with different
aluminum content by vacuum arc melting, and studied the change trend of the phase
composition: when the Al content is 0~0.3, the alloy is a single-phase FCC solid solution;
when the aluminum content is 0.5-0.7, the alloy has a dual-phase structure of FCC+BCC,;
when the Al content is 0.9-1.2, the alloy has a single-phase BCC structure below 873 K,
and above 873 K is a FCC+BCC structure; when the content of Al is 1.5~1.8, it has a
single-phase BCC structure.

A detailed study of the phase composition and microstructure of the as-cast
AlFeNiCoCr high-entropy alloy showed that the BCC phase of HEA was composed of
disordered BCC (A2) Fe-Cr rich phase and ordered BCC (B2) Al-Ni rich phase with
almost equal lattice parameters. Moreover, there are traces of Ni-rich and Fe-rich phases

and composition fluctuations on the atomic scale 65, 66.
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Fu Zhigiang et al. 67 used ball milling to obtain FeNiCrCog3Aly; high-entropy
alloy powder for 45 hours, and then solidified the alloy powder at 1000 °C with a spark
plasma sintering . The results showed that after 30 hours of ball milling, the high-entropy
alloy powder was completely alloyed to form a solid solution with a single-phase BCC
structure. During the sintering process, part of the metastable BCC phase was
transformed into FCC phase, and the alloy block obtained by sintering has a dual-phase
(FCC+BCC) structure. FeNiCrCoqsAly 7 alloy showed excellent mechanical properties,
with its compressive yield strength reaching 2.03 GPa, compressive fracture strength of
2.64 GPa, fracture strain of 8.12 %, and hardness of 624 HV.

The AINiCoFeCr HEA finally formed of BCC and FCC solid solution phases
during the process of mechanical alloying. Our results indicate that AINiCoFeCr HEA
was finally formed from the BCC and FCC solid solution phases during mechanical
alloying.

As calculated before, the valence electron concentration (VEC) of AINiCoFeCr
HEA is 7.2. It is known that if this parameter is in the range of values of 6.87 <VEC <8,
then there is the formation of solid solutions with BCC and FCC crystal structures 21,
which we observe in the spectra of X-ray diffraction (see Figure 3.1).

It can be seen from table 2.2 that the mixing enthalpy of Fe, Co, Cr, and Ni is
negative and close to 0, indicating that these elements are prone to solid solution during
the alloying process. However, Al and Ni have a relatively negative mixing enthalpy,
which is easy to combine into intermetallic compounds. Taking into account the atomic
radius of each element and the mixing enthalpy of the atom, in the AINiCoFeCr

high-entropy alloy, the Al element has a greater influence on the formation of the BCC
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phase or FCC phase in the alloy. In summary, it is inferred that the alloying order of the
elements in the AINiCoFeCr high-entropy alloy is Al—Co—Ni—Fe—Cr, which is
consistent with the results of Chen et al 68 . The alloying rate of the elements and the
melting point of the metal is negatively correlated in the high-entropy alloy, that is, the
lower the melting point, the faster the alloying. Because the low melting point element
has a higher intrinsic diffusion coefficient, it will dissolve into the new crystal structure
faster. In addition, when the melting point of the elements are close each other, such as
Co and Ni, their alloying rate is determined by their plasticity, that is, the element Co
with poor plasticity is more easily broken during the ball milling process than the
element Ni with better plasticity, which is conducive to alloying .

Morphology and microstructure of the equiatomic AINiCoFeCr HEA powder are

shown in Figure 3.3 (a-h).

20.00kV _ x500 20.00kV  x2.50k

a b

a, b —1 hour; ¢, d -2 hours; e, f— 3 hours; g, h — 5 hours
Figure 3.2, sheet 1 — SEM images of equiatomic AINiCoFeCr HEA alloy powder at

different stages of mechanical alloying
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Figure 3.3, sheet 2 — SEM images of equiatomic AINiCoFeCr HEA alloy powder at

different stages of mechanical alloying
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When the initial powders of the equiatomic AINiCoFeCr HEA was mixed and
reacted in a planetary ball mill for 1 hour, the alloy solid solution is not formed, and the
alloy powder has only significant plastic deformation, corresponding to the reduction of
diffraction intensity ( Figure 3.1 b). SEM images of equiatomic AINiCoFeCr HEA alloy
powder of the microstructure ( Figure 3.3 a, 3.2 b) are fully consistent with the X-ray
diffraction spectra ( Figure 3.1, b).

When the powders of the equiatomic AINiCoFeCr HEA was mixed and reacted in a
planetary ball mill for 2 hours, the AINiCoFeCr powder mixture ( Figure 3.3, c, d) still
have a layered structure, however, the lamella thickness becomes much smaller, and the
structure is more homogeneous. In the X-ray diffraction spectrum (Figure 3.1, c), the
reduction of the maximum diffraction intensity and the increase of their blur
phenomenon are obvious, which indicates that the size of the grains/crystallites is
reduced, which in turn leads to the diffusion process enhancement between the
components. At this stage, it was observed that solid solutions with FCC and BCC
crystal structures based on Ni (a-phase) and Cr and Fe (B-phase) began to form.

When the initial powders of the equiatomic AINiCoFeCr HEA was mixed and
reacted in a planetary ball mill for 3 hours, the microstructure of the AINiCoFeCr HEA
powder becomes homogeneous ( Figure 3.3 e, 3.2 f); when the powders of the equiatomic
AINiCoFeCr HEA was mixed and reacted in a planetary ball mill for 5 hours, the
microstructure of the AINiCoFeCr HEA powder becomes more homogeneous ( Figure
3.3 ¢, 3.2 h). In addition, in the microstructure clearly detected particles of WC carbide,
which is also observed in the X-ray diffraction spectrum ( Figure 3.1 e, 3.1 f), it shows

that the alloy is contaminated by the cemented carbide WC from the vial and milling
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balls during the long time ball milling process. The microstructure analysis results of
structure and phase composition formation stages of the equiatomic AINiCoFeCr HEA
alloy are completely consistent with the X-ray diffraction data.

Analysis of chemical element composition of equiatomic AINiCoFeCr HEA alloy

powder at different stages of mechanical alloying was carried out by energy dispersive

‘WD=16.2mm 20.00kV x1.00k

a-c — 1 hour.; d-e — 2 hours.; f-h — 3 hours.; i-k — 5 hours
Figure 3.5 is SEM images of equiatomic AINiCoFeCr HEA powder at different

stages of mechanical alloying, and designation the analysis area.

20.00kV_ x2.50k




7

20.00kV__ >

d e

WD=16.1mm 20.00kV x2.50k

a-c—1hour;d-e—2hours; f-h—23hours;i-k-5hours
Figure 3.4, sheet 1 — SEM images of equiatomic AINiCoFeCr HEA alloy powder

at different stages of mechanical alloying, and designation the analysis area
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a-c — 1 hour.; d-e — 2 hours.; f-h — 3 hours.; i-k — 5 hours
Figure 3.5, sheet 2 — SEM images of equiatomic AINiCoFeCr HEA alloy powder

at different stages of mechanical alloying, and designation the analysis area

It can be seen from figure 3.3 that the microstructure morphology of HEA is
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composed of large irregularly shaped areas and small elliptical areas. The table 3.1 is the
EDS analysis result of the designated areas 1-21 in the SEM images of the equiatomic
AINiICoFeCr high-entropy alloy. It can be seen from table 3.1 that regions 3, 4, 5, 8, and
10 have Cr content higher than the nominal composition, which means that Cr is
segregated. The reason for the formation of this Cr-rich phase is that the element Cr has
the highest melting point among the various components of HEA (Fe, Ni, Co, Cr), its
self-diffusion coefficient is the lowest, and the alloying rate is the slowest. A small part
of the Cr element is not fully diffused and solid-dissolved into the new phase during the

process of mechanical alloying.

Table 3.1 — Chemical composition of the AINiCoFeCr HEA at different stages of

mechanical alloying

) Elements, at. %
Time
Designation impu-
(MA) Al Ni Co Fe Cr o | w o
rities*
/hour ]
Nominal |20,00 /20,00 |20,00 20,00 [20,00 |- - -
1(General) |18,30(12,34 4,16 |5,18 |17,95(19,10(0,65 |- 6,75
2 2,62 |83,21(4,71 (3,91 (1,72 [3,83 |- 35,78
3 4,12 (1,45 (2,03 (3,90 87,8 |- 0,71 38,00
1
4 — — — 0,25 (98,88 |- 0,86 69,74
5 6,25 (12,36 /11,69 (4,12 (65,59 |- — 25,73
6 495 (6,27 |7,72 |70,69(2,77 |6,66 |0,94 |- 29,24
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7(General) (22,31(13,39 14,80 (22,82 (9,43 |17,25 |- 5,84
8 6,76 (3,37 |8,28 |3,92 |76,93 |- 0,73 31,97
i 9 8,27 |68,346,21 |4,38 (537 [6,55 |0,88 27,89
10 1,03 |1,66 |1,01 |1,22 |94,05 |- 1,04 41,51
11(General) 14,67 |14,27 16,79 (13,33 |28,15|12,80 |- - 6,12
12 16,15(3,82 (6,17 |12,59|12,13 18,35 29,42 |22,01 |5,04
’ 13 16,85 (11,88 |16,54 |27,76 /116,18 |9,76 (1,02 |- 5,90
14 528 |7,64 (7,02 |7,48 |7,32 |27,32 |- 37,94 10,96
Continuation of table 3.1
Time Elements, at. %
Designation impu-r
(MA) AlL| Ni | Co | Fe| Crl O | _|W|o
fhour | Nominal  20,00/20,00 20,00 2000|2000 ~ | - | -
15 17,31|16,37 20,68 | 24,03 |15,66 |55,95| - - 133,50
’ 16 15,92 124,31 (21,21 |24,12|9,26 | 518 | — - 16,40
17 (general) |17,98 15,99 (18,14 /120,02 |15,06 |12,81| - - 11,95
18 18,85 (15,63 17,56 |22,30 119,82 | 4,61 | 1,24 | — |2,49
5 19 15,96 (2,45 |3,79 |15,4 |1583| - |[31,24]|2,63 6,93
20 18,77(20,99 17,04 116,52 |12561| - | 1,07 | — |3,69
21 17,43 |17,97|17,79|179 |23,31|4,63 [0,96 | — (2,49

* Impurities obtained both from the original powders and in the process of MA: Si,

S, Mo,Nb.
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According to the EDS results, it can be seen that there are fluctuations in
composition in some designated areas, and segregation of different elements occurs. In
fact, compared with other principal elements, the atomic radius of Al is much larger, and
the lattice distortion caused by solid solution is larger, which is not conducive to its
diffusion between atoms. In the AINiCoFeCr high-entropy alloy, Al and Ni have the
most negative atom pair mixing enthalpy (-22 kJ-mol™), which means that Ni atoms
tend to occupy the positions of Al atoms, and the two are easy to combine. At the same
time, there is also a relatively negative mixing enthalpy between Co and Al elements,
the mixing enthalpy is —19 kJ-mol™, and the mixing enthalpy between Co and Ni
elements with similar atomic sizes is 0 kJ-mol™, which makes it easy for Co and Ni to
form a solid solution. The atomic size difference between Fe, Cr and Co elements is
very small, the mixing enthalpy of Fe-Cr is —1 kJ-mol™, the mixing enthalpy of Fe-Co is
—1 kJ-mol™, the mixing enthalpy of Co-Cr is —4 kJ-mol™ and the enthalpy of mixing
between them is very close to 0 kJ-mol™, which is conducive to the formation of solid
solution, thus, the solid solution phase rich Fe-Ni-Co to form in AINiCoFeCr
high-entropy alloy. Therefore, in the two phases formed by the AINiCoFeCr
high-entropy alloy, one phase usually is the Al-Cr-rich BCC structure, and the other
phase is the Fe-Ni-Co-rich FCC structure.

From the standard deviation value in table 3.1, it can be seen that the standard
deviation of the mechanical alloying for 3 hours is reduced from 6.75% to 6.12%
compared with that of the mechanical alloying for 1 hour. The local standard deviation

decreased from 35.73 % — 38 % to 3.5 % — 6.4 %.
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3.2 Characterization of feedstock AINiCoFeCr HEA-TIiB, powder for cold

spraying coating

The mechanical alloyed HEA powder and the TiB, powder were ball milled

together through the planetary mill in the alcohol. The content of the HEA powders was

70 wt. % and the TiB, content was 30 wt. %.

The Figure 3.6 shows the X-ray diffraction spectra of AINiCoFeCr HEA — TiB,

powder mixture at different stages of mechanical milling.
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a — the initial mixture of powders, 0 hour; b — 0.5 hour; ¢ — 1 hour; d — 1.5 hours;
e — 2 hours
Figure 3.6 — X-ray diffraction spectra of a mixture of AINiCoFeCr — 30 wt.% TiB,

powders with different mixing time
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It can be seen from figure 3.4 that at the initial stage of ball milling (0 h), the
diffraction peaks are main 3 phases in the HEA — TiB, composite materials: (i) the FCC
solid solution (a-phase), (ii) the BCC solid solution (B-phase), (iii) TiB,. After 0.5 hour of
ball milling, the diffraction peak intensity of TiB, decreased, which may be due to the
smaller particle size of TiB, powder after ball milling and the increase of lattice strain,
resulting in decreased diffraction intensity of each crystal plane. At the same time, a small
amount of WC and W,C were detected, which indicates that the alloy was contaminated
by cemented carbide balls during the ball milling process. After 1 hour of ball milling, the
intensity of diffraction peaks decreased. After the alloy powders continues to be ball
milling for 1.5 hours, the diffraction peaks can be seen to broaden, which indicates that
the grains are further refined. At the same time, the grain refinement process is
accompanied by strong lattice strain, which is mainly due to the process of mixing, the
phase composition does not change, the formation of the alloy has already occurred in the
process of MA and the initial elements have already been dissolved, the increase in the
volume fraction of the grain boundary caused by the grain refinement. As well, it also
leads to strong deformation caused by cold welding and crushing during the ball milling
process due to the grain refinement. After the alloy powder is ball milled for 2 hours, the
intensity of the diffraction lines of BCC and FCC solid solutions as well as titanium
diboride lines intensity decreases and they become even more broadened.

Morphology and microstructure of the AINiCoFeCr HEA + 30 wt. % TiB, powder

mixture are shown in Figure 3.8 (a-h).
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a,b—0,5hour.;c,d—1hour.; e, f-1,5 hours.; g, h—2 hours
Figure 3.7, sheet 1—- SEM images of a mixture of powders AINiCoFeCr HEA + 30

wt. % TiB, after different mixing times in a planetary mill
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a, b —0,5hour; c,d -1 hour; e, f-1,5 hours; g, h— 2 hours
Figure 3.8, sheet 2 — SEM images of a mixture of powders AINiCoFeCr HEA + 30

wt. % TiB, after different mixing times in a planetary mill

As above figures of a mixture of AINiCoFeCr HEA + 30 wt. % TiB, powders
different mixing times shown, it can be concluded that HEA-TiB, composite powder
particles have an irregular, nearly look likes lamellar shape after 30 minutes the process
of mechanical alloying, the microstructure morphology of the high-entropy alloy
composite material is composed of large irregularly shaped areas and small elliptical
areas, nano-level protrusions are evenly dispersed between the large areas and small
and the shape of the particles does not change with the increase of the mixing time. As
process of mechanical alloying time increases, the grains gradually become finer. After
0.5 h of ball milling, the powder particles have different shapes and sizes below 40 u m;
continuing the ball milling, it was found that both the powder was broken into smaller
particles, and some were reunited and welded together to form larger particles, with
uneven size distribution and different shapes. The a— 0,5 hour; b — 1 hour; ¢ —1,5 hour;

d — 2 hours
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Figure 3.10 is SEM image of AINiCoFeCr HEA + 30 wt. % TiB, powders mixture

after different milling times in a planetary mill, and designation the areas of analysis.
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Figure 3.9, sheet 1 — SEM images (designating the areas of analysis ) of a mixture
of powders AINiCoFeCr HEA + 30 wt. % TiB, after different mixing times
in a planetary mill
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Figure 3.10, sheet 2 — SEM images (designating the areas of analysis ) of a
mixture of powders AINiCoFeCr HEA + 30 wt. % TiB, after different mixing times

in a planetary mill
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At the same time, the analysis of EDS results shows that elemental carbon and
elemental tungsten are detected, because the process of mechanical alloying is carried out
by grinding the carbonized object.

Table 3.2 is the EDS analysis results of the designated areas 1-9 in the SEM images
of the AINiCoFeCr HEA + 30 wt. % TiB, powders.

According to the results of EDS analysis, designated areas 1, 3, 6, 7 have higher
Ti content. On particles larger than 6 um, the Ti content ranges from 1.58 wt. % to 5.68
wt. %, however, on more dispersed particles, the content of Ti is in the range from 34.27
wt. % to 79.36 wt. %.

There are small concentrations of W in the general analysis after 0.5 hours ball
milling, and on particles larger than 10 um, the W content ranges from 1.24 = 0.02
wt. % after 0.5 hour ball milling to 2.92 = 0.07 wt.% .

At the same time, the analysis of EDS results shows that elemental carbon and
elemental tungsten are detected, because the process of mechanical alloying is carried out
by grinding the carbonized object.

Table 3.2 — Chemical composition of a mixture of powders AINiCoFeCr + 30 wt. %

TiB, after different mixing times in a planetary mill

Time Elements, wt. %
Designation
/hour Al | Ni | Co| Fe | Cr | Ti B C 0) W

1 0,7511,59 1,14 |2,05|1,82 |74,06/13,55| 1,26 | 3,77 | -

0,5
2 4,17114,49/12,46| 13,1 |11,26| 5,68 [26,78/ 9,46 | 2,59 | -
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General |3,42|11,25(11,51|11,51|10,73|23,62|26,73| - - 11,24

3 041 12 |12 1,57 1,27 |43,06/43,34| 66 | 1,35 | -

1 4 8,52(17,36|16,49/17,75|17,37| 1,58 {10,79| 8,09 | 2,05 | -
General |6,75|17,6 (17,13|17,54|16,36| 219 | - - - 12,72
5 6,87 (18,13|19,65|14,93|11,96| 2,74 {10,66| 4,17 | 2,53 | 8,36

1,5 6 0,66/1,35|1,18| 2,3 |1,35|79,34/8,58 | 1,66 | 3,57 | -
General |6,95|15,22(15,66|16,34|14,72|27,94| - - - 3,15

7 1,27 2,74 | 3,27 | 3,48 | 2,88 (39,27|34,98/ 8,32 | 3,79 | -

8 1,1 12,52|2,73161,26| 2,5 | 1,98 |13,44{12,38| 1,98 | -

i 9 6,22 [15,79/15,39/19,78/10,86| 1,41 | 8,02 |15,13| 1,85 | -
General |6,01|15,24|16,15/16,52|14,47|22,24| - - 16,451(2,92

Therefore, elemental carbon and elemental tungsten will appear in the mixture.

These two impurities come from HEA powder and during the process of ball milling. In

addition, oxygen was detected in the powder mixture on the TiB, and HEA particles due

to the fact that the process of ball milling was carried out without a protective atmosphere

and an alcohol medium.

3.3

coatings

The Figure 3.11 (a) shows the X-ray diffraction spectra of AINiCoFeCr HEA —

Characterization of AINiCoFeCr HEA — TiB, cold sprayed composite

TiB, of feedstock powder mixture, the Figure 3.11 (b) shows the X-ray diffraction
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spectra of AINiCoFeCr HEA — TiB, cold sprayed composite coating.
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a — the initial AINiCoFeCr—TiB, mixture of powders; b — AINiCoFeCr—TiB, coating
Figure 3.11 — XRD spectra of the initial mixture and HEA —TiB, coatings obtained by

cold spraying at a pressure and temperature of 0.85 MPa and 300 °C, respectively

According to the XRD spectra ( Figure 3.11 a), it can be concluded that the initial
AINiICoFeCr-TiB, mixture of powders mainly includes 3 phases: (i) the FCC solid
solution, a-phase, (ii) the BCC solid solution, - phase, (iii) TiB, which did not form
other complex phases. Comparison of XRD spectra on Figure 3.11 (a) and Figure 3.11 (b)
shows that the same phases are present in the X-ray diffraction patterns of the feedstock
AINiCoFeCr — TiB, powder mixture and AINiCoFeCr — TiB, coatings obtained by cold
gas-dynamic spraying, i.e. the phase composition of the powder after spraying does not

change and remains the same as it was before spraying. Due to the low temperature of
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the cold spraying process, the coatings do not undergo phase transformations and
oxidation, which helps to preserve the phase composition and structural state in the same
way as in the initial mixture before spraying. It should be noted that the intensity of
diffraction maxima of BCC and FCC solid solutions of AINiCoFeCr HEA and TiB,
decreases, and their profiles broaden (Figure 3.11, b), compared with the lines of these
phases for the initial AINiCoFeCr—TiB, powders mixture (Figure 3.11, a), which
indicates that the microstresses increases in the coating due to the severe plastic
deformation, which occurs during the formation of the coating at the supersonic flow rate
of the air-powder mixture in the spraying process at low temperature.

Morphology and microstructure of the AINiCoFeCr HEA cold sprayed coating are
shown in Figure 3.13 (a) and 3.8 (b). Microstructural analysis of AINiCoFeCr coatings
(Figure 3.13 (a) and 3.8 (b)) showed that the obtained coating layer is about 20-30 um at a
pressure and temperature of compressed air of about 0.85 MPa and 300 °C, respectively,
while the coating itself has a layered structure. It should be noted that the surface of the
coating is similar to the surface of the substrate treated with silicon carbide particles
before spraying. It is necessary to pay attention to the surface between the coating and the
substrate (Figure 3.13 a and 3.8 b), the greater continuity of which indicates easier
formation of adhesion between the soft phase (steel substrate) and the harder phase
(high-entropy alloy), it is easier to form a strong adhesion between phases of different

hardness.



c d

a, b — AINiCoFeCr high-entropy coatings; c-f — AINiCoFeCr-TiB, composite
coating
Figure 3.12, sheet 1 — Microstructure (optical micrographs) of AINiCoFeCr and
AINiCoFeCr - TiB, coatings obtained by cold gas-dynamic spraying at a pressure and

temperature of compressed air flow of about 0.85 MPa and 300 °C, respectively
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a, b — AINiCoFeCr high-entropy coatings; c, f — AINiCoFeCr-TiB, composite
coating
Figure 3.13, sheet 2 — Microstructure (optical micrographs) of AINiCoFeCr and
AINiICoFeCr - TiB, coatings obtained by cold gas-dynamic spraying at a pressure and

temperature of compressed air flow of about 0.85 MPa and 300 °C, respectively

Morphology and microstructure of the AINiCoFeCr HEA-TIB, cold sprayed
composite coatings are shown in Figure 3.13 (c - f). It can be concluded that the
thickness of the obtained composite coatings is from 80 um to 100 um. The coating itself
has a fairly homogeneous structure and consists of darker and lighter phases. The coating
has virtually no delamination, and its surface is much smoother than that of the
AINiCoFeCr high-entropy coating (see Figure 3.13, a, b), which indicates at least the
achievement of "critical speed" of powder particles and the transition to material spraying.
Minor stratifications are observed only near the boundary of the “substrate - coating"
section, where there are small clusters of both darker and lighter phases. This indicates

that some particles, especially larger particles, arrive at the surface earlier and there is a
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slight delamination. However, in the places of these strata, particles of the lighter phase
are clearly observed, which act as a kind of "bridge" between the two layers, connecting
them and creating a strong contact. Thus, the use of a mixture of powders with
significantly different hardness values leads to the fact that one of the phases acts as a

binder and contributes to the formation of the coating 69.
3.4 Microhardness of the HEA -TiB, cold spraying coatings

Hardness is a comprehensive index, which can reflect the relationship between
material strength and plasticity. Figure 3.14 shows the microhardness profile along the
cross section of AINiCoFeCr—TiB, coatings. Since the indentation topography shows a
complete and clear rhombus, the error in the measurement process is small, and the result

Is relatively accurate and reliable. The calculation of hardness is shown in formula (2.1).
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Figure 3.14 — Microhardness profile along the cross section of AINiCoFeCr - TiB,
coatings obtained by cold gas-dynamic spraying at a pressure and temperature of

compressed air flow of about 0.85 MPa and 300 °C, respectively
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The variable in the formula is the average value of the indentation diagonal, and the
average value is inversely proportional to the hardness. Therefore, the larger the value of
the indented sample diagonal, the worse the alloy's ability to resist deformation. The
sample has an average hardness of 665 HV.

In the process of ball milling, high-entropy alloy composites often produce solid
solution strengthening, second phase strengthening, precipitation strengthening and other
strengthening mechanisms, which make the alloy exhibit higher strength and hardness.
Wang et al. 64 prepared Al,FeNiCoCr series high-entropy alloys by casting method, of
which AlggFe NiCoCr has the highest hardness, which is 527 HV.

According to the formula (2.2), the standard deviation of the random error of the

hardness measurement is calculated as followed:

— 2
to = B0 g

It can be seen from the Figure 3.14 that compared with the cast Al,FeNiCoCr
high-entropy alloy, the high-entropy alloy composite coating has higher hardness. This
may be due to the very small grains of the HEA-TIB, composite prepared by the
mechanical alloying. According to Hall-Petch effect, it can be seen that small crystal
grains are beneficial to increase the strength. At the same time, the dislocation movement
Is hindered by the high volume fraction of grain boundaries in the fine grains. The
deformation of the alloy is mainly through the distortion or sliding of the grain boundaries,
which requires higher energy, so it has higher strength and hardness, and relatively poor

plasticity.
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4  OCCUPATIONAL HEALTH AND SAFETY IN EMERGENCIES

The purpose of this study is to prepare HEA—ceramic composite coatings by
cold-spraying and to investigate the structure and phase composition.

Firstly, we prepared AINiCoFeCr and AINiCoFeCr-TiB, alloy powders by
mechanical alloying technology, and then prepared high-entropy alloy composite
coatings by cold spraying technology.

Mechanical alloying refers to a certain proportion of metal or alloy powder in the
ball mill through repeated impacts and collisions between the powder and the grinding
ball for a long time.

Cold spraying technology (also known as cold gas dynamic spraying), also known
as cold gas dynamic spraying, is a new type of spraying technology that has been rapidly
developed in recent years. It uses compressed gas (nitrogen, helium, air, etc.) as an
accelerating gas flow to drive solid powder particles (particle size 1-50 um) collide with
the substrate at low temperature (room temperature to 600 °C) and supersonic speed
(300~1200 m/s), causing the particles to undergo strong plastic deformation and deposit
to form a coating.

In the process of using mechanical alloying and cold spray technology, the process
will produce metal dust and noise that are unsafe for experimenters. This chapter will

analyze the unsafe factors of the experimental process and propose solutions.
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4.1  Analysis of harmful and dangerous production factors (HDPF)

According to their origin and nature of action on the human body HDPF divided
into physical, chemical, psychophysiological, biological and social 70.

The physical factors include that create a risk of mechanical injury, burns, frostbite;
vibroacoustic factors (noise, vibration, ultrasound and infrasound); electric (static
electricity, high voltage levels, circuit closure through the human body); ionizing,
electromagnetic, ultraviolet (UV) and infrared (IR) radiation; light (insufficient lighting,
increased brightness, etc.); dust of fibrogenic action (insoluble in biological fluids, such
as SiO, particles.

Chemical factors include harmful chemicals in any physical state that can enter the
body and dissolve in biological fluids.

Psychophysiological factors include: physical overload (static and dynamic) and
neuropsychological (mental and emotional, monotony of work, emotional overload).

In the course of this experiment, biological factors actually do not exist.

Social HDPF is poor organization of work, overtime work, bad relations between
team members, social isolation with separation from the family, change of biorhythms,
dissatisfaction with work, etc.

As a rule, the processes of gas-dynamic spraying and other materials processing
processes are accompanied by a number of harmful and dangerous production
consequences.

Harmful production factors include: increased dust and air pollution of the working

area; ultraviolet, visible and infrared radiation; electromagnetic fields; ionizing radiation;
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noise; ultrasound; vibration; static load on the human body.

When using various thermal technologies of materials processing (for example,
gas-dynamic spraying, etc.) harmful substances (dust, aerosols) containing compounds of
various metals can get into the breathing zone of workers. manganese, chromium, nickel,
copper, titanium, aluminum, iron, tungsten, etc.), as well as toxic gases (carbon monoxide,
nitrogen oxides, ozone, hydrogen fluoride, silicon tetrafluoride, etc.) The amount,
composition and toxicity of these substances depend on the type of technological process
and chemical composition of materials used in this process.The concentration of these
substances in the air of the working area can exceed the MAC (Maximum Allowable
Concentration) by tens of times.

There is a danger of ionizing radiation of workers during the operation of
electron-beam installations, gamma and X-ray irradiation of metal products, the use of
toned tungsten electrodes.

Sources of increased noise are plasma trons, pneumatic actuators, generators,
vacuum pumps, etc., and ultrasound - ultrasonic generators, working equipment.

When using manual labor with the use of special devices and tools, there is a static
load on the hands, which can cause diseases of the neuro muscular system of the shoulder
girdle.

Dangerous production factors include: exposure to electric current, sparks and
splashes, emissions of molten metal and slag; the possibility of explosion of cylinders and
systems under pressure; moving mechanisms and products.

The cause of electric shock can be contact with exposed live parts, which are under

voltage: to de-energized live parts, where voltage occurs accidentally; to non-conducting
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parts that were energized due to insulation defects; impression of electric arc and step
voltage.

The use of open electric arcs, gas flames, plasma jets, sparks, splashes and
emissions of molten metal and slag not only create the possibility of burns, but also
increase the risk of fire. The latter can occur during the use of flammable gases and
oxygen, the operation of vessels operating at pressures greater than atmospheric.

When performing work at height and in the absence of appropriate protective
equipment, workers may fall. Machines, moving mechanisms, products, due to the lack of
protective devices can injure workers.

Characteristics of hazardous and harmful production factors in the use of

gas-dynamic spraying are given in Ommoxka! UcTOYHHK CCHLIKH He Hal/IeH..

Table 4.1 - Dangerous and harmful production factors gas-dynamic spraying

process
Harmful production factors Dangerous production factors
Types of Radiation _ In
Hazardous [the  optical = o
(@] [%2] — [<B]
processes range S| B | El 2 | § 8|5 o
substances S| o s| £ &8 g 8| 8 3
s = o Bg 3% & 5 5 ¢
o = o 172) —
S o B g g £ ol 2 2| £ [ s 2 g =
S 35 8 8 g ¥ 2 g =385 |6 3|2 g
s B & @ & g 9 £ 8| 2| 8 e o &g B
Dl S| Sl wl =2 8 Z DO Hhl wlown = &£ 5
Gas-
X X X
dynamic XX X |x |- |- |- X |X X X XX
X X X
spraying

Notes: xx — intense factor; x — moderate factor; (-) — insignificant factor or its absence
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4.2  Engineering solutions to ensure occupational safety

4.2.1 Requirements for technological processes

When choosing the technology of the process of processing metals and materials,
preference should be given to the process that will provide better working conditions. It is
necessary to use those types and brands of materials which at application of these
processes will provide the minimum release in air of harmful substances. It is not allowed
to use materials that have not passed the hygienic assessment in the prescribed manner.

When creating technological processes of materials processing it is necessary to
provide the maximum possible mechanization and automation of processes and its
separate elements.

Production equipment used in technological processes must meet the general
requirements of the state regulatory act on labor protection /JTHAOIT 0.00-1.21-98 74,

The processes of applying metal coatings should be performed in accordance with
the legal act on labor protection HITAOII 28.0-1.37-14 75.

The obligatory stage of design of technological processes is the development of
appropriate means and measures of collective protection against the influence of harmful
and dangerous production factors characteristic of this process. One of such measures is
the use of local exhaust ventilation devices with purification systems for removed air
from aerosols and gases in accordance with the requirements of JI6H B.2.5-67:2013 76.
Mechanized production equipment must have built-in air intake devices to capture
aerosols and gases. It should be borne in mind that the use of technological processes that
are accompanied by the release of harmful substances into the air, with inactive local

exhaust ventilation is not allowed.
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Gas-dynamic spraying, as well as other thermal processes of processing metals,
materials and products of medium and small sizes in stationary conditions should be
performed in specially equipped cabins. The cab must have an open top and be made of
non-combustible materials. There must be a gap between the wall and the floor of the cab,
the height of which is determined by the type of technology. The cabin area must be
sufficient to accommodate production equipment, a table, a local exhaust ventilation
device, the work piece and the tool.

Operation of cylinders, containers with compressed and liquefied gas, ramps,
should be carried out in accordance with the norms of JTHAOII 0.00-1.07-94 77. "Rules
for the design and safe operation of pressure vessels."

Cylinders with compressed gases should be placed at a distance of not less than 5 m
from the welding torch and 1 m - from the heaters. If there are screens on the heaters that
protect the cylinders from heating, the distance from the cylinder to the screen must be at
least 0.1 m.

When spraying large parts to reduce noise and ultrasound should be used
soundproof covers, not firmly attached to the equipment.

If under the conditions of the technological process, it is not possible to use
sound-insulating casings on the installations, the operators must be located in
sound-insulated cabins with windows for observation and remote control of the process.

If the local exhaust and general exchange ventilation cannot ensure proper air
purity, for example, when cutting in closed and semi-closed spaces, it is necessary to
carry out forced supply of clean air to the breathing zone of the worker.

To eliminate the possibility of electric shock, together with general electrical safety

equipment, it is necessary to check the operation of push-button devices for remote on
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and off the unit to prevent accidental start-up of equipment and blocking devices that
provide automatic power failure closes the current-carrying parts of the oscillator and

turns off the power when removing the casing.

4.2.2 Requirements for production facilities

Workplaces for gas-dynamic spraying must be protected by stationary or portable
opaqgue fences made of non-combustible materials, the height of which must be at least
2.5 m and ensure the reliability of protection.

The distance between the equipment, from the equipment to the walls and columns
of the room, other structures, the width of the aisles and passages must comply with
current building codes, standards of technological design of shops and JIBH
B.2.2-28:2010 78.

The width of the aisles around the perimeter of the desktop, stand, product on
which they work, must be at least 1 m.

Floors for industrial premises for electric arc metallization, gas-flame, plasma,
detonation-gas and gas-dynamic spraying must be made of materials that do not burn and
have low thermal conductivity. The floor must have a smooth non-slip surface and meet
sanitary and hygienic requirements.

Production facilities must be equipped with general exchange supply and exhaust
ventilation in accordance with JIBH B.2.5-67:2013 76.

Air exchange of industrial premises should be expected to dilute harmful
substances not captured by local exhaust devices to the level of the MPC. The amount of

air supplied by supply systems should be calculated in accordance with JBH
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B.2.5-67:2013 76.

The air removed from the production premises into the atmosphere must be filtered
(purified) from harmful substances to concentrations not exceeding the permissible
emission levels.

Supply air must be supplied to the work area or in the direction of the work area.
The temperature of the air supplied by the ventilation systems must not be lower than
+20 °C according to /ICH 3.3.6.042-99 71.

The parameters of the microclimate of industrial premises must meet the
requirements 71. If the intensity of thermal radiation of workers exceeds the value of
JICH 3.3.6.042-99 71 , special means of protection should be provided: shielding of the
source, air suffocation, personal protective equipment.

Noise, ultrasound and infrasound levels must meet the requirements 72, and
general and local vibration 73.

Gas-dynamic spraying, must comply with JIBH B.2.5-28-2006 79. When
performing these works inside closed and hard-to-reach spaces (vessels, housings,
compartments), lighting should be carried out by external directional light sources or
local lighting with a voltage of not more than 12 V, and the illumination of the working

area should be at least 30 lux.

4.2.3 Requirements for the organization of jobs

The organization, arrangement and equipment of workplaces for gas-dynamic

spraying must comply with ZICTY I'OCT 12.2.061:2009 80. These jobs can be stationary,

non-stationary, permanent and non-permanent (temporary).
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Permanent workplaces that are powered by electricity from multi-station sources
must be equipped with shields with a signal lamp, which shows the worker the presence
or absence of voltage in the electrical circuit of production equipment.

Work using gas-dynamic spraying in a closed or confined space should be carried
out under the supervision of two observers with a qualification group for occupational
safety not lower than 11, who should be outside. The worker performing these works must
have a safety belt with a rope, the end of which is in the hands of observers.

Workplaces located above 1.3 m above ground level or solid cover must be

equipped with fences at least 1.1 m high

4.2.4 Requirements for ventilation

When conducting electric arc, plasma, gas-flame and other thermal processes of
materials processing, it is advisable to use local ventilation. In other cases, general
exchange ventilation may be used. It should also be used in combination with local
ventilation, designed to remove from the production room harmful substances not
localized by local exhaust devices (suction).

The design of local extractors is chosen depending on the type of technological
process, equipment and facilities. It must ensure the necessary cleanliness of air in the
workplace with minimal consumption of air that is removed, prevent the spread of
harmful substances in the volume of the room, do not interfere with technological
operations.

To protect workers from the effects of hazardous and harmful production factors

under the existing technology and working conditions, it is necessary to use personal



103

protective equipment. The main means of personal protection about during the
experiment are: special shoes, special clothing, goggles, respirators. When working with
acids and alkalis should use protective dermatological agents for hands: film-forming
paste, cream and gloves. To protect the face and eyes from splashes of molten salts and
heat radiation, it is necessary to use a metal mesh with cells of 0.8x0.8 mm, in which at
eye level is inserted organic glass size 80x80 mm and a thickness of 3 mm, curved along
the oval face.

Precinct managers should periodically instruct staff on the proper use and care of
personal protective equipment. The administration is obliged to ensure the storage,
washing, drying, disinfection, degassing, decontamination and repair of special clothing,
special footwear and other personal protective equipment issued to employees.

Workers performing work on electric arc metallization, gas-flame spraying, plasma
spraying, detonation-gas spraying and gas-dynamic spraying must be provided with
personal protective equipment in accordance with industry standards, depending on the
nature of hazardous and harmful production factors and the relevant requirements of
JCTY 7239:2011 82,

The manufacture and appointment of personal respiratory protective equipment
must be carried out in accordance with the requirements of DSTU EN 133: 2005 83.

To protect your hands, use gloves in accordance with ICTY EN 420-2017 84.

To reduce the risk of electric shock, workers must be provided with dielectric
rubber mats, as well as in conditions of increased danger (limited spaces) with rubber
shoes and gloves type E, and E, in accordance with regulatory and technical
documentation.

Protective helmets in accordance with JICTY EN 397:2001 85 should be used to
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protect the head during welding of large products in conditions of increased danger and

electroslag welding.

4.3 Calculation of engineering solution

The design of local extractors is chosen depending on the type of technological
process, equipment and facilities. It must ensure the necessary cleanliness of air in the
workplace with minimal consumption of air that is removed, prevent the spread of
harmful substances in the volume of the room, do not interfere with technological
operations. The suction of the suction to the equipment must be carried out taking into
account as close as possible to the source of harmful emissions. Typical schemes and
designs of suction pumps, as well as methods of their calculation are summarized in the
guidelines for design 81.

The amount of air to be removed or supplied by the ventilation system (required air
exchange of production premises L in mh) is determined by different methods
depending on specific conditions: , according to empirical formulas or recommended air
exchange.

In the presence of data on the intensity of the release of harmful substances into the

atmosphere of the room air exchange in general cases is calculated by the formula (4.1) :

_ 1000BV

e (4.1)
Cex - Cin

where V is the intensity of the release of harmful substances per unit time g/h; B —

coefficient of uneven distribution of harmful substances in the volume of the room; C,,,
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Cin — concentration of harmful substances in the air exhaust and incoming (inflow),
mg/m°.

For general exchange ventilation B it is recommended to take from 1.2 to 2.0:
smaller values - for low-toxic substances and with a relatively uniform distribution of
sources of their formation; maximum — for more toxic substances with their uneven
release.

Concentrations of harmful substances in the exhaust and supply air Ce, Cin are
taken as follows. The concentration of harmful substances in the supply air should be
minimal and not exceed 30% of the MAC in the air of the working area, and in the
exhaust air should not exceed the MAC in the air of the working area 76. Therefore, the
value of C,, is usually taken to be equal to the maximum concentration limit. Then the

general formula takes a more specific form:

10008V
bt (4.2)
CMAC - Cin
If the air is removed from the work area and C;, =0
10008V
L= (4.3)
Cmac
If from the upper zone, then:
10008V
= P (4.4)

B KaCMAC
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where K, — air exchange coefficient (has a value of 0.9 ... 1.1 when supplying air
with horizontal jets; 1.65 ... 1.85 — when supplying to the working area; 1.25 ... 1.4 at a
height of 4 m). Larger values of Ka are used at a multiplicity of air exchange equal to 3,
smaller — 10.

According to the website https://zakon.rada.gov.ua/, it is about the statement of
hygienic regulations of admissible maintenance of chemical and biological substances in
air of a working zone. We found that the maximum allowable concentration of aluminum
and alloys in the air is 2 mg/m®, substituting into the formula to calculate:

When supplying air with horizontal jets:

[, = L0008V _ 1000:16:0.04% _ 35 20 m3 /h;
KaCmac 1x2
When supplying to the working area:
[, = 10008V _ 1000+1.60.044 _ 54 14 13 /py,

o KaCMAC o 1.75%2

4.4  Safety requirements in emergency situations

Types of hazards that may occur in the workplace include: fire; explosion (inside
equipment, buildings or the environment); rupture or destruction of equipment; emissions
of harmful substances; combination of these types of danger 86-87. In order to prevent
the emergence and elimination of emergencies (emergencies) at the enterprise should be a
plan for localization and elimination of emergencies and accidents in accordance with the
provisions 88. During the analysis of the danger of the enterprise (object) it is necessary

to identify all possible emergencies and accidents, including unlikely, with catastrophic
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consequences that may occur at the enterprise, to consider scenarios for their
development and assess the consequences. Identification of opportunities and conditions
of accidents should be performed on the basis of analysis of features of individual
equipment (devices, machines, etc.) and their group (technological units), as well as
taking into account the hazardous properties of substances and materials (explosive and
harmful) used in production. It is necessary to take into account the parameters of the
state of substances (temperature, pressure, physical state, etc.) and the state of the
equipment, which correspond to both the normal technological regime and the modes that
are possible during the onset and development of the accident.

According to HAIIb b5.03.002-2007 88 premises in which works on gas-dynamic
spraying are performed, according to the requirements of explosion fire danger belong to
category D (non-combustible substances and materials in hot , hot, molten states, the
processing of which is accompanied by the release of radiant heat, sparks and flames;
combustible gases, liquids, solids that are burned or disposed of as fuel).

At the sections of the production room, where gas-dynamic spraying are used, we
envisage the installation of fire shields equipped with carbon dioxide fire extinguishers,
diggers, crowbars, buckets, axes. Near the boards we assume the presence of boxes with
sand, the dryness of which is regularly checked. To extinguish possible fires, we also
envisage the use of asbestos blankets.

For automatic detection of fires in the production room, which uses gas-thermal
spraying, we provide the presence of sensors that timely notify of a fire and give the
command to turn on the automatic fire extinguishing system.

In case of breakdown of electric voltage on the case of the electric arc unit it is

necessary to disconnect the switch and to inform about it the master or the chief of a site.
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If someone is exposed to voltage, it is necessary to disconnect the electric arc unit
from the network, put the victim on a wooden floor, put a quilt under his head, call a
doctor at 103 and, if necessary, give the victim artificial respiration.

In case of ignition of the electric arc unit it is necessary to disconnect the switch
and to start extinguishing of fire by means of the fire extinguisher.

Every worker and employee who discovers a fire or arson is obliged to:

- immediately notify the factory fire brigade by phone 101;

- start extinguishing the fire with fire extinguishing means available in the shop (on
the site) (fire extinguisher, sand, fire hydrant, etc.);

- call officials (shop manager, precinct) to the place of fire.

In case of injury it is necessary to inform the foreman, the chief of a site and to

address in a medical center.
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The task of the energy section of the project is to calculate the amount of electricity

needed to ensure the operation of the shop, as well as fuel, gas and other energy costs.

The amount of electricity consumption is determined on the basis of the choice and

calculation of the number of technological equipment, the use of its installed capacity at

the planned mode of operation:

E =M K.K,

where M is the installed power of the equipment, kW;

@,

- annual fund of equipment operation time, hours;

i - equipment load factor;

(5.1)

K, - coefficient of simultaneity of work (assumed to be equal: for electric furnaces

- 0.6; for electric motors - 0.3; for high-frequency heating generators - 0.8);

K, - power utilization factor (assumed to be equal to 0.7).

The Table 2.1 shows that electricity costs for the operation of process equipment.

Table 5.1 — Electricity costs for the operation of process equipment

Working . Annual
) o Coefficient Power o
Equipment Power, | time fund | Coefficient o electricity
Amount of utilization )
name kw per year, of load o consumption,
timeliness factor
hours KW-h
1 2 3 4 5 6 7 8
Muffle
1 4,0 1920 0,28 0,6 0,7 903,17

furnace
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1 2 3 4 5 6 7 8
Press
. 1 27 1920 0,53 0,3 0,7 5769,79
machine
Retsch
1 0.75 1920 0,25 0.6 0,7 151.20
PM100
Total costs, KWh 6824.16
As shown the Table 5.2, it is the electricity costs for lighting.
Table 5.2 — Electricity costs for lighting
Surface | Number of | Coefficient Annual
_ Lighting area, | heat flux burning of electricity
Equipment name 5 . : :
m density, hours per | combustion | consumption,
w/m’ year, hours | simultaneity kWh
Composition of raw
. 23,86 10 1920 0,7 320,68
materials
Preparato
P Y 23,86 11 1920 0,8 403,14
department
Mixing department 25,11 11 1920 0,8 424,26
Pressing
35,44 11 1920 0,8 598,79
department
Composition of
_ 25,21 10 1920 0,7 338,82
finished products
Equipment storage
23,86 11 1920 0,8 403,14
area
Corridor 60,18 10 1920 0,7 808,82
Total costs, kWh 3297.65




111

The total cost of electricity consists of the amount electricity costs for the operation
of process equipment and electricity costs for lighting:

6824.16 +3297.65 =10121.81 kWh



6 ECONOMIC SECTION

6.1 The composition of the costs of research work

The cost of research consists of the following components:

112

— costs for theoretical research (choice of object and research methods, literature

review, patent research, etc.);

— costs of laboratory tests (experiments, processing and generalization of their

results);

— costs of experimental production (design and construction of the experimental

installation, obtaining and testing of the experimental batch of products or product);

— costs of industrial design.

The work covered only the first two stages of the study, so the cost estimate for

their implementation takes into account only the cost of materials, electricity, wages and

other costs.

6.2 Calculation of costs for research

6.2.1 Worker's salary

The number of workers is calculated on the basis of data on the complexity of

individual works in this work, as shown the

Table 6.1.

Table 6.1 - The complexity of work in this work

Name of works on the research | Professor | Technician Labgratory Experiment
topic (days) (days) assistant executor
; ’ B (ays) | (day)
1 2 3 4 5
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1. Clarification and specification of
tasks on the research topic

Continuation of

Table 6.1

1

2. Analysis of scientific and
technical publications on the topic

60

3. Synthesis of HEA by mechanical
alloying in a planetary mill.

4. Investigation of structure and
phase composition of mechanically
alloyed HEA with SEM, EDX and
XRD

5. Synthesis of HEA-TiB, by
mechanical alloying in a planetary
mill

6. Deposition of HEA-TIB,
coatings by cold spraying (CS)

7. Investigation of structure, phase
and chemical composition of CS
coatings with SEM, EDX and
XRD

16

Further calculations of labor costs are carried out according to the algorithm

understood from Omuoka! MCTOYHUK CCHIJIKHA HE HAWICH..

Table 6.2 — Calculation of labor costs

Position of Planned labor Salary, UAH
performers of the intensity, Monthly Average daily Total for
theme (days) salary salary workers
1 2 3 4 5
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1. Professor 12 20507,09 970,29 11643.48

2. Technician 5 7895 263.17 1315.85

Continuation of table 6.2

1 2 3 4 5
L
3-Laboratory 31 6245 294,58 9131.98
assistant
Total salary in this work (UAH) 22091.31

6.2.2 Single social contribution

The Single Social Contribution (SSC) is a compulsory contribution to national
social insurance. From January 1, 2016, the SSC rate is 22%. The basis for the
calculation of SSC are the total labor costs in this work.

SSC=TC-0.22 (6.1)

where TC — total labor costs in this work.

Currently, the SSC will be:

SSC = 22091.31-0.22 = 4860.09 UAH.

6.2.3 Material cost for research

This work takes into account the cost of all types of materials required for research,

minus the cost of returnable waste.
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Al, Co, Cr, Fe, Ni and Ti powders were used as starting materials for the

production of high-entropy alloys. The technical conditions for powders are given in

Table 6.3.

Table 6.3 - Experimental material price

Name Standard, Market
. : : Amount,
of Brand | technical | Unit| Mass | price per UAH
material conditions unit, UAH
I'OCT
1. Al ITA-1 k 1 224.7 224.7
605873 | 9 0 0
. ITHO- IocTt
2. Ni 1 9729-97 kg 1 1098.00 1098.00
IocTt
3.Co |IIK-ly 972179 kg 1 2854.80 2854.80
I'OCT
4. F IDKP k 1 49. 49.
e 5 9849-86 g 549.00 549.00
TV14-1-147
5 Cr |IIXIC kg 1 375.90 375.90
4-75
6. Sand ['OCTP
oaper | 900 | 53810005 | P | 1 14 14
7. Sand I'OCTP
baper P1000 £2381-2005 pcs 1 14 14
8. Sand I'OCTP
P1500 1 14 14
paper 52381-2005 | P*
9. Sand I'OCT P
P2 CS 1 14 14
oaper | "20%% | 503812005 | P
10.
| 1 7 7
Alcohol 0 0
Total cost of materials 5228.40

We accept transport and procurement costs at the level of 10 % of the planned cost

of total costs for materials:
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T, =5228.40-0,1 = 522.84 UAH.
In this case, the total cost of purchasing materials and transporting them will be:
Cy = 5228.40 + 522.84 = 5751.24 UAH.

6.2.4 Energy for research

The task of the energy section of the project is to calculate the amount of electricity
needed to ensure the operation of the shop, as well as fuel, gas and other energy costs.

The total cost of electricity consists of the amount electricity costs for the operation
of process equipment and electricity costs for lighting.

6824.16 + 3297.65 =10121.81 kWh.

https://yasno.com.ua/business/b2b-tariffs

Take the 1st voltage class.

Cg =10121.81 - 3.4504 = 34924.29 UAH.

6.2.5 Costs for special equipment

The experimental work is all done in the laboratory of Department of High

Temperature Materials and Powder Metallurgy, and there are no travel expenses.

6.2.6 The cost of third-party services

The experimental work is all done in the laboratory of Department of High

Temperature Materials and Powder Metallurgy, the structural organization

characterization of the material is also completed in the laboratory, so there is no cost of
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third-party services.

6.2.7 Business trip expenses

The experimental work is all done in the laboratory of Department of High

Temperature Materials and Powder Metallurgy, and there are no business trip expenses.

6.2.8 Other direct unaccounted costs

This work combines all the costs of research work that are not included in the

previous articles. When carrying out work, we accept other direct costs at the level of 10%

of the amount of accrued costs for research work.

Oc = (TC + SSC + Cy + Cg) - 0,1 (6.2)

It will currently be:

Oc = (22091.31 + 4860.09 + 5751.24 + 34924.29) - 0,1 = 6762.69 UAH.

6.2.9 Indirect costs

This work includes the costs associated with the management of the executing
organization, the costs of invention and rationalization; depreciation costs of fixed assets;
costs of scientific and technical information; costs of ensuring normal working conditions

and safety; costs of paying for bank services; taxes, fees and other obligatory payments
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and expenses, etc.
Consider the option of calculating indirect costs in proportion to the amount of

direct costs at the level of 20%.

Ic = (TC + SSC + Cyp + Cg + 0¢) - 0.2 (6.3)

It will currently be:

Ic = (22091.31 4+ 4860.09 + 5751.24 + 34924.29 + 6762.69 ) - 0,2 =
14877.92 UAH.

6.2.10 Development of a planned calculation of the estimated cost of the

work

The planned calculation of the cost of research in this work is based on the

calculations and regulatory data, as shown the Table 6.4.

Table 6.4 - Planned calculation of the estimated cost of research

Amount
N f i ’ Rationale
ame of cost items UAH atio
1 2 3
1. Salary expenses 22091.31 | According to the calculations
2. Single social contribution 4860.09 | 22.0% of total labor costs
3. Material cost for research 5751.24 | According to the calculations
4. Energy for research 34924.29 | According to the calculations
) ) In our work, the part includes
5. Costs for special equipment —
overhead costs
: : Under the agreement with third-part
6. The cost of third-party services — . 9 . barty
organizations (in our work, the part
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includes overhead costs)

7. Business trip expenses

No travel expenses

Continuation of Table 6.4

1 2 3

10% of th fdi i

8. Other direct unaccounted costs 6762.69 0 09 t e_amounto direct estimated
costs in this work
According to the standards of the

: organization-executor of the topic (in
9. Indirect cost 14877.92 i
nairect costs our work 20% of the amount of direct

Ccosts)

10. Total costs in this work 89267.54 | Sum of all items

6.3 Scientific and technical efficiency of research

The calculation of the expected economic effect of research work is necessary to

determine the feasibility of this work. However, it can be calculated only for of research

work, which is directly aimed at creating new materials, improving product quality

parameters, as well as creating new designs.

To determine the annual economic effect, we use a scoring system to assess

economic efficiency on the following indicators:

- the importance of development (K 1);

- the possibility of using the results of development (K 2);

- theoretical significance and level of novelty (K 3);

- the complexity of the study (K 4).

The total score ( S) is calculated by multiplying the coefficients.

S=K; Ky Ks Ky

(6.4)

In our work, the scoring of efficiency according to




Table 6.5 is:

S=3-8-3-5=360.

Table 6.5 — Score evaluation of the effectiveness of research

120

Research work Symbol of
performance the Characteristics of this work Scores
evaluation indicator indicator
. work is performed under the
1. The importance of P L
K, agreement on scientific and 3
development . .
technical cooperation
2.The possibility of the results of development can
using the results of K> be used on the scale of one 8
development industry
. during the work received new
3. Theoretical . J :
N information that complements
significance and level Ks . 3
the idea of the essence of the
of novelty .
studied processes
: the work is performed by one
4. The complexity of :
the stud piextty K4 unit, costs from 50,000 to 5
y 100,000 hryvnias
The conditional effect of research work is calculated by the formula:
EI(?:W - 500 . S - EN . CRW (65)

where 500 is the notional value of one point;

Ey — normative coefficient of economic efficiency (can be in the range of 0.1 -

0.3);

Cry — total costs of research work ( RW ) ( summary of Table 6.4 );
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In our work, the conditional effect of research work will be:

Erw = 500 -360 — 0,25 - 89267.54 =157683.12 UAH.

The economic efficiency of research is determined by the coefficient of
conditional economic efficiency E..It is the ratio of the conditional effect of research

work to the total cost of research work and is calculated by the formula:

E
Ee = —— (6.6)
CRW
In our work, E. will be:
157683.12
e =————7— =177
89267.54

The coefficient of conditional economic efficiency of research work is 1.77 (> 1),

which indicates the feasibility of its implementation.
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7 DEVELOPMENT STARTUP PROJECT

7.1 Description of the project idea

For the machinery industry, important projects currently developing in the world
include: high-speed precision cutting, cutting with little or no cooling lubricant or dry
cutting, and cutting under high-hardness conditions. All of these, as well as the
emergence of modern new materials, are increasingly demanding cutting tools. Under the
new situation, special requirements are also put forward for cutting processing, such as
hard processing with processing hardness above 50 HRC, micro-lubrication and dry
cutting without lubrication, which make the individual characteristics of cutting
processing increasingly appear. In the face of these changes, if it is required to adapt to
these requirements in the design and manufacturing process of the tool or the overall
performance of the tool material, the technical difficulty is very great. Especially for the
tool material, it is not only extremely uneconomical in terms of resource utilization,
Moreover, materials are required to meet the increasingly complex comprehensive
cutting performance, which is usually difficult to achieve. The energy level of the
processed materials continues to increase, such as high-strength and ultra-high-strength
materials, high toughness, and difficult-to-cut materials.

The use of coated tools is one of the best solutions to the above problems. Coated
tools play a very important role in improving the performance of the tools. Coated cutting
tools have greatly improved processing efficiency, processing accuracy, extended tool life,
and reduced processing costs. It can be said that the development of modern
manufacturing has promoted the development of the tool industry.

High-entropy alloys are generally alloys formed from five or more metals with
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equal atomic weight or approximately equal atomic weight. High-entropy alloys are
different from traditional alloys and are a new material. High-entropy alloys are proposed
on the basis of traditional alloys. As a new type of solid solution alloy, its strength,
fracture resistance, tensile strength, corrosion resistance and oxidation resistance are
better than traditional alloys.

Hard tool coating refers to the coating of a thin layer of high-hardness and
wear-resistant alloy on the surface of the cemented carbide blade as a protective coating
for commonly used tool knives for turning, milling, planing, and grinding. The high
hardness and high strength of high-entropy alloys can just meet the needs of this material.

Because the surface coating material has high hardness, strength and wear
resistance. Therefore, compared with the uncoated blade, the coated tool allows the use of
a higher cutting speed, thereby improving the cutting efficiency; or it can improve the
tool life at the same cutting speed. As shown the Table 7.1, it is description of the idea of

a startup project.

Table 7.1 - Description of the idea of a startup project

Content of the idea Directions of application Benefits for the user

High-entropy alloy coating
materials have excellent
characteristics such as high
hardness and high strength,
which meet the needs of hard

tool coating materials

Carbide alloy drill

Improve cutting efficiency

and extend equipment life

Carbide alloy blade

Improve cutting efficiency

and extend equipment life




124

As shown the Table 7.2, the comparative analysis of indicators is carried out: for
the own idea the indicators having a) worse values (W, weak); b) similar values (N,

neutral) ; c) the best values (S, strong).

Table 7.2 — ldentification of strong, weak and neutral characteristics of the project

idea
Technical _and (potential) products / concepts of competitors
No economic
characteristics of the | \1y project [Competitord| Competitor2 |Competitor3
idea
1. New technology N N N N
2. Less consumables S N W N
3. | Excellent performance S W N N
4, Service life S w w N

7.2 Technological audit of the project idea

Within the limits of this division it is necessary to carry out audit of technology by
means of which it is possible to realize the idea of the project (technology of creation of
the goods).

Determining the technological feasibility of the project idea involves the analysis
of the following components.

The analysis of the results in the table 7.3 shows that the high-entropy alloy powder
Is prepared by the mechanized alloy technology, and then the coating material is prepared
by the cold spray technology.This method can prepare the designed project product.

As shown the Table 7.3, it is an idea about the technological feasibility of the
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project.

Table 7.3 — Technological feasibility of the project idea

Technologies for its| Technology Availability of

o | Projectidea .
N Ject technologies

implementation availability
MeCha”'l\(;l‘ia"oy'”g Available Available
1. Tool coating ( )
Cold spraying (CS) Available Available

Selected technology for implementing the project idea: MA and CS

7.3 Analysis of market opportunities to start a startup project

Since the advent of the first generation of CVD vapor deposited TiC cemented
carbide inserts in the late 1960s, coating technology has greatly promoted the
development of cemented carbide tools. In the early 1980s, PVD vapor deposition TiN
was successfully applied to high-speed steel cutting tools, and it was hailed as a
revolution in the performance of high-speed steel cutting tools. Since then, coating
technology has achieved rapid development, coating technology has become more and
more mature, and the application range of coated tools has become less and more
extensive.

Coating the tool is a major change on the way forward in the machining industry. It
is to attach a layer of compound to the tool, so that the performance of the tool is greatly
improved. Coated tools can improve machining efficiency, machining accuracy, extend
life, and reduce costs. Therefore, coated tools have received widespread attention from all

over the world.
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The development of coated tools is mainly reflected in the development of coating
materials. The coating materials must have high hardness, good wear resistance, stable
chemical properties, no chemical reaction with the workpiece material, heat resistance
and oxidation resistance, and low friction coefficient; and The substrate is firmly attached
and other requirements. Obviously, it is difficult for a single coating material to meet the
above requirements. Therefore, hard coating materials have moved from a single coating
of TiC and TiN to a new stage of developing thick film, composite and multiple coatings.
The newly developed TiCN, TiA1IN, TiALN multi-element, ultra-thin, ultra-multi-layer
coating and TiC-A1,0s-TiN coating composite, in the composite coating, the thickness of
each single component coating will become thinner and thinner, and Gradually tend to be
nano-sized. Coupled with a new type of plastic deformation resistant substrate,
significant progress has been made in improving the toughness of the coating, the
bonding strength of the coating and the substrate, and improving the wear resistance of
the coating.

At the same time, high-entropy alloy composite materials also meet a series of
requirements for coating materials, such as high hardness, good wear resistance and high
temperature resistance, so this product considers using high-entropy alloy composite
materials as coating materials to attach to the tool surface to enhance tool performance.
The Table 7.4 shows that preliminary description of the potential market of a startup
project.

Table 7.4 — Preliminary description of the potential market of a startup project

Ne Market indicators (name) Characteristics

1 2 3

1 | Number of main players, units 10
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Continuation of table 7.4

1 2 3
2 | Total sales, RMB/ (100 million ) 7.23
3 | Market dynamics (qualitative assessment) Growing

Presence of entry restrictions (specify nature of
4 No restrictions
restrictions)

1. Good mechanics and cutting

performance
Specific requirements for standardization and
5 2. The coating can be evenly
certification
attached to the surface of the tool

3. Strong versatility

Average rate of return in the industry (or
6 5.86%
market),%

Compare the industry (or market) average rate of return with the bank'’s investment
interest (3.78 %). The average rate of return in this industry is higher, so the investment in
this industry makes sense

According to the statistics, survey and analysis of the Tool Branch of China
Machine Tool Industry Association, the total scale of consumption and import and export
of the coating tool market in China have been estimated. The total consumption scale of
China's coated tool market is on the rise. At the same time, coated tools have great
potential in the field of digital control processing machining and will be the most
important tool variety in the field digital control processing machining in the future.

With the increase in demand for special materials in the automotive, aerospace,
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electronics, and military industries,the application of coated tools has become more

advantageous.Characteristics of potential clients of the startup project is shown table 7.5.

Table 7.5 — Characteristics of potential clients of the startup project

Differences in the
The need | Target audience
behavior of different | Consumer requirements for
Ne| that shapes | (target market
potential the product
the market | segments)
target customer groups
1. It is suitable for drilling of
more complex materials and
The market demand is | can choose a higher cutting
Carbide Coated  tools
large, and the supply may | speed.
alloy can be used in
be in short supply 2. The high-performance
1 | drill/Carbi | drilling,
Affected by processing | alloy blades  specially
de alloy | tapping and
technology and global | selected for alloy drills can
blade cutting
economy, the price is high | effectively  reduce the
chipping and maintain good
wear resistance.

After identifying potential groups of clients, the market environment is analyzed:

tables of factors that contribute to the market implementation of the project and factors

that hinder it are compiled . The factors in the table are presented in descending order of

importance.

The Table 7.6 shows that threat factors.




Table 7.6 - Threat factors

The content of the The reaction of the company is
Factor
threat possible
1 2 3
Strong new

New competitor

competitors

Strengthen product technology

Substitutes

appearing to enter Innovation
the market
Substitutes grab the Strengthen product technology

company's sales

innovation

The Table 7.6 shows that factors of opportunities.

Table 7.7 — Factors of opportunities

The content of the The reaction of the company is
Factor
opportunities possible
1 2 3

Market Increase in market Cooperate with other companies

demand demand

new New technology | Technology transfer to new products

technology research to serve a larger customer base

129
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Further analysis of the proposal is carried out: the general features of competition

in the market are defined , as shown the Table 7.8.

Table 7.8 — Step analysis of competition in the market

Features of the competitive What is this Impact on the company's
environment characteristic activities
1 2 3
Technology monopoly
1. Specify the type of
(independent research and
competition - monopoly / monopoly
development and production of
oligopoly / monopolistic / pure
products)
2. By level of competition -
local Affect company performance

local / national /

3. On a departmental basis
between departments /

industries

between industries

Research and development

independent production line

4. Competition by types of

goods:

freight-generic

Make the product apply to more
fields

5. By the nature of competitive

advantages - price / non-price

non-price

Improve product quality

6. By intensity - vintage /

non-vintage

non-vintage

The list of market threats and market opportunities is based on the analysis of threat
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factors and opportunities factors of the marketing environment. Market threats and

market opportunities are the consequences (projected results) of the influence of factors,

in contrast, are not yet realized in the market and have a certain probability of

implementation.

The final stage of the market analysis of project implementation opportunities is

the compilation of SWOT-analysis (matrix of analysis of Strength and Weak, Threats and

Opportunities), as shown the Table 7.9.

Table 7.9 — SWOT analysis of a startup project

Technical skill advantage: Tangible
S assets advantage;

Human resources advantage.

Lack of competitive tangible assets,
intangible assets, and organizational

assets

Expanding trend of customer base
or product segmentation;
Strong market demand growth and

@) rapid expansion;
There is an opportunity to expand

to other geographic regions and

expand market share.

Strong new competitors appearing to
enter the market;
Substitutes grab the company's sales;
Decline in the growth rate of the main
product market;

Adverse changes in exchange rates and

foreign trade policies

7.4 Development of market strategy of the project

The development of a market strategy as a first step involves determining the

strategy of market coverage: a description of target groups of potential consumers.
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Based on the results of the analysis of potential consumer groups (segments), the
authors of the idea choose the target groups for which they will offer their product and
determine the market coverage strategy: it chooses a strategy of concentrated marketing,

as shown the Table 7.10.

Table 7.10 — Selection of target groups of potential consumers

Description of the | Readiness of Estimated Intensity of
Easy to
profile of the target | consumers to | demand within | competition
Ne enter the
group of potential accept the the target in the
segment
customers product group(segment) segment
Have
Coated tools can be | confidence in Market

1 used in drilling, the product High demand competition Easy
tapping and cutting and can Is not fierce

accept it

Which target groups are selected: Automotive, aerospace, electronics, military and

other industries that have large applications for coated tools

To work in selected market segments it is necessary to form a basic development
strategy.

Company development strategy:

a) corporate mission: a good tool for the manufacturing industry. The company

focuses on the field of machine tools, serving manufacturing companies all over the
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world, improving production efficiency, improving product quality, and reducing
production costs;

b) corporate vision: to become the world's top precision tool company. The
company adopts the culture of precision manufacturing, producing precision tools, and
serving precision manufacturing. What we call “precision tools” is the general term for
family products of precision tools, precision measuring tools, and precision equipment,
which is different from low-end tool measuring tools and machine tool equipment
products. Precision Knives are different from ordinary metal products. The products are
sophisticated, have high technical content, involve a wide range of technologies, and face
a wide range of customers. They are necessities and consumables for modern high-end
manufacturing. The market space is vast and promising. We should continue to focus on
this Direction, and strive to become the world's top precision tool company;

c) development strategy for the recent 5-10 years. To become the world's top
precision tool company is our goal and dream for 20 to 30 years. For the past 5-10 years,
after careful research and analysis, it is determined that our development strategy is
"Internationalization, intelligence, lean, large-scale, and build the world's top precision
tool company.

Competitive advantage of startups:

a) research and technical advantages. The company has outstanding independent
research and development capabilities, and attaches great importance to technical
investment, has a core team of professionals and operators with first-class theory and
technology. The company has high-end production equipment with independent
intellectual property rights, which meets the special process requirements of its own

coated tool products, greatly improves the quality of the company’s coated tools, firmly
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builds a higher technical barrier, and effectively improves production efficiency. Product
cost provides performance and price advantages for the company's domestic and foreign
competition.

b) product performance advantage. It is capable of preparing and producing
precision tools with high technical content, involving a wide range of technologies, and
facing a wide range of customers. It is a necessity and consumable for modern high-end
manufacturing;

¢) industry priority development advantage. At present, the overall technical level
of China's coated tool industry is low, and the proportion of high-end coated superhard
tool products is low, and the performance and quality cannot meet the development of
high-end equipment sideline industry. The country has launched a series of policies to
encourage the development of high-efficiency, high-performance, sophisticated and
complex tools. The company focuses on the research and development and production
of high-end coated tools, which is conducive to the development trend of the industry
and timely develops high-end equipment manufacturing in accordance with the needs of
customers in the high-end application market. Industry's high-efficiency,
high-performance, high-precision coated tools.

Defining positioning strategy

a) target market positioning. Coated cutting tools have the characteristics of high
processing efficiency, long service life and good processing quality. They are mainly used
in the finishing of automobile by-products, aerospace, electronic information and other
industries, and their applications are constantly expanding. Coated tools are not only
suitable for general finishing and semi-finishing, but also for roughing. They are

recognized internationally as one of the most effective tools for improving productivity.
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b) corporate positioning (establish corporate brand). The products that companies
sell are often closely related to their brands. Customers’ recognition of your products
actually starts from the recognition of the product’s brand. Brand positioning must be
based on product positioning. It is achieved through product positioning, but once the
brand positioning is successful, the brand as an intangible asset will be separated from the
product and show its value separately. Through the implementation of brand strategy, the
company has established a good brand system and established a good market reputation.

¢) product positioning. Product positioning is the positioning of a specific product
in the minds of consumers. If consumers have similar needs, they will be associated with
products of this brand. The company adopts precision manufacturing to produce
precision coated knives and serves the culture of precision manufacturing, which is
different from low-end coated knives and measuring tools. Precision coated tools are
different from ordinary metal products. The products are precise, have high technical
content, involve a wide range of technologies, and face a wide range of customers. They
are necessities and consumables for modern high-end manufacturing, and have a broad

market space and promise.

7.5 Development of a marketing program for a startup project

The first step is to form a marketing concept of the product that the consumer will
receive.

The quality advantages of the coated tools produced by the start-up company are
mainly manifested in the following aspects:

— long service life: that is, under the same processing conditions, the tool life
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can be increased several times or even dozens of times, especially in harsh processing
conditions. Under the circumstances (such as difficult-to-machine material cutting,
high-speed cutting, dry cutting and high-precision machining, etc.);

- high processing efficiency: mainly by greatly increasing the cutting speed of
the tool to achieve the purpose of improving production efficiency;

- quality stability Good: The tool life of products of the same specification and
variety is roughly the same under the same processing conditions;

— high processing accuracy: including high processing surface accuracy and
high qualification rate of parts.

The next step is to determine the optimal sales system within which the decision is
made:

a) what the customer base is. The customer base of coated tools is very
wide-mold factories, hardware factories, machining factories, auto and motorcycle parts
factories, machinery factories, precision manufacturing factories, CNC machining
factories, as well as aerospace, shipbuilding, Electronics manufacturing. As long as the
manufacturers who use CNC machine tools (CNC lathes, CNC milling machines, milling
machines, CNC drilling machines, etc.) must use tools. These customers can be
contacted through their company's name, website, and other methods. This is very
helpful for us to carry out the next step. And record the collected information, sort,
analyze, and prepare for the next step;

b) establish contact or relationship with customers. To sell products to
customers, sales staff must let customers know who you are, what company you are,
what products you sell, and what products you have are advantageous. Therefore,

whether it is a phone call or an unfamiliar visit, these basic information must be clearly
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understood by the customer. Our purpose is to help customers solve problems, help
customers improve production efficiency, improve quality, and provide technical
support in coating tool technology, so as to improve customers' competitiveness and
achieve our purpose of selling coated tools. To sell our products, we must find the
person responsible for using or purchasing our products. Generally speaking, it is to find
the person in charge of the purchase or the workshop tool;

c) tap customer needs (arouse their desire to buy). Analyze and digest the
collected data. Analyze the customer’ s company organizational structure, from the
customer’ s level functions, and the role they play in procurement, to find out the
customers related to procurement, straighten out the relationship, and find sales clues.
Compare the price of the same model, the quality of the same price, the better the
service, the higher the price and the effect, and the price-performance ratio. Find an
excitement point for them to buy our products, so as to arouse their desire to buy. When
customers encounter problems and challenges, they need help, and they will ask
whether they want to buy a product or provide some kind of service, and they will put
forward their requirements. Their potential needs are their top priority. If we can solve
the problem on time, according to quality, and according to their requirements, then it
will not be a problem to make a business. The core of our sales is to solve the urgent
needs of our customers;

d) competitive strategy. Take advantage of price advantages, cost-effective
advantages, technical advantages, after-sales service advantages, and relationship
advantages. Stick to the advantages and eliminate the disadvantages;

e) follow-up service. Monitor the process of arrival and test tools, fulfill the

promise of after-sales service, and ensure customer satisfaction. Establish a collection
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mechanism to ensure that accounts can be collected on time and in quantity.
Continuously strengthen communication, understanding, and continuously enhance
mutual trust, so as to be a permanent customer. In allowing customers to introduce new

customers to themselves, the customer base continues to expand.

7.6  Startup company conclusion

National policies support industry development. Super-hard coating tools and
material products are important supporting facilities for the development of modern
manufacturing, which play an irreplaceable role in improving the efficiency of the
manufacturing industry and promoting the upgrading of the manufacturing industry. For
the development of the new materials and equipment industry, the Chinese government
has issued a series of industry promotion policies. The high-intelligence manufacturing
industry represented by aircraft, automobiles, digital cultural equipment and related
high-end CNC machine tools and new materials industries have repeatedly emphasized
and put forward clear development requirements. It is clearly required to focus on the
development of high-efficiency, high-performance, sophisticated and complex tools, the
development of new super hard materials and equipment, high-speed cutting tools, etc.
The support of industrial policy will be beneficial to the rapid development of enterprises

in the industry, so start-up companies have commercial possibilities.
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CONCLUSIONS

In this work, AINiCoFeCr high entropy alloy (HEA) was prepared by mechanical
alloying in a planetary mill, and then AINiCoFeCr HEA-TiB, composite blend was
prepared by ball milling in a planetary mill, and the last AINiCoFeCr HEA- TiB,
coatings by cold spraying on steel substrate. The AINiCoFeCr HEA, AINiCoFeCr
HEA-TiB, powder and AINiCoFeCr HEA-TIB, coatings were studied. These are
necessary to extend the life of the components. The samples were characterized in the
terms of their microstructure, phase composition and microhardness by various
characterization methods. Scanning Electron Microscope (SEM), Ultima IV X-ray
diffractometer (XRD), Vickers microhardness machine PMT-3 were used to describe the
morphology, microstructure and phase composition of the feedstock powder and the HEA
coating. And analysis of chemical element composition of equiatomic AINiCoFeCr HEA
powder and HEA-TIB, composite powders was carried out by energy dispersive
spectrometer (EDS). The following findings can be summarized:

1. The important literature review shows that HEAs as well as ceramic have
aroused great interest in materials science and engineering due to their unique structure
and properties whereas the CS technology is a promising way to protect details and has
been widely applied as a coating technology in a broad range of industries. But until now
this method for preparing composite metal-ceramic coatings with HEA matrices has not
been studied.

2. Inaccordance with the results of X-ray diffraction analysis, the bcc and fcc solid
solutions with nanostructure are obtained in the AINiCoFeCr alloy by 8 h mechanical
alloying.

3. AINiCoFeCr HEA-30 wt.% TiB, powder mixture was prepared by 2h ball
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milling , which decrease d the crystallite size without affecting the lattice parameters and
phase composition of powder mixture.

4. AINiCoFeCr HEA-TIB, composite coatings with mean thickness about 80-100
um were prepared by cold spraying and completely retained the feedstock powder
mixture phase composition without any phase transformation. It has been demonstrated
that AINiCoFeCr HEA-TiB, nanocomposite powder formed by ball milling can be used
as the feedstock for cold spray deposition on the steel substrates.

5. The CS coating hardness of HEA-TiB, composite material is 665 HV, which is
greater than AINiCoFeCr HEA hardness. That is explained by the additional strain
hardening of the material at low temperature and extremely high strain rate during CS,
along with the effects of dispersive hardening by TiB, particles. Cold spraying is a
feasible and potentially effective coating technology that can be used to produce HEA and
composite coatings while maintaining the coating's intrinsic feedstock powder phases.

6. The coating parameters can be further adjusted to reduce inter-splat porosity and
improve adhesion between particles. So, further work should be aimed at improving the
quality of the coating by optimizing the parameters of the CS process, namely, the
temperature and pressure of compressed air flow, as well as composition of the initial
powder mixture.

7. The measures to ensure healthy working conditions and principles of safety in an

emergency were developed.
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