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Titanium is currently familiar for its light weight, high strength, and non-reactive nature over all the metals. Titanium metal matrix
composites (TMCs) are very popular in the field of acrospace, automotive, defense, and biomedical because of their high specific
strength, light weight, and biocompatibility nature. Some of the extensively used fabrication methods like powder metallurgy (PM),
additive manufacturing (AM), and spark plasma sintering (SPS) have been reviewed here with some of the properties of TMCs. By
varying various types of reinforcements, it is possible to achieve the required properties as per industrial and modern applications in
TMC. This study also includes the consequence of sintering temperature on properties of TMCs like physical, mechanical, and
structural. Titanium alloys are showing good mechanical and biomedical properties when reinforced with carbon fibers, borides,
ceramics, and plenty of other materials as continuous fiber or discontinuous particulates and whiskers. In this paper, the applications
of TMCs in aerospace, automobile, biomedical, and defense have been narrated. Besides all these favorable properties and
applications, TMCs can’t be used extensively in the said applications because of their high cost and difficulty in machining, that
discussed in this paper over various challenges of TMCs. The cost reduction can be done by making Ti - super alloys. In addition,
there is a necessity for an effective cooling system during the machining of TMCs to enhance machinability and some of the effective
methods which may enhance the machinability of TMCs were also discussed.

Keywords: Ti MMC; PM; AM; SPS; Challenges

PACS: 62.23. Pq, 62.20.—x, 62.20.de, 62.20.fk, 72.80. Tm

INTRODUCTION

The surrounding world is filled with composite materials which help mankind to live a better life. Titanium-
MMCs (TMCs) are of greater interest within the field of aerospace and automobile industries due to their lightweight
and high specific strength, i.e., strength to weight ratio. The characteristics of composite materials are much better than
the individual constituents. The essential concept is to integrate the reinforcement material into the matrix material to
get some desirable properties. Metal matrix composites (MMCs) are a bunch of materials having metals or metallic
alloys as their major component (matrix) and are reinforced (continuously or discontinuously) by other materials like
metals, ceramics or polymers. These are very fashionable within the field of engineering due to some superior
properties like high thermal and electrical conductivity, high strength and stiffness, high specific strength, lightweight,
low coefficient of thermal expansion, biocompatibility, resistance to high temperature, etc [1-4]. The foremost common
MMCs are made of aluminum, copper, titanium, magnesium, iron, and nickel. Titanium and its alloys are fast becoming
a component of serious research interest for a good range of applications like automotive, aerospace industries, aviation,
chemical industries due to its high specific strength, specific rigidity, and excellent mechanical properties [2]. The
foremost commonly used aerospace Ti- MMC is (a+f) alloy, Ti- 6Al- 4V [5]. Titanium alloys with a temperature
capability approaching 760 °C, the TMCs offer a possible 50% weight reduction in hot compressor sections to use in
airframe applications and aircraft engines [6]. The higher biocompatibility and corrosion resistance of TMCs lead it to
be the primary choice in osteosynthesis systems utilized in oral, maxillofacial surgery, and tissue engineering [3, 7].
Again, 37 % porous chemically pure Ti (CP- Ti) and Ti- TiB composite samples produced by selective laser melting
(SLM) have a coefficient of elasticity near that of human bone. Their compressibility, good wear resistance, and
porosity made them a typical material in biomedical [1, 8].

The common reinforcement of TMCs is split into two groups based on the shape of reinforcements, i.c.,
continuously reinforced TMCs (CTiMCR) and discontinuously reinforced TMCs (DTiMCR) as shown in Fig. 1.
Particulate, whisker (needle-shaped), and short fibers are employed as discontinuously reinforced composites, whereas
long fiber and sheets are used as continuously reinforced composites. Sometimes, nanoparticles are used as
reinforcements to produce light MMCs with high ductility, high hardness, and high toughness [9, 10]. Discontinuously
reinforced titanium composites are usually composed of borides or carbides, embedded in titanium matrix [2]. Here the
addition of appropriate reinforcement by a novel processing strategy is very important to optimize the mechanical
properties of DRTMCs. The foremost prominent discontinuous reinforcements are TiC, TiN, TiCN, TiB,, SiC,
AlsY3012, AlLOs, and Si3Ny in both whisker and particulate forms. Many of the reinforcements exhibit clean interfaces
free from any diffusional alloying or reactions with the Ti matrix [8]. To get tailored unique distribution of

T Cite as: H. Pathi, T.K. Mishri, S.R. Panigrahi, B. Kuanar, B. Dalai, East. Eur. J. Phys. 3, 5 (2021), https://doi.org/10.26565/2312-4334-2021-3-01
© H. Pathi, T.K. Mishri, S. R. Panigrahi, B. Kuanar, B. Dalai, 2021
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reinforcements inside TMCs, additive manufacturing and laser deposition techniques are very helpful [11].
Discontinuous (or particulate) reinforced composites are less expensive to fabricate and their properties are nearly
isotropic. Continuously reinforced titanium matrix composites are expensive, due to high fiber costs and limited
formability, and their properties are highly anisotropic. Particulate reinforced titanium matrix composites are being
considered for wear, erosion, and corrosion-resistant applications [12, 13].

—
.
[ ] .|
S N
[ ] .|
[ ] .|
A
] .|
(a) Particulate (b) Whisker (c) Fiber (d) Layer

Figure 1. Reinforcement of TMCs (a) Particulate, (b) Whisker, (c) Fiber and (d) Layer

Ceramic particles as reinforcements on titanium metal matrix composites represent a possible improvement in its
properties and an increase within the utmost service temperature. Reinforcing Ti with a steady ceramic phase can
noticeably improve its modulus, hardness, wear resistance, additionally as yield strength but the resultant tensile
ductility is sometimes poor or perhaps near zero [14-17]. The role of reinforcement in a metal matrix composite is to
finish the shortcomings of metal and to make it an ideal choice for industrial applications. The coefficient of elasticity
of metals is within the range of 45 GPa to 407 GPa. Its value is 106 GPa for Titanium which isn't sufficient for a few
industrial applications. Thus, the reinforcement for TMC to increase the coefficient of elasticity has been discussed. The
elastic modulus of the composite (Ec) is given by the addition of products of elastic modulus (Enm or Er) and volume
fraction (Vi or Vr) of different components:

Ec = EmxVy + ErxVr (1)

The thermal expansion is not a greater challenge for metals (8.5 x 10¢ K™!). So, the reinforcement can have a little
less or very near value of the coefficient of thermal expansion to the metal. The values of Elastic modulus and
Coefficient of thermal expansion of some common reinforcements are put together in the following Table 1.

Table 1. The relative properties of some of the reinforcements [9, 18-21].

Reinforcement Elastic modulus CoefTicient of thermal expansion (106 K)
(or Young's modulus)
(GPa)
TiB 550 8.60
TiC 460 6.52-74
TiN 250 83-93
SiC 420 4.3-4.63
TiB2 529 4.6-8.1
B4C 449 45-48
ALO;3 350 8.1
Si3N4 320 3.2
Ti-6A1-4V 115 8.8
Graphene ~1000 -4.8
CNTs ~1000 21
LaxO3 - 5.8-12.1
Alpha-Ti 105 8.8

FABRICATION TECHNIQUES
The fabrication technique is an important aspect of a material that determines the physical, mechanical, and
biological properties of composite material along with its surface finishing and cost. Various types of techniques are
used to manufacture TIMMCs, out of which powder metallurgy, additive manufacturing, and spark plasma sintering are
very popular.

POWDER METALLURGY (PM)

In the PM fabrication technique, the metal removal process is usually avoided so that the yield loss is decreased
while manufacturing the fabric which ends up lowering the prices and material wastage as compared to the casting
process. It's an efficient process of controlling the components, i.e., matrix and reinforcement dispersion ratio in a very
powder form using the varied jar, ball milling methods, etc within the composites [22, 23]. The powder metallurgy
routes are applicable for advanced materials for Aerospace, like functionally graded materials. Titanium is reinforced
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with Carbon nanotubes (CNTs) and graphite via powder metallurgy and hot-extrusion (HE) [24]. PM processing is
extremely useful within the production of military ground vehicles at a lower cost. Initially, the metallic powder of
titanium is created within the metallurgy process. This process consists of two major parts: (i) preparation of starting
material (mixing, milling, and mechanical alloying) and (ii) densification of the prepared powder mixture (cold or hot
pressing, sintering, forging, etc.) [25].

MILLING AND MIXING PROCESS (MMP) OF PM
The pure form of titanium is taken in the cavity of ball milling with spherical steel balls inside it. Then the
reinforcement particles were added to it. It grinds the mixture into fine powder. The schematic diagram of milling and
mixing has been shown in Fig. 2.

@ Metallic

® Reinforcing
Particle

@) (b)

Figure 2. Mixing of metallic particles with reinforcements (a) Ball milling and (b) Regular mixing processes [26].

MECHANICAL ALLOYING (MA) OF PM
This is a popular method that is used for alloying materials which are difficult or impossible to combine through
conventional melting methods. The mechanical alloying of Ti with graphite particles is shown in Fig. 3.

Mechanochemical
Synthesis

D2 steel sample
Mechanical Alloying

Figure 3. Schematic diagram of MA process to prepare TiC [27].

ISOSTATIC PRESSING OF PM
Isostatic pressing can be performed at (a) elevated temperatures, known as hot isostatic pressing (HIP), or (b)
ambient  temperatures, known  as cold isostatic pressing (CIP).  Hot isostatic pressingcan  be used to
manufacture metal components directly or to densify parts from other powder metallurgy processes.

SINTERING PROCESS OF PM
It is the process of compacting the powder to form a solid mass material by applying pressure or heat without
melting the material. So, the sintering temperature is less than the melting point. Change of powder to a solid mass or
grain is shown in Fig. 4.

(a) (b) ()
Figure 4. Different stages of the sintering process: (d) Before sintering, (e) During sintering, and (f) After sintering [28].
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Before sintering, the grain size is small with big pores in between them. Whereas the grain size increases and the
pore size decreases gradually during sintering. Finally, a big grain can be obtained with a small pore inside it. In this
stage, the grain size is affected by the sintering temperature.

Table 2. Effect of sintering temperature on grain size [29].

Grain size at different Sintering temperature
Sample 1200 °C 1300 °C
Ti-5.1% (4140) alloy 71£9 pm 97+ 12 um
Ti-7.1% (4140) alloy 98 £ 8 um 121+ 18 um

Here, it was observed that with the temperature rise, the grain size increases. The increased grain size leads to a
larger grain boundary. The strength of a material increases with its grain boundary. During the sintering process, the
properties of the material vary with the sintering temperature. The variations of density, porosity, and micro hardness
have been plotted in Fig. 5.

5.0

—8—50Ni 50Ti

—o— 45Ni 45Ti 10Si

—A—45Ni 45Ti 10A1203
—y—45Ni 45Ti 10 waste material

—<—40Ni 40Ti 20 waste material

24+

48+ 4 A
- 20}
@ .
g -
x
) 46 S6f v J
g% 1 2
] ]
c <]
2 S 512+ E
a] —8— 50Ni 50Ti 8
ma —e— 45Ni 45Ti 10Si
i —A— 45Ni 45Ti 10A1203 <
—¥—45Ni 45Ti 10 waste material 8 T
—<&—40Ni 40Ti 20 waste material
4214 L L L L 4l 1 L L I
1040 1080 120 1160 1200 1040 1080 1120 1160 1200
0 Temperature (OC)
Temperature ( C)
(a) (b)

4800

—&— 50Ni 50Ti
——45Ni 45Ti 10Si

—A— 45Ni 45Ti 10A1203
4000 |- —¥—45Ni 45Ti 10 waste material| |
—<—40Ni 40Ti 20 waste

4400 -

3600 | 4

3200 | 4

Microhardness (MPa)

2800 | 4

I I I L I
1040 1080 1120 1160 1200

Temperature (OC)

(c)
Figure 5. Variations of (a) density, (b) porosity, and (c) micro hardness with sintering temperature [30].

As the sintering temperature increases, the material starts softening and the grains (particles or molecules) seem to
diffuse with the surrounding particles or molecules without melting. This happens because of the higher liquid phase
transitions at higher temperatures. So, density increases, and porosity decreases with an increase in sintering
temperature. As the porosity and air gap decrease with an increase in temperature, the micro hardness increases, and the
material, with greater micro hardness value, can be used to manufacture different parts of automobiles and aircraft.

FORGING PROCESS (FP) OF PM

The schematic diagram representing powder metallurgy methods with their different processes and stages has been
shown in Fig. 7.

It can be classified into three categories, i.e. (i) Cold forging: In this method forging is done at atmospheric or
room temperature, (ii) Warm forging: In this method forging is done above atmospheric or room temperature but below
the recrystallization temperature of matter and (iii) Hot forging: In this method forging is done above the
recrystallization temperature of matter.
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e Water-cooled
statinary tank

£ Steel can FRe C Heat treatment
Metal B
[ = —r  — Mamming
0000

13

Mechanically
Intermetallic alloyed powder
g\ Shelba Extrusionpress D
Ball mill be.anngs pr assembly
— ' Final product
Oxide Rotating impeller Hot rolling inal p

Figure 6. Different steps involved in the manufacturing of a product from powders by mechanical alloying [31].

ADDITIVE MANUFACTURING (AM)

It is a popular method to fabricate composite materials because of its low prototyping and manufacturing cost and
also because of the easy method of fabrication. It needs a computer and 3D CAD (computer-aided design) software to
sketch the fabric prototype. Once the 3D CAD sketch is produced, the AM manufacturing equipment starts the
assembly process by reading the information from CAD files and adds layer upon layer of the fabric (in liquid or
powder or sheet form) to fabricate a desired 3D stuff. The fundamental steps of AM method are creating a CAD 3D
model, creating STL (standard tessellation language) files, manipulation of STL files in AM equipment, completing the
method of building, removal and cleaning up, post-processing and implementation. AM is transforming the practice of
drugs and making work easier for architects [32]. The productivity of fabric may be increased by AM fabrication
technique. The common application of AM is to style the net-shaped plastic parts without the employment of high cost
and time-consuming special tools, like injection molds [33]. AM process is generally utilized in the assembly of
lightweight materials to scale back the burden of vehicles in automotive and aerospace applications due to its ability to
create lightweight net-shaped frames; it is accustomed to manufacture complex honeycomb-shaped cross-sectional
areas [34].

Some of the AM techniques used for the fabrication of TMCs are —

e Selective laser melting (SLM): It is an AM process that uses a high-density laser beam to melt and fuse the
metallic powder in any specific region (point or line) or layer by layer. High power laser beam fuses the
consecutive layers to form a 3D object by following CAD and STL files.

e Laser-engineered net shaping (LENS): It uses a high-power laser beam to form a highly dense product. The
metallic or ceramic powder is injected into the hot molten pool of metal through the nozzle by following CAD.
Directed energy deposition is another name of LENS (Fig. 7) and it is used to add some extra material to the
existing component or to repair any instrument.

— > LASER Beam

> Focusing Lens

— —* Shield Gas
PRNnRNLNG > Powder

Focused LASER Beam

»Powder delivery nozzle
Melt pool
Substrate

“ X-Y positioning stages

Figure 7. Schematic diagram of Laser engineered net shaping (LENS) [35].
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Table 3.

Direct laser deposition (DLD): It is a process of direct energy deposition (DED) that is very helpful in producing

complex customized parts or repairing them. Some AM fabrication methods are presented in Table 3.

AM techniques used for the fabrication of TMCs.

Matrix Reinforcement Method of fabrication
Ti TiB LENS [35], SLM [36]
Ti TiC SLM [37,38]
Ti TiB and TiC DLD [39]
Ti TiC, unmelt SiC, TiSi,, TisSi; LENS [40]
Ti TiN SLM [41]
Ti Ta SLM [42]
Ti-6Al-4V TiB, DED [43]
Ti-6Al-4V TiN LENS [44]
Ti-6A1-4V TiB and TiN LENS [45]
Ti-6Al-4V Mo SLM [46]

* SLM: Selective Laser Melting, LENS: Laser engineered net shaping, DLD: Direct Laser Deposition, DED: Direct energy
deposition

SPARK PLASMA SINTERING (SPS)
It is an emerging powder consolidation technique during which uniaxial force and pulsed DC are employed under
low air pressure. A schematic diagram of the SPS process with its different components is shown in Fig. 8.

Pulsed DC

Upper Punch

Graphite Die

Powder

Lower Punch

Pressure

Figure 8. Schematic diagram of SPS [47, 50]

Instrumentation: the SPS process is administered within the
SPS machine having the founded (i) wvertical single-axis
pressurization, (ii) water-cooled chamber, (iii) atmospheric
control, (iv) vacuum exhaust unit, (v) Sintering DC generator, and
(vi) SPS controller [47, 50].

EXPERIMENTAL PROCESS OF SPS

The sample powder is held between the punch and the
graphite dies. The temperature is quickly raised to 1000 to 2500
C (which is 200 to 500 °C less than the conventional sintering
process) resulting in the formation of the high-quality sintered
compact within 5 to 20 mins by the following vaporization,
melting, and sintering [48]. During the sintering process, different
atmospheres like hydrogen, inert gas, nitrogen, argon, natural gas,
dissociated ammonia, and vacuum are used. Vacuum atmosphere
is generally used for titanium for its high reactivity. The
processing is carried out in 3 stages, i.e., Plasma heating, Joule
heating, and Plastic deformation, shown in Fig. 9.

C:ﬁ%‘é’; : —— PULSE CURRENT Spark Plasma Sintering (SPS)
mechanism
Plasma heating Joule heating
GRAPHITE
GRAPHITE
PURICH DIE GASE

POWDER

GRAPHITE ¥

PUMNCH

PULSE CURRENT

WELL

e
Plasma Electrical
discharge curramt

wow wasnbstech.com

Figure 9. Pulsed DC along with the plasma heating and joule heating [49].

The details are given below.
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a. Plasma heating: The electrical discharge among the powder particles results in heating of particle surface
around 1000 to 2500 °C. The high temperature causes the vaporization of impurities to purify and activate the particle
surface. Because of micro-plasma discharge, the generated heat is equally distributed among particles of the sample.
Due to high temperatures, the particles melt and fuse to form a connection between them.

b. Joule heating: It is generated by pulsed DC which flows from particle to particle through the neck and causes
diffusion of atoms and molecules enhancing their growth. The rapid rise and drop in temperature diminish the growth of
material grain. So, this method can be used in the manufacturing of nanocomposites [50].

c. Plastic deformation: The soft material sample goes through plastic deformation under uniaxial force. The
material is densified because of plastic deformation as well as diffusion. So, it is a better option for densification
(around 94-99 % of theoretical value) of nanocomposites at a lower temperature than the conventional methods [48,
51-53].

SPS is very similar to hot pressing (HP) in which an external
heating source is used as shown in Fig. 10, but in SPS, an electric

Upper Punch pulse is used to heat the sample powder from outside (through
Graphite Dle graphite dies) as well as from inside (by plasma discharge). SPS
Heating Coll process is having very faster solute homogenization as compared
Powder to HP because of the joules heating. So SPS gives better results
than HP [54]. The difference between the SPS (with pulsed DC)

Lower Punch

and HP (with external heating source) can be observed from fig 9
and fig 10. Even if the sintering temperature in SPS is less than
the conventional sintering process, it plays a vital role in changing
the mechanical properties of a composite material. Here the
graphical plot of variations in density, hardness, and flexure
Figure 10. HP process with its different components %tvr.erlllgth Wlth slnter.lng .temperamre has been shown in Fig. 11.
[47. 50]. ith a rise in sintering temperature, the number .of pores

decreases which results in the densification of the material. Hence
density increases slightly as sintering temperature increases. The hardness of both samples (Fig. 11) was decreased with
rising in sintering temperature. The two samples show the best 3-point-bending test result at 1150 °C as the flexure
strength is maximum at this sintering temperature.

Pressure
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Figure 11. Variation of properties (a) density, (b) hardness, and (c) flexure strength of composites at different sintering temperatures
in SPS [55].
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Comparative Properties of Ti MMCs and Super alloys: TIMMC’s have a metal strength greater than Aluminum

PROPERTIES OF TMCs

Alloy if 6Al-4V titanium alloy is used. The values of some properties are presented in Table 4.

Table 4. Comparative properties of TMC, Ti-Al MMC, and super alloys.

Property Conventional TiMMC Ti Aluminide TIMMC Superalloys
Density (g/cm?) 4.04 4.18 8.3

0° Stiffness (GPa) 200 242 207
90° Stiffness (GPa) 145 200 207
Max use temp. (°C) 538 760 1090

0° CTE (°C! x 109 7.20 7.92 13.0
90° CTE (°C' x 10 8.91 9.18 13.0

* 0° — Along the direction of Fiber and 90° — Transverse to Direction of Fiber [6, 56, 57].

It has been observed that types of reinforcement, the quantity of reinforcement, and processing routes change the
property of composite material. A quantitative study on the physical and mechanical properties of different TMCs with

their processing routes is presented in Table 5.

Table 5. Physical and mechanical properties of different TMCs with their processing routes.

. Reinforcement with | Processing Properties
Matrix | o ] Strength - References
volume 7o route Density Hardness (MPa) Ductility %
24% TiB 3PS 4.90 g/cm? 710 HV - -
38.5% TiB 4.75 g/em’ 890 HV - -
Ti 20.6% TiB HIP 4.92 g/cm’ 658 HV - - 58]
38.3% TiB (PM) 4.90 g/cm? 823 HV - -
17.6% TiB PM 4.20 g/cm® 424 HV - -
37.9% TiB 4.68 g/cm? 618 HV - -
Ti-64 Zr based MG SLM - - > 1000 20* [59]
1.0 wt% CNTs - 292 HV 625 -
Ti 2.0 wt% CNTs SPS+HE - 336 HV 662 - [60]
3.0 wt% CNTs - 367 HV 853 -
Ti-4.5 5% TiB 97.90%* 335 HV 1038 2.19
Al-6.8 10% TiB 98.20%* 392 HV 1147 -
Mo-1.5 | 15% TiB HVC (PM) 98.30%* 428 HV 741 - [61]
Fe 20% TiB 96.10%* 445 HV 521 -
4% TiB + 0.97%
TiC - - 876 14.2
0, 1 0,
Ti 6.49%) TiB + 1.61% PM ) ) 995 738 [62]
TiC
10.93% TiB +
2.81% TiC ] ] 1138 2.6
0.2wt% of o %
MWCNTs 99.69% 2 GPa 898 -
0.4 wt% of o
MWCNTs 99.44% 2.18 GPa 1092 -
~ [0.6wt% of o
Ti MWCNTs SPS 99.31% 2.3 GPa 1052 - [63]
0.8 wt% Of 0/ %
MWCNTs 99.13% 2.39 GPa 1015 -
1.0 wt% of o %
MWCNTSs 99.01% 2.4 GPa 853 -
Ti-6Al- | 5% TiC 99.7%* - 995
4V 10% TiC SPS 99.6%* - 1060 [64]
. 0.5 wt% MLGs - 15.39 GPa - -
T 15 wi% MLGs SPS - 14.54 GPa - - [63]
B + 1 vol% CNTs 99.3%* 33 GPa - -
. B + 2 vol% CNTs 98.7%* 29 GPa - -
T "B+ 4vol% CNTs SPS 97.6%* 28 GPa - - [66]
B + 6 vol% CNTs 96.0%* 25 GPa - -
Ti 0.5 vol% B4C PM + HE - - 916 2.6 [67]
Ti- . e
15Mo TiB SPS - 22% 1480 - [68]
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. Reinforcement with | Processing Properties
Matrix | o - Strength — References
volume 7o route Density Hardness (MPa) Ductility %
1 wt% of CCS 96.4%* 289.40 HV* 669.75 -
Ti-Ni 3 wt% of CCS SPS 98.9%* 296.81 HV* | 686.90 - [69]
5 wt% of CCS 99.9%* 319.71 HV? 739.90 -

CNT: Carbon Nano Tube, MWCNT: Multiwalled carbon nanotubes, MLG: Multi-layer graphene, CCS: Carbonized coconut shell,
HIP: Hot isostatic pressing, HE: Hot extrusion, HVC: High-velocity compaction, HV: Vickers Hardness, * Relative, # Micro
hardness.

APPLICATIONS
There are many important applications of TiMMCs in various sectors such as Aerospace, Biomedical,
Automotive, Defense, etc. that shown in Fig. 12.

AEROSPACE

TMC:s are extensively used in the aerospace industries to make aircrafts lightweight, erosion-resistant, and protect
the aircraft from foreign objects and birds.

e The usage of TMCs in US fighter aircraft [2]

e Ti-6Al-2Sn--4Zr-6Mo is used to manufacture an aero-engine which is having excellent creep resistance, heat
resistance up to 450 °C and can be elongated up to 10% with a yield strength of 1105 MPa. Ti-5A1-2Sn-2Zr-4Mo-4Cr
having a heat resistance of 350 °C with tensile strength and yield strength of 1250 MPa and 1150 MPa respectively. It is
used to manufacture the shaft and fan with a greater damage tolerance ability [70].

e Rolls Royce starts manufacture of world’s largest fan blades for an aircraft. The weight of the ultra-fan has
been reduced up to 680 kgs. The weight reduction is due to the carbon titanium fan blades and composite casing [71].

BIOMEDICAL

Titanium could be a non-reactive, biocompatible, and corrosion-resistant metal that may be employed in bone and
dental implants. It is resistant to body fluids.

e CP-Ti, Ti-6Al-4V, Ti-24Nb-4Zr—8Sn, Ti-TiB/TiC, and Ti-6Al-7Nb are the popular composites utilized in
biomedicals as these materials show mechanical and biomedical properties almost like human bone [8].

e 37% porous CP Ti and Ti-TiB produced by the SLM process are having a modulus of elasticity near human
bone [1].

e Porous ceramic reinforced Ti composites are produced by additive manufacturing complete all the strain of
orthopedic implant applications at a lower cost [72].

AUTOMOTIVE

Mainly titanium is employed in automobiles for weight reduction. The weight reduction ultimately reduces the
fuel and power consumption and air resistance of the vehicle.

e  Titanium is employed to manufacture the engine valve train and connecting rods to reduce the inertial force in
a reciprocating engine. The primary motive force in vehicles is provided by the electric motor. The nonmagnetic and
relatively higher electrical resistance nature of titanium reduces the eddy current loss in electrical motors [73].

e Ti-6Al-4V is that the main component of connecting rods, intake valves, and wheel hubs because of its high
tensile strength up to 1050 MPa and yield strength up to 950 MPa. Ti-6Al-4Sn-4Zr-1Nb-1Mo-0.2Si (Reinforced with
5% TiB) could be a material for the assembly of exhaust valves having a yield strength of 1150 MPa [74].

e Conventional TIMMCs supported strengthening with discontinuous TiB or TiC reinforcements have realized a
wide application in automobiles.

e An exhaust valve with a non-porous cast Ti-44A1-8Nb-1B has been processed and examined using an X-Ray
beam [75].

DEFENSE

The high ballistic impact resistance and high strength to weight ratio of titanium composites made it a good choice
for armor and aviation material in defense. It can reduce the weight of the vehicle up to 40 -50% so that the fuel
consumption will be less and the vehicle movement will be free.

o Ti-6Al-4V is having a greater ballistic resistance as compared to rolled homogeneous armor (RHA) steel. It is
having a mass efficiency rating of 1.5 when the value for RHA steel is taken as 1 with a lesser weight.

e Ceramic reinforced titanium composites are showing good elastic modulus, good wear resistance, and high
yield strength. A reliable armor material can be produced with a different defeat mechanism by ceramic reinforced Ti
with TiB ceramic [15, 76].
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e Layered composite material armor for helicopters has been developed with Titanium Alloy-Ceramics-Polymer-
based lightweight composites which protect ammunitions to critical parts of the helicopters [77].

e TMCs can also be used in the production of body armors weighing only 8-10 kg (bulletproof jacket) and
aviation on some parts of fighter jets, aircraft, and military ground vehicles.
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Figure 12. Different applications of TIMMCs

VARIOUS CHALLENGES

Even if TMCs are having many unique properties, their use is limited in the automotive and aerospace industries
because of the following reasons.

e High cost: Titanium is a high-cost metal as compared to aluminum and iron in the current market. So, it is used
in those fields which can get more efficiency and weight reduction as compared to its cost as in the case of aerospace
industries where the fly-to-buy ratio is analyzed before its use.

e Low availability of the material: The relative abundance of titanium on earth is just 0.63% whereas, the
relative abundance of aluminum and iron is 8.1% and 5% respectively.

¢ Difficulty in machining: Due to high strength, low thermal conductivity, and chemical reactivity with the tool
material at elevated temperature, it makes a hazard to the tool and reduces the tool life.

e Spring-back and chatter effect: The low young’s modulus value of Ti alloys and composites leads to the
spring-back and chatter effect resulting in the poor surface quality of the product.

The machining difficulties can be solved by using high-pressure coolant during cutting and drilling operations. But
the coolants are of high cost. Current research focuses on the design of an effective cooling system. Some of the popular
cooling systems are-

e Cryogenic liquid nitrogen: It reduces the cutting temperature (around 28 - 61%), the surface roughness (around
4.36- 51.67 %), thrust force (around 14%) of Ti-6Al-4V as compared to the wet coolant. It also increases the tool life
[78].

e Minimum quantity lubrication: The drilling temperature decreases effectively by using the MQL method
during the material removal process because it reduces the drill wear when drilling the compound stacks [79].

e Low-frequency vibration-assisted drilling: This technique helps reduce the mechanical and thermal load of the
material removal process of carbon epoxy composite Ti-6Al1-4V which is very useful in aerospace industries [80].

e (Carbon dioxide-based cooling system: Vortex tube-based cooling system assistance machining can increase
the effectiveness of the machining in terms of cutting temperature and surface roughness. In this method, different types
of coolants can be used where CO, gas is providing better results [81]. This cooling system reduces the cutting
temperature (around 46.6%) and surface roughness (around 46%) as compared to dry machining [82].

CONCLUSIONS
Titanium metal matrix composites (Ti-MMCs), as a replacement generation of materials, have various potential
applications within the biomedical, defense, aerospace, and automotive industries. For a specific potential application,
the manufacturing route is restricted. Such as SPS is a better method for the manufacturing of nanocomposites and
dense materials. Similarly, additive manufacturing is used to reduce production costs and PM is used to manufacture
armors at a lower cost. Depending upon the porosity of TMC, its application is specified in various fields. Porous
materials are used in biomedical (37% Ti-TiB) whereas dense materials are used in automotive sectors (cast Ti-44Al-
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8Nb-1B). Even if TMCs full fill many mechanical and biomedical requirements, their higher cost and machining
difficulties limit their usages in different industries. For aerospace applications, it should have a good fly-to-buy ratio.
Otherwise, it will affect the final production cost of aircraft. The cost of TMCs can be reduced to some extent by
changing the processing route. But it is not sufficient to compete with other composites in the market. The cost
reduction can also be done by making Ti alloys (producing a matrix material containing Ti with other metals like
aluminum, iron, etc in nearly equal proportion just like in super alloys). An effective cooling system can overcome
machining difficulties. Now-a-days research is going on to reduce the assembly cost of raw Titanium and designing of
an effective cooling system. More insight into the research field of composites is required to know the reason for its
high cost. Once the reason is very clear then the cost can be reduced which in turn increases the usage of high strength
and light weight TMCs in different applications without any second thought.
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OIJIAJ NIJISAXIB OBPOBKH, BJACTHBOCTEM, 3ACTOCYBAHHSA TA CKJIAJTHUX ITPOBJIEM,

10 NOB’SI3AHI 3 TUHTAHOBO-METAJTEBUMU MATPUYHUMHU KOMIIO3UTAMHU
Xpynasanpxaii Ilarx, Tanan Kymap Mimpi, lllacmita Pani Ilanirpaxi, bixkaanakmmi Kyanap, bicsagxir lanaii
Dizuunuii paxynromem, naykosa wikona, ynieepcumem GIET, I'vuynyp 765022, Ooiwa, Inois
Ha cporomuimHii [eHb THTAH BiIPI3HAETHCSA CBOEIO MAJOI0 Barolo, BUCOKOIO MIIHICTIO Ta HEPEAKTUBHOIO MPUPOJIO0 B MOPIBHAHHI 3
ycima Metanamu. TutanoBo-meTaneBi MaTpuuHi komnoszut (TMK) € nyxe momysipHIMH B Tary3sX aepOKOCMIYHOI, aBTOMOOLTBHOL
IIPOMHCIIOBOCTI, B 00OpOHHIN Ta GiomenuuHiil cdepax depe3 iX BHCOKY IMHTOMY MIIHICTb, Mally Bary Ta 0iOJIOTiYHY CyMICHICTE.
Jlesiki 3 MIMPOKO BUKOPUCTOBYBAaHUX METOJIB BUPOOHUITBA, TAKKX K Iopomkosa Meranypris (IIM), axurusae BupoOHULITBO (AB)
Ta ickpose mia3moBe crikans (IT1C), 6ynu po3misHyTi B 1iit po6oTi 3 ypaxyBaHHsIM Aeskux BiactuBocteil TMK. 3mintooun pi3zHi
TUIH apMYBaHHs, MOXHa JOCATTH HEOOXiTHMX BIACTUBOCTCH BIAMOBITHO JO NMPOMHUCIOBUX Ta CydyacHHX 3actocyBanb y TMK. Ile
JOCII/DKEHHSI TaKOXK BKJIOYAE HACTIJKH BIUIMBY TeMIIEpaTypH crikanHs Ha Taki BnactuBocti TMK, sk ¢i3uuni, MexaHiuHi Ta
cTpykTypHi. CrjaBu THTaHy JEMOHCTPYIOTh XOpOLIl MeXaHi4Hi Ta OiOMEeIW4Hi BJIACTUBOCTI NPU apMyBaHHI BYIJICLEBHMH
BOJIOKHaMH, OOpHIaMH, KEPaMiKoro Ta 6ararbMa iHIIUMH MaTepiajlaMd Y BUTJISIII CYLUTBHUX BOJIOKOH a00 MepepuBYACTHX YACTHHOK
Ta ByCiB (HUTKOMONIOHMX KpHcTamiB). Y Wil poboti #metbes mpo 3actocyBanHs TMK B aepokocmiuHii, aBTOMOOITBHIM,
GiomenuuHiit Ta 060poHHIH chepax. Hespaxkaroun Ha yci i CHPUSTINBI BIacTUBOCTI Ta 3actocyBaHHs, TMK He MOXyTb IIPOKO
BHUKOPHCTOBYBATHCSl Y 3a3Ha4EHHWX Taly3sX 4Yepe3 IX BHCOKY BapTICTh Ta TpPyAHOINI B 0OpoOIi. 3HMKEHHS BapTOCTI MOXHA
3IICHUTH UIIXOM BUTOTOBJIeHHs Ti — cymepciuiaBiB. KpiM Toro, Juisi MOKpaIieHHs! TEXHOJIOT YHOi 0OpOOKH iCHY€e HEOOXiJHICTh Y
e(eKTHBHIIl cHcTeMi OXOJO/KEHHs MmiJ 4yac MexaHiqHoi oOpoOku TMK. Bynm takox po3misHyTi neski eheKTHBHI METOIHM, sKi

MOXYTb mominuuTu 06podmoBanicts TMK.
Kurouosi ciioBa: Ti MMK; TIM; AB; ITIC; cknaani npooiemu
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The runaway electron event is the fundamental physical phenomenon and tokamak is the most advanced conception of the plasma
magnetic confinement. The energy of disruption generated runaway electrons can reach as high as tens of mega-electron-volt and they
can cause a catastrophic damage of plasma-facing-component surfaces in large tokamaks and International Thermonuclear
Experimental Reactor (ITER). Due to its importance, this phenomenon is being actively studied both theoretically and experimentally
in leading thermonuclear fusion centers. Thus, effective monitoring of the runaway electrons is an important task. The synchrotron
radiation diagnostic allows direct observation of such runaway electrons and an analysis of their parameters and promotes the safety
operation of present-day large tokamaks and future ITER. In 1990 such diagnostic had demonstrated its effectiveness on the TEXTOR
(Tokamak Experiment for Technology Oriented Research, Germany) tokamak for investigation of runaway electrons beam size,
position, number, and maximum energy. Now this diagnostic is installed practically on all the present-day’s tokamaks. The parameter

v, / |v‘ ‘| strongly influences on the runaway electron synchrotron radiation behavior (v, is the longitudinal velocity, v, is the transverse

velocity with respect to the magnetic field B ). The paper is devoted to the theoretical investigation of runaway electron synchrotron
radiation spot shape when this parameter is not small that corresponds to present-day tokamak experiments. The features of the
relativistic electron motion in a tokamak are taken into account. The influence of the detector position on runaway electron synchrotron
radiation data is discussed. Analysis carried out in the frame of the nonlinear cone model. In this model, the ultrarelativistic electrons

emit radiation in the direction of their velocity v and the velocity vector runs along the surface of a cone whose axis is parallel to the
magnetic field B . The case of the small parameter v, / |VH| (v, / |VH| <1, linear cone model) was considered in the paper: Plasma

Phys. Rep. 22, 535 (1996) and these theoretical results are used for experimental data analysis.

Keywords: diagnostic of runaway electrons, ultrarelativistic electrons, synchrotron radiation spot shape, nonlinear cone model, large
tokamak safety operation.

PACS: 52.25.0s, 52.55.Fa, 52.70.-m

The generation of runaway electrons during disruptions poses a potential threat to the safe operation of large
tokamaks. The energy of these electrons can reach as high as tens of MeV, which could lead to a serious damage of
plasma-facing-component surfaces in large devices like ITER (under construction in France) (see, e. g. [1, 2]). Numerical
calculations for ITER suggest about 70% of thermal current may be converted into runaway current during a disruption
by avalanche mechanism [2]. Thus, effective monitoring of these high-energy runaway electrons is an emerging safety
issue of the tokamak operation. The most powerful diagnostic for runaway monitoring is diagnostic based on their
synchrotron radiation [3]. For the first time, this diagnostic was used in TEXTOR [4] to study the parameters of runaway
electrons (beam size and position, number, and maximum energy of runaways). Now it is a routine diagnostic for present-
day tokamaks: such as Joint European Torus (JET, Great Britain), Axially Symmetric Divertor Experiment (ASDEX
Upgrade, Germany), DubletllI-D and Alcator C-Mod (USA), Frascati Tokamak Upgrade (FTU, Italy), Tokamak a
Configuration Variable (TCV, Switzerland), Experimental Advanced Superconducting Tokamak (EAST, China), Korea
Superconducting Tokamak Advanced Research (KSTAR, South Korea). The first correct theoretical analysis of the
synchrotron radiation of runaway electrons with taking into account features of the relativistic electron motion in a
tokamak (motion along tokamak helical magnetic field with the longitudinal velocity v, , cyclotron gyration motion around

the guiding centre with the finite transverse velocity v, with respect to the magnetic field and the vertical centrifugal drift

of guiding centre motion with velocity v, ) and detector position was carried out in Ref. [5] where cone model was used.

Note, the finite value of parameter v, / |VH strongly influences on the runaway electron synchrotron radiation behavior but

in Ref. [5] only the case of v, / |VH| <1 was studied (linear cone model).
The highly relativistic particles emit radiation in the direction of their velocity vector [6], in this approximation, the

velocity vector v runs along the surface of a cone whose axis is parallel to the magnetic field B . Because of in tokamak

¥ Cite as: 1 M. Pankratov, and V.Y. Bochko, East. Eur. JI. Phys. 3, 18 (2021), https:/doi.org/10.26565/2312-4334-2021-3-02
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experiments the inequality v, / |VH| >y takes place, the small uncertainty introduced by the angular broadening of

-1/2
radiation, ~ ', was neglected, y = (1 -/ cz) is the relativistic factor. This model demonstrates good agreement with

the full models [7]. Note that for the detailed investigation of runaway beam parameters both analysis of runaway electron
synchrotron radiation spot shape and synchrotron radiation spectra must be carried out [8, 9].

NONLINEAR CONE MODEL EQUATIONS
We shall use the toroidal (7, 8, {) and Cartesian (x, y, z) coordinate systems, 8 and { are the poloidal and toroidal
angles (see Fig. 1), respectively. The tokamak confinement magnetic field was taken in the form:

— B, R
B(r,@)zM[iE[nL 4 EQJ, (1
q(r)R,

The circular transverse cross sections of the magnetic surfaces in a tokamak are assumed and the displacements of
the magnetic surfaces relative to each other are neglected, R =R, —rcos @, Ry is the major radius of the magnetic surfaces,

q(7) is the tokamak safety factor. The drift surfaces of runaways with small radius 7, strongly deviate from magnetic

e

surfaces with radius 7 because of the drift shift 0, [5]:

r=\r’=52sin> 6 -5, cos 6. )

In present day tokamaks the drift orbits are shifted to low magnetic field side. The runaway electrons on the same
drift surface in the low field side are located on a magnetic surface with a larger radius than electrons in the high field

side.
VA

Figure 1. The cross-sections (through the plane £ = 7/2) of the magnetic surfaces (dashed circles) with a center at the point O and the drift

surface with shift J, (solid circle) at a center Oa are plotted, 7,;, and 7,

ax are minimal and maximal minor radii of magnetic surfaces

corresponding to this drift surface. The x-axis is directed toward the detector. The direction of the poloidal magnetic field Ep is shown.

Radiation is recorded by the detector if the condition

[v x(R, -0, )} =0 3)
is satisfied. In Cartesian coordinates, the radius vector of the position of the detector is represented in the next way:
Qdet = Déx + Y:ietéy + Zdeléz H (4)

where D > 0 is the distance from the detector to the plane (= 7/2 (see Fig. 2).

Recall the main results of the linear cone model (see Ref. [5]). For the case of the small values v, / ‘VH‘

(v i / |v‘ ‘| < r/ q(r)RO) , when the detector is situated in the plane z = 0 (Z = 0) , the detector can record electrons for which

det
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tand~+D/q(r)R,, 5)

i.e., the detector records electrons only from a small part of the beam cross section, which has the shape of a curved strip
of varying width. If v / |VH| > r/q(r)R, , the detector records a large asymmetrical spot. Note that the influence of drift

orbit shift (see Eq. (2)) of high relativistic runaways on the camera record possibility is the main reason why an
asymmetrical synchrotron radiation spot can be observed in present day tokamak experiments. When the large orbit shift
of runaway electrons takes place, the synchrotron radiation in the low field side cannot be detected.

R,y D
B e
Y;](_:[
C

ol z
Figure 2. Relative positions of the runaway electrons beam and the detector are shown. For simplicity, case of the plane z =0 and

Zy, = 0 are presented, R, and R, are the inner and outer major radii of the beam in this plane, the cones of radiation emitted by

t

electrons are represented schematically.

The experimental observations of runaway electron synchrotron radiation spot shape (see, e.g. [7, 9, 10, 11]) are in
good agreement with the theoretical results of Ref. [5]. The observation of asymmetrical ring-like synchrotron radiation
spot shape from runaway electron beams in the EAST experiments has been explained by the large orbit shift [9]. The
theory of Ref. [5] may also be applied for data interpretation of a new RE diagnostic called the “Gamma Ray Imager”
(GRI) which is deployed on the DIII-D tokamak [12].

In present-day tokamaks during runaway discharge the parameter v, / v, may achieve the value of the order of 0.5

(see, e.g. [11]). The paper is devoted to the nonlinear cone model for the investigation of runaway electron synchrotron
radiation spot shape in such situations. For a magnetic field with small nonuniformity it is convenient to present the

electron velocity v and the radius vector R, in the following way [13]:

V=7, +v, (7 cosa+7,sina), (6)
R, =R, +r7, +v—i(f1 sina -7, cosa), (7)
B
where
é,=¢,cos{+ésind, amw,, ,(r0)=eB(r,0)/ymc (e>0). )

The right-hand triplet of the vectors is taken in the form:

0= g - s HaOR%, T, = [fz x z?0] =e, I,= [fo xT, ] = =% —(V/‘](”)Ro)ég . )

Ji+jaryy J1+(/qR,)?

In tokamaks, the change of nonuniform magnetic field is small in comparison with the Larmor radius of the ultra-
relativistic electron with tens of MeV energy. Hence to investigate Egs. (3, 6, 7) the well-known asymptotic methods [13]
may be used. The changes of variables (Egs. (25.32) from Ref. [13]) are used (see appendix). With the triplet of the
vectors (9) these changes of variables take the form:

_ 1 v, sina cosf 7 L cosasin 0
W=y +—— = > = R TR -
@y \1+(7/qR,)* | J1+(F/qR,) (qR,)
B (10a)
v 7/qR, cos 2@ cos 6

- sin2asind F

40,R 1+ (7/qR, )’ J1+F/qRr,) |
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1 V”2 sina (cos 0 r j cos&sin 6
v, =V, —— - - | +
@y \1+(7/qR, )’ [\/1+(F/qR0)2 R (4qR) R

B (10b)

VW, 7/qR, . A . =_ cos2acosf

sin2a sin F —————— |,
40, R \[1+(F/gR,)’ VI+(7/qR,)’
_ 1 1 _ \7”2 sinagsing 1 cosa [ cos@ 2 (1 (F/qR,)) cosd
a=a-—— F— +— v - S|V = ||t
0y JI+(F/qR,) | V. R Vv, J1+(F/qR,)* R (qR) r R
v 7/qR, _ . - sin2a&cos@ v, — __ sinfsina
cos2asinf * - cosfcosad F—=|— (10c)
40,R 1 +(7/qR, )’ [ JI+(F/qR,) | @R JI+(7/qR,)’
v, 7/qR,

cosa.

© @,qR, 1+(F/qR,)’

2z
Here averaging of variables is determined in the usual way: f = (1/ 27[)." fda .
0
For simplicity below the line over averaged variables is omitted. After substitutions of these changes of variables
(10a, b, ¢) in Eq. (6) the components of electron velocity take the form:

2 2
\ v,V v,V
v, =CosA| Fy +vlLsina— L cos@-—"Lsin(@+a)+—= " sina+—2—costa |+
qR, @R qR, @y R @yqR, 4R, @zqR,
2
v AL v
+sinA| -y ——sin@+v cos(@+a)F— Lsin9¢ I Lsin(ﬁia)siné’i I Lcosai (11a)
I 1
qR, @qR, gR, @R qR, 4w,R 4R,
2 2
e sin(@+a)cosa + L cos(fta)sin(f+a) |,
Wyt W, R
2
v vV AL
v, =CosA| v, L sin 0—v, cos(0*ta) " g HiLLsin(ﬁi a)sin&iLLcosa +
qR, @yqR, 4R, @R qR, 4w,R qR,
2 2
+ sin(@ta)cosa F L cos(Hia)sin(Hia)}+ (11b)
w,r Wy
2 2
v AV AL
+SInAl Fv +v, L sing——! Lcosl9—Lsin(t9ir ) + " Gna -2 costa ,
qR, R qR, @R qR, qR, yqR,
2 2 2
v, +0.5v v AY AY
v, :v”Lcos@+vLsin(Hir0:)Tr I ! Lcost9irLLsin(6’iroc)costé’iLLsinoc
4R, R @yqR, qR, @R qR, 4R qR, (11¢)
2 2
- cos 200+ a)+ Vi cos(@+a)cosa
W R Wyt
and components of coordinates (from Eq. (7)):
X, =—(R,—rcosf)sinA, Y, =(R,—rcosf)cosA, ZE:rsinﬁiv—Lcos(Hia), (12)

Wy

where {=a/2+A. The terms that are proportional to small parameter (r/ q(r)R,)* <<1 are omitted.
By inserting equations 11(a, b, ¢) and 12 into Eq. (3), the expressions that allow analysis of the synchrotron
radiation emitted by runaway electrons in tokamaks are obtained (v, / |v‘ ‘| >>r/q(r)R, ). From expression

(Z,=Zy)v, =(X,=D)v, (13)
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we get:

+ rsiné’iv—icos(ﬁia)—Zdet}[cosAisinAv—lcos(é’ia) =

@, v,
(14)
+0.5
:[D+(R0—rcos0 smA]{—cos0+—sm(0 )+i¥_v—iv—icos(0ia)cosa .
qR, Yi v @R, Vi @gr
From expression
(Xe _D)vy _(Y Ydel) (15)
we get:
Y, A—(R, — 0
sinA[li&V—icos(ﬁia)} e 90 (DO reos )icosALcos(Bia). (16)
Yi Yi

In Egs. (14) and (16) the small terms that are of the order of (vHZ/a)BqRO) (r/qRy) , (v,v, J®,qR)(r/ gR,) and
v, / @y R are omitted. The solution of Eq. (16) has the next form:

{1+an ~cos (0 ):l{[H(Ydﬂ/D) J[1+(Vl/v) cos” (0+ )] (R/DY }1/2+(§j{%$“}cos(€ia)_

cosA = ! I 1 a7

’ [1+(ch1 /D) :||:l+(Vi /v“)2 cos’ (Hia)] 17
{%T—‘; cos(O+ ):I{[l+(cht/D) }[l+(vi/v”) cos’ (6 )} (R/D) }]/Z—Eg){li%‘:}cos(ﬁia)_

sinA ! | 1 ag

(14t /DY 14 (v /) cos* (0:4.1)|

The synchrotron radiation of runaway electron may be detected by the camera only if the next inequality holds
(solution of Egs, (17), (18) exists):

(14X /DY ][ 14 (v, /) 0s? (02 @) |2 (R/ DY (19)

DISCUSSIONS
For v, / |vH| < 1the equations (14, 16) correspond to the linear cone model equations of Ref. [5]:

1 v +0. 5v .
*(rsinf-2Z,, )~ —cost9+—s1n(€+a)+—— (D+RsinA), (20)
4R, i Y R,
Y. —R
sinAziLsin0¢Lcos(€ia)+“‘—, cosAx1. (@3]
qR, v D

The upper signs in the equations of the paper correspond to the case when the magnetic field B is directed away from
the detector, and for the lower sign field is directed toward the detector. For the electron moving toward the detector the
longitudinal velocity v, is negative for upper sign (v, < 0) and positive for lower sign (v, > 0). Hence:

{I_Yglrfos(ﬁ )}{[1+(ch /D) J[l+(vl /v, )2 cos’ (6“_r0t)}—(R/D)2}”2 +[gj{%‘ +|‘;l|cos(6’ia)]
[1+(Ydm/D) :||:1+(VL/VH)2 cosz(Gia)J

COsA = , (22)

{YdD“ +|‘;i|cos(91ra)1 {[1+(Ydst /D)z}[1+(vl /vH)2 cos’ (6“_r0t)}—(R/D)2}”2 —[gj{l— Yo |vi cos(&ia)}

Il L(23)
[1+(YGlcl /D)’ :||:1+(Vl /v, )2 cos’ (Hia)}

sinA =




23
Nonlinear Cone Model for Investigation of Runaway Electron Synchrotron Radiation... EEJP. 3 (2021)

First situation when Yae/D > 1 is considered. If 1-(Y,,, / D)(v, /|vH |) cos(@£a)=0,then cosA >0 and

et

sinA2 0, if [ (¥, / D)+ (v, /|y eos@+a) | 2 (R D), (24)

sinA<0, if [(Ydet I D)+ (v, /|y cos(o+ a)T <(R/D). 25)

If 1-(Y,, /D)(v, /|v”|)cos(9ia)SO,then sinA>0 and

et

cosAZ 0, if (Y, / D)(v, /|y [yeos@+a)-1] < (R/ D), (26)
]

cosA <0, if [(Ydet /D)(vl/|vH|)cos(6’ia)—l > (R/ D). 27

Second situation is when Ye/D < 1. If (¥, /D)+(v, /|vH|)cos(6'J_ra)20, then cosA >0 and sinA>0 or
sin A < 0if inequality (24) or (25) holds, respectively.

If (Y, /D)+(, /[|)cos(0+a)<0, then sinA<0 and cosA>0 or cosA<0if inequality (27) or (26) holds,
respectively.

In Egs. (14), (16) the parameter v, / |vH| is not small, the solution of Eq. (14) exists only if |sin(6?ia)| <<1 and

et

|cos(6ia)| ~1 (r << D, Z,, ~7). Very important conclusion: for each poloidal angle 0 the synchrotron radiation of

runaway electron is detected by the camera for certain values of « only.

CONCLUSIONS
The analytical expressions that allow analysis of the synchrotron radiation emitted by runaway electrons in tokamaks

have been obtained, the finite ratio v, / v, the order of 0.5, the tokamak safety factor g(r), the horizontal displacement o,

of the drift surfaces of electrons with respect to the magnetic surfaces, and the position of the detector are taken into
account. This situation corresponds to present-day tokamak runaway electron experiments.

It has been shown that besides the parameter v, / |v‘ ‘| , the ratio Y, / D is also a key parameter for the analysis of the

synchrotron radiation spot shape. It should be noted that for each poloidal angle § the synchrotron radiation of runaway
electron is detected by the camera for certain values of a (cyclotron rotation angle) only.

APPENDIX
For readers convenience the equations that corresponds to Eqs. 25.32 of Ref. 13 are presented:

e Wi s m s i = = = =
W= [7,(7, V)7, sina - 7,(7,V)7, cos @ |+
’ (A1)
{[fl(flV)fo—fz(fZV)fo]sin2§—[fl(f2V)fo+fz(fIV)fO]cos2&},

=2
v

+
4

1
wB
‘72
v, =V, +——[7,(7,V)F, cos@ — 7,(7,V)7, sina | +
’ (A2)

WML [7(7,9)8, + 5, (V) |cos 28 ~[7 (2 V)7, ~ 7,(7,V)z, |sin 2},

+

Wp

S L B T S R U S SR, B
a=a ——{_—[vzrl V)7, —vfrz(z'ZV)z'lJcosa —_—[vfrl (7V)7, —VHZT2(TOV)TO:|SII’1 a}—
B VL vl

(A3)

Vi (1= mons = = ons e mons = mons Taonml V(s = = =
" {[7. V)7, - 7,(£,V)7, |cos 2a +[7,(7,V)7, + 7, (7, V)7, |sin 2a | ——-(7, cos @ + 7, sin @ ) Vv,
wB B

= S VL _
R, =Ré, +77, +—(7 sina -7, cos ). (A4)
B
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JOCJIAKEHHS ®OPMU IVISIMUA CUHXPOTPOHHOI'O BUITPOMIHIOBAHHS EJIEKTPOHIB-BTIKAYIB
B MOJIEJII BUITPOMIHIOBAHHSI CIIPSIMOBAHOI'O Y3JIOBXK IIOBEPXHI KOHYCA iX IIBUIKOCTEM
I.M. Iankparos®’, B.IO. Bouko®
“Xapxiecvruil Hayionanvhuil yHisepcumem imeni B.H. Kapa3sina, m. Ceoboou 4, 61022 Xapxis, Yxpaina
bIuemumym pizurxu nnazmu, HHI] “Xapxiscoruil pizuxo-mexuivnuii incmumym”’
6yn. Axaoemiuna 1, 61108 Xapxis, Yxpaina

Enexrponun-Brikaui — ne gyHaamMeHTansHe (Gi3udHe SBHUILE, a TOKAMAaK — HaHOUIBII MPOCYHyTa KOHIETIisi MarHiTHOTO YTPHMaHHS
iasmu. EHeprist enekTpoHiB-BTiKaviB, SIKi YTBOPIOIOTHCS MijJ Yac 3pUBIB PO3PSIY, MOXE JOCATAaTH JNECATKIB MEraejleKTPOHBOJBT,
MOTPAIUISHHS SIKMX Ha KOHCTPYKLIHHI €JIeMEHTH Cy4aCHHUX BEJIMKUX TOKAMAKIB i CIOPY/IXKyBaHOI0 Mi>KHAPOJHOI'O TOKaMaKa-peakTopa
ITER moxe mpu3BecTH 40 KaTacTpodidHUX HACHIAKIB. BHACITOK aKTyabHOCTI, JaHE SIBULIIE aKTUBHO TOCIIIXKYEThCS SIK TEOPETUUHO,
TaK i eKCIIEPUMEHTAIBFHO y IPOBITHUX TEPMOSACPHUX HEeHTpaxX. EQekTHBHUI MOHITOPHHT eNIEKTPOHIB-BTiKAaYiB € BAXKIIMBOIO 331a4€I0.
HiarHocTrka, mo 0a3yeTbcss HAa CHHXPOTPOHHOMY BHIIPOMIHIOBAaHHI €JIEKTPOHIB-BTIKa4iB, MO3BOJSE SK Oe3mocepenHe ix
CIIOCTEPEeXKEHHs, TAaK 1 aHaNli3 IapaMeTpiB IUX ENEeKTPOHIB, MO crpusie Oe3nedHiii pobOTi Cy4acHMX TOKaMakiB Ta MaHOyTHBOTO
tTokamaky-peaktopa ITER. B 1990 porni naHa niarHOCTHKa moka3aiia cBOr eekTuBHICTh Ha Tokamari TEXTOR mns nocnmimkeHHs
paziycy my4ka, po3TallyBaHHs, KiTbKOCTI Ta MAKCHUMAIIbHOT CHEprii eIeKTPOHIB-BTiKauiB. LIs JiarHOCTHKA BCTAHOBIICHA HA O1BIIOCTI

cydyacHuX Tokamakis. ITapamerp v, / |vH| BUSBJISIE CWIBHUH BIUIMB HA MOBEJIHKY CHHXPOTPOHHOIO BHIPOMIHIOBaHHS €JICKTPOHIB-

BTiKa4iB (V| - HO3MOBXKHS, & v, - [OLepeyHa IBUIKICT 10 BIIHOIICHHIO IO MArHITHOIO IIOJIs B). B cTarTi TEOPETUYHO BUBYAETHCS

(dhopma IsIMHA CHHXPOTPOHHOTO BHIIPOMIHIOBAHHS €IICKTPOHIB-BTIKAaYiB, KOJIH LIEH MapaMeTp HE MaJiid, 0 BiAMOBiAE TENEPilIHIM
eKCIIepUMEeHTaM Ha TOKaMakKaX. YpaxoBaHI OCOOJHMBOCTI pPyXy PelISTHBICTCBKOTO €JIEKTPOHA B Tokamari. IIpoaHanizoBaHO BILIHB
pO3TaNTyBaHHS JETEKTOPA HA CIIOCTEPEKEHHSI CHHXPOTPOHHOTO BUITPOMIHIOBAHHS €JICKTPOHIB — BTIKa4iB. AHAJI3 IPOBEJCHO y MEXaxX
HeJiHIIiHOT MoOJeNl MOBEpXHI «KOHyca IIBHIKOCTEi». B mili Moneni BHIIPOMIHIOBAaHHS YJIbTPApENSITUBICTCHKUAX EJIEKTPOHIB

CIIPAMOBAHO Y3[0BXK BEKTOpY IX IMIBHMAKOCTI V, a BEKTOP MBHIKOCTI COPAMOBAHO Y3IO0BXK MOBEPXHI KOHyca 3 BiCCIO MapanenbHii
MarHiTHOMy nosto B . Panilie BUMazok Majgoro mapamerpy v, / |VH| (v, / |VH| < 1, ninifiHa MOzenb) PO3TISIHYTO B cTarTi: OU3nKa

ia3mel, 22, 588 (1996), 1i TeopeTHUHI pe3yIbTaTH BUKOPUCTOBYIOTHCS IS aHAITI3Y eKCIIEPUMEHTAIBHIX JaHUX.
KuiouoBi cjioBa: fiarHOCTHMKAa €JEKTPOHIB-BTIKauiB, YJIBTPApPEIATHBICTCHKI €JNEKTPOHM, (OopMa IUISIMH CHHXPOTPOHHOTO
BUIIPOMIHIOBAHHSI, HENiHIMHA MO/IENIb MOBEPXHI KOHYyCa MIBUAKOCTEH, Oe3mexa poboTH ToKaMakxa.
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This paper is devoted to the studies of the opportunities for the intensification of the particle diffusion in the periodic structures, for
example the crystals that are exposed to the action of the time-periodic fields of a different nature. These can be acoustic or
electromagnetic fields. The trivial one-dimensional model of the motion of the particles in the potential lattice field under the thermal
equilibrium has been used. The paper studies the interaction of rectangular fields with the frequencies less than 0.01 @, , where @,
is the frequency of natural small vibrations of the particles in the systems with the low dissipation. The selected friction coefficient

in dimensionless units is equal to 7/' =0.03 . The amplitude dependence of the intensification of the diffusion DD under the action of
the fields of a different frequency has been studied. It was shown that the diffusion coefficient can be increased by several orders of
magnitude by applying the field of an appropriate amplitude and frequency. A maximum diffusion intensification is attained at
@ — 0. A maximum attained value of the diffusion coefficient at the periodic force corresponds to the case of the action of the
constant force. However, at low frequencies a maximum intensification is only possible in the narrow range of field amplitudes

F o }/I. A further increase in the field amplitude results in a decrease of the diffusion coefficient and it attains the value of the

coefficient of the particle diffusion in the viscous medium D ;; = KT/ )/', where k' is the Boltzmann coefficient and 7 is the

temperature. An increase in the frequency of the external force results in the extension of the range of forces at which D > D, ,

however the value of the diffusion intensification is decreased. It was shown that the exceed of a certain threshold value of the

amplitude of the external field results in the gain of the diffusion coefficient at least by the value of 77 = (k'T ‘et kT )/(7/'D0) ,

where ¢ is the value of the energy barrier during the passage of the particle from one cell of the one-dimensional lattice to another.
The obtained data open prospects for the development of new technologies to exercise control over diffusion processes. It is of great
importance for the production of nanomaterials with the specified structure, creation of the surface nanostructures, etc.

Keywords: Brownian motion, computer simulation, crystals, diffusion, Langevin equations, periodic fields, periodic systems.

PACS: 05.40.-a, 02.50.Ey, 68.43.Jk, 66.30.J-

The process of the creation of the appropriate micro- and nanostructure of the materials is reduced in many
respects to the finding of an opportunity for the control over diffusion processes [1]. Up to this day, the temperature was
the main parameter of such a control. The diffusion is intensified with an increase in temperature and it results in the
activation of other thermal processes. From the standpoint of the technology, it is important to know how to control the
diffusion of the certain types of defects or atoms without changing the medium temperature. The application of the
external fields of a different nature can solve this problem on the whole.

The latest experimental investigations are indicative of that the diffusion mobility can efficiently be controlled
using external fields. A huge increase in the diffusion was observed during the investigations carried out to study the
motion of paramagnetic particles across the surface of garnet ferrites exposed to the action of external time-periodic
magnetic fields [2]. The intensification of the diffusivity by several orders of magnitude was observed when studying
the particle diffusion in the colloids with optical traps [3]. However, the physical basics of such diffusion intensification
are still not very clear.

Earlier, the diffusion intensification carried out by using theoretical methods was mainly studied under the action
of constant force. It was established that the diffusion mobility of the particles can essentially be increased under the
action of the force both in underdamped [4] and overdamped systems [5]. It was shown in [6] that the particle diffusion
coefficient can be increased in the periodic lattice by many orders of magnitude under the action of the constant external
force in the narrow force range specified by the dissipative properties of the medium. The paper [7] gives analytical
expressions to compute the gaining in the diffusion coefficient depending on the friction coefficient for underdamped
systems. The paper [8] gives the plotted diagram of the existence of the domains that allow for the efficient control of

fCite as: 1.G. Marchenko, V.Yu. Aksenova, L.I. Marchenko, East. Eur. J. Phys. 3, 25 (2021), https://doi.org/10.26565/2312-4334-2021-3-03
© I.G. Marchenko, V.Yu. Aksenova, I.I. Marchenko, 2021
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the diffusion by external constant fields. It was shown that the phenomenon of the so-called temperature-abnormal
diffusion (TAD) is realized in such domains. In the case of the TAD, the diffusion coefficient is increased with the
temperature drop. At first glimpse, it runs counter to our intuitive notions of diffusion processes. However, it should be
noted that such a phenomenon is realized only in the systems that are far from the equilibrium.

As a rule, it is a rather complicated task to realize the conditions for the action of the constant force on a
technological level. In practice, it is more promising to apply time-varying fields. Acoustic or electromagnetic fields can
be used for such purpose. The authors of [9] showed that the applied periodic field can have a great effect on the
diffusion coefficient in the overdamped system. The paper [10] studied diffusion processes under the action of periodic
fields in underdamped systems. It was shown that considerable diffusion intensification occurs at much lower vibration
amplitudes of the external field in comparison to the overdamped case. Only narrow range of the amplitudes of the
periodic force was studied near a maximum value of the coefficient gain at a constant force. However, a change in the
diffusion coefficient in the wide amplitude range was not studied. The main purpose of this research was to study the
amplitude dependences of the diffusion intensification under the action of the external low-frequency periodic fields.

SIMULATION METHODS
The motion of Brownian particles on the one-dimensional lattice under the action of the time-periodic force F' (t)

was described by the Langevin equation:

mx == U=y F 1)+ [2060), M
X

where ¢ is the time, x is the particle coordinate, m is its mass, ¥ is the friction coefficient, &(¢) is the white Gaussian
noise with the intensity set to unity. The point above denotes the differentiation in time. The thermal energy is O =T,
where k is the Boltzmann constant and 7' is the temperature.

To look into physical causes for the intensified diffusion under the action of the periodic force we will consider by
analogy to [10] the particle motion under the action of the rectangular periodic field.

F,(t) = Fsign(sin(at)) )

Where @ is the angular frequency of the external force and F is its amplitude.

The given type of the external field has an advantage over the sinusoidal field from the standpoint of the simplicity
of the interpretation of physical results, because under such action the particle ensemble moves in the fixed potential at
each half-period. It considerably simplifies the analysis of the obtained data. The use of the sinusoidal dependence, as it
was shown in [10], has no effect on the main physical results that remain unchanged and it only varies the obtained
numerical values.

The potential particle energy of U in the one-dimensional lattice was equal to:

Ux)= —% cos(zﬂ xj s 3)
a

where a is the one-dimensional lattice period, and U, is the potential barrier height.

The moving particle is exposed to the action of the periodic force exerted by the lattice £, :

ou (2
Fuu==""=Fy sm(”xj. @)

a

The value of F, = —U, that is called a critical force corresponds to a minimum acting force required for the
a

overcoming of the energy barrier in the viscous medium and that energy barrier separates two neighboring positions of
the particles on the one-dimensional lattice.

The parameters of the used space —periodic potential were similar to those described in [6-8], i.e. U, =0,08 eV,
a=2,0 A. The particle mass corresponded to the hydrogen mass and it was equal to 1 atomic mass unit.

The stochastic equation (1) was solved numerically for each particle with the time step less than 0.01 of the natural

period of vibrations 7, = a(Zm/U0 )1/2. The statistical averaging was carried out in terms of the ensemble with the
particle number of at least N =5 10*. The initial conditions were the same as in [6-8].

To analyze the simulation data it is convenient to change to non-dimensional values [11-12].
After the transformation of

x‘zzlx f =2 5)
a 75
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and assuming that the non-dimensional mass m =1 , we will obtained a maximum simple equation form (1):

X'= —sin x'—y'x'+F'(t')+ 20T @ (6)
Non-dimensional units are relating to the force, friction coefficient and the temperature as follows:
. 70 . F 2kT
=y— , F=— T=—-.
7=y 27m F, U, )

The value of ' =0.032 for the given investigation was the same as in the case of previous investigations [6-8]. The
diffusion coefficient was calculated in terms of the dispersion o? =<(x' —<x'>)z>for the moving particle ensemble

distribution when the time tends to the infinity:
®)

where the brackets <> denote the ensemble averaging.

To improve the computation accuracy at the limited time the diffusion coefficient was calculated in the following
manner. Each computation anticipated the determination of the time £, required for the attainment of the linear
dispersion-time dependence. The one-dimensional lattice diffusion coefficient was defined as )4 of the curve slope
az(t). The linear dependence was obtained by the simulation data diddling using the method of least squares at the
time of ¢ >100¢;, . The diddling reliability was within 0.999 in all cases.

THE OBTAINED RESULTS AND DISCUSSION
Let’s consider a change in the diffusion mobility of the particles under the external periodic force. To clarify the

gain rate of the diffusion coefficient we calculated first the diffusion coefficients of the particles Dy, (T ) in the

absence of the external force. In Fig. 1, the dependence of D, (T ')is represented by hollow markers. It has the form of

the Arrenius curve that is peculiar for crystalline materials D, (T '):Doe"g/ ' where & is the value of the energy

barrier when the particle passes from one cell of the one-dimensional lattice to another. And the diffusion coefficient of
free particles is exponentially decreased with an increase in the reciprocal temperature.

10"+ - T .
. I " 0] Bove T=0.388
10Z ‘“t.,,,lﬂfo—t——.,,,, .~ | o V‘V\ 7=0.032
1074 e 5 ~o v
! — 3113 o v
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Figure 1. The dependences of diffusion coefficients on the Figure 2. The dependences of diffusion coefficients on the

reciprocal temperature. Empty markers denote the external i ation amplitude of the external periodic force F for

force F =0.0, filled markers denote the external periodic

force F =0.1 (it corresponds to a maximum diffusion
coefficient at a constant force), The friction coefficient is

different frequencies of @ . The dotted line shows the value
of the diffusion coefficient in the periodic lattice in the
absence of the external force. The dashed line shows the
value of the diffusion coefficient in the viscous unstructured

}/' =3.10"2. Square markers represent the frequency

, ) medium. 7' =0.388, y =3-107.
@ =107*, circles indicate the frequency @ = 1073,

The use of the external constant field (@ = 0) results in the enhanced diffusion mobility of the particles. This gain
rate depends to a great extent on the value of external force. In Fig. 2, the filled markers show the dependence of the
diffusion coefficient on the value of applied force at a constant temperature of the thermostat. The dotted line in this
Figure shows the value of the diffusion coefficient D,, of the particles in the one —dimensional lattice in the absence of
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the external force. The dashed line in this Figure shows the value of the diffusion coefficient in the viscous medium of
D, =kT'/y in the absence of external forces. It can be seen that the diffusion rises sharply in the narrow range of

applied forces. A maximum value of D' is attained at F ~0.1. Fig. 1 gives the temperature dependences of the
diffusion coefficient of the particles at the same force amplitude value for the two different frequencies. The Figure
shows that the application of external periodic field also increases the diffusion mobility of the particles by several
orders of magnitude in the wide temperature range. Moreover, the diffusion coefficient is increased in the specified
temperature range with the temperature drop. It is the range of the so-called temperature — abnormal diffusion. By
decreasing the external force frequency we extend this temperature range. In other words, by changing the external
force frequency we can efficiently control the diffusion coefficient at the given temperature.

Let’s consider in detail a change in the dependence of the diffusion coefficient on the amplitude of external
vibrations for different frequencies of the external force. Fig. 2 shows such dependencies for the fixed temperature of

T' =0.388. It can be seen that for the frequency range in question, D is always increased from the value of Dy, s

attaining a certain maximum value of D and then it drops to the value of D, . A further increase in the amplitude

max °
results in no change of the diffusion coefficient. It means that in the case of exceed of a certain critical amplitude value
KT ot /KT
we observe the gain in the diffusion coefficient as a minimum by the value of =D,/ D,,, = o
VLo
The highest diffusion intensification is observed at low frequencies. At the frequency of ® =1.6%107, the curve
of D'(F ,a)) coincides with the curve of a change in the diffusion coefficient under the action of the static force

F <0.13. It is well-known [12] that the so-called running and locked solutions can exist simultaneously in
underdamped periodic systems. It was shown earlier [13] that an increase in the diffusion coefficient under the action
of the constant force occurs due to the appearance of the localized and moving particles in the ensemble of the
“populations” particles under the action of the thermal noise. The solution of equation (1) with no random force showed
that running stationary solutions are unavailable in studied frequency and amplitude ranges. At each half-period, the
particles change to the moving state and make long jumps. Afterwards, these are returned to the localized state and
begin their motion from new nodes. As a matter of fact, the diffusion is intensified.

A specific feature of the low-frequency vibrations of a low amplitude is that the particle velocity distributions of

n(V ) coincide during the half-period for constant and periodic forces. Therefore, at low frequencies (@ =1.6*107")

up to the values of F '~0.13 the curve of D'(F ) coincides with the curve for the case of @ =0. At high amplitude
values, the diffusion coefficient scarcely differs from D,,. The increase in the frequency up to the value of

@ =1.6*10"" provides a noticeable difference of the diffusion coefficient in contrast to D'(F o= 0) at F'>0.12. At
the frequencies above @ >1.6%107° the diffusion coefficient of D(w) fails to attain the value of D,,, and it

considerably differs from D'(F ';0). In other words, a certain specific frequency range exists and it permits maximum
diffusion intensification by varying the amplitude of external vibrations. At the same time, the amplitude range in
which D/(a)')> D, is extended with an increase in frequency. In this case, the curve maximum D'(F ';a)) is shifted

towards the range of higher amplitudes.

Hence, we showed that the action of the periodic field always results in the enhancement of diffusion processes. A
maximum intensification is observed al low frequencies in the narrow amplitude range. An increase in the frequency
extends the intensified diffusion domain. It is related to the fact that the diffusion intensification mechanism differs in the
case of constant and periodic fields. In the case of the constant field, the diffusion coefficient is defined by the stationary
particle distribution between the two ensembles, in particular, the “running” and “localized” states. In the case of the action
of the periodic field throughout the period the particle velocity distribution function is changed all the time [14].

CONCLUSIONS
This paper delves into the studies of the intensification of the particle diffusion in the one-dimensional space
lattice exposed to the action of the external low-frequency time-periodic fields. It was shown that the diffusion
coefficient can be increased by several orders of magnitude by applying the field of an appropriate amplitude and
frequency. A maximum diffusion intensification is observed at @ — 0. For the studied frequency range we can state
that the diffusion coefficient tends to the diffusion coefficient in the viscous medium at increased force amplitudes. The
obtained data open prospects for the development of new technologies to exercise control over diffusion processes. It is
of great importance for the production of nanomaterials with the specified structure, creation of the surface
nanostructures, etc.
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The changes in chemical composition of the intermetallic alloy LaNis surface monolayers were studied using secondary ion mass
spectrometry (SIMS) in the process of the alloy interaction with oxygen. The investigated samples were pellets made by pressing the
fine-grained LaNis alloy. Ar" ions having energies of 10-18 keV were used as primary ions. The primary beam current density was
9-17 pA-cm2, which corresponds to the dynamic SIMS mode. The emission intensities of secondary ions were measured within the
dynamic range of at least 6 orders of magnitude. Before the measurements, the samples were annealed in residual vacuum at a
temperature of ~ 1000 K. After the annealing, the sample surface was cleaned using the primary ion beam until the mass-spectrum
composition and secondary ion emission intensity stabilized completely. The gas phase composition was monitored using a gas mass
spectrometer. The conducted studies showed that a complex chemical structure including oxygen, lanthanum and nickel is formed on
the surface and in the near-surface region of LaNis as a result of its exposure to oxygen. Oxygen forms strong chemical bonds in such
a structure with both components of the alloy. This is evidenced by the presence of a large set of oxygen containing emissions of
positive and negative secondary ions with lanthanum, with nickel, and oxygen containing lanthanum-nickel cluster secondary ions in
mass spectra. The resulting oxide compounds have a bulk structure and occupy dozens of monolayers. In such a bulk oxide structure,
the outer monolayers are characterized by the highest ratio of oxygen atom number to the number of matrix atoms. This ratio
decreases along the transition from surface to the underlying monolayers. This process occurs uniformly, without any phase
transformation. The observed secondary ions are not a product of association between sputtered surface fragments and oxygen in the
gas phase at the fly-off stage after sputter-ejection, but they are products of the oxide compounds being sputtered, hence they
characterize the composition of surface and near-surface region.

Keywords: SIMS, LaNis intermetallic alloy, oxygen, surface, oxides.

PACS: 34.35.+a, 79.20.Rf, 88.30.

LaNis intermetallic alloy is of great importance among other hydrogen storage materials for a number of technical
applications. It is used in systems for stationary accumulation and transport of hydrogen, for thermosorption
compression, catalysis, hydrogen purification, separation of its isotopes, as well as in fuel cells. The alloy has a high
hydrogen capacity, high cyclic stability and can be activated or reactivated easily. LaNis alloy is able to absorb and
release a large amount of hydrogen at near room temperatures and relatively low pressures [1-3]. The hydride phase
LaNisHe; contains 1.4-wt. % hydrogen. The enthalpy of hydride formation is 15.7 kJ/mol-H, the enthalpy of
decomposition is 15.1 kJ/mol-H [4].

It is well known that one of the main problems of most hydride-forming alloys limiting their practical application
is their susceptibility to surface contamination by reactive gases like oxygen. Oxygen on the surface of the alloys
produces a reactive effect, i.e., it initiates a chemical reaction that results in volumetric corrosion of the alloy and, as a
result, irreversible reduction of the hydrogen capacity. The high activation energy between the physisorption and
chemisorption states of hydrogen on the oxidized surface prevents dissociative chemisorption and associative
desorption. Molecular hydrogen cannot penetrate the oxide surface layer to dissociate on the metal surface below the
oxide. On the other hand, dissolved hydrogen cannot leave the surface because associative desorption is prevented [5].
Even low oxygen concentrations in hydrogen gas can cause problems with repeated cycling of an alloy [6].

These problems, in principle, are also relevant for the intermetallic LaNis alloy, but unlike most hydride-forming
alloys, LaNis is relatively resistant to oxygen impurities in hydrogen. Traces of oxygen, which are always present in
varying amounts in hydrogen, do not catastrophically poison the active surface of LaNis when multiple cycles of
hydrogen absorption-desorption are performed. During the first few cycles, oxygen absorption-desorption does have a
poisoning effect on LaNis, but as cycling continues in hydrogen with oxygen admixture, the kinetics and hydrogen
capacity are substantially restored. After this initial transition period, oxygen becomes a classical reactant, i.e., it
produces a reactive effect and slowly converts lanthanum atoms into LaO; or various lanthanum hydrates or
hydroxides [7-11].

The specific effect of oxygen on LaNis is explained by a number of authors as follows. Lanthanum diffuses to the
surface in the surface layer of a freshly prepared LaNis sample since the surface energy of lanthanum is lower than that
of nickel; the surface is enriched with lanthanum, achieving thermodynamic equilibrium state [12, 13]. Given that there
is some preferential oxidation of lanthanum over nickel, the interaction with oxygen produces La,O3; or La(OH);. Some
surface nickel is also thought to be oxidized. The resulting complex oxides are disproportionated by surface diffusion,
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resulting in the formation of composite films of nickel clusters within the stable lanthanum oxide or hydroxide [11].
Such clusters are catalytically active. Metallic nickel catalyzes hydrogen dissociation being the first stage of the
hydrogen absorption process. Segregation and reduction of Ni occurs in each hydrogenation cycle. This process
represents the mechanism of LaNis active surface self-regeneration. Thus, according to the above, oxygen causes the
separation of the alloy components into lanthanum oxidation products (oxides or hydroxides) and nickel clusters.

A somewhat different picture is given in papers [14-16]. According to these authors, exposure of LaNis to oxygen
leads to complete oxidation of surface lanthanum to La,0O;. All the nickel present on the surface is also oxidized. Its
oxides consist of NiO, Ni(OH),, and Ni,Os, but the latter two components exist only in a few upper monolayers. The
LayOs layer extends to a greater depth than the NiO layer. The latter is present only as thin oxide layers. Thus, it is
believed that the NiO oxide is distributed over the La,O3 surface and essentially behaves as a system on a metal carrier,
which has a higher catalytic activity towards hydrogen.

It was also shown in [17, 18] that although lanthanum oxidizes quite rapidly when exposed to oxygen, nickel oxide
is present in the first few surface monolayers along with lanthanum oxide. The authors believe that the lanthanum-rich
oxide layer is important not because it provides large nickel clusters on the surface, but rather because it protects the
underlying material, i.e., the LaNis itself. In [19] it was shown that when LaNis is exposed to oxygen, only the
lanthanum atoms are oxidized, not the nickel atoms. Nickel segregation occurs in each hydrogen sorption-desorption
cycle. The lanthanum in this model actually serves as a gas absorber that provides the formation of pure nickel clusters.

Thus, the above hypotheses indicate that at present there is no consensus on the processes and results of interaction
between oxygen with the LaNis intermetallic alloy surface. There is no consensus on how the alloy components react to
the presence of oxygen and which chemical compounds are in fact formed on the surface. This fact gives grounds for
further research.

The purpose of this work is to study the chemical composition of surface monolayers of LaNis intermetallic alloy
during interaction with oxygen as well as to study the change in this composition depending on oxygen pressure and on
the depth of oxygen location by using the secondary ion mass spectrometry method.

RESEARCH METHODS

The chemical composition of the alloy surface, as well as the change in this composition depending on the
experimental conditions, was studied using the secondary ion mass spectrometry method. This method makes it possible
to directly detect hydrogen and its compounds, as well as to study the changes in the composition of such compounds
depending on the experimental conditions.

The samples under study were pellets pressed from moderately fine-grained (less than 1 mm) LaNis alloy. Ar* ions
with energies of 10 keV in the analysis of positive ions and 18 keV in the analysis of negative secondary ions were used
as primary ions. The primary beam current density and vacuum conditions corresponded to the SIMS dynamic mode.
The experimental setup was equipped with an energy filter for secondary ions, which allowed measuring the emission
intensities of only low-energy secondary ions that mostly characterized the presence and composition of chemical
compounds on the surface under study. The emission intensities of secondary ions were measured within the dynamic
range of at least 6 orders of magnitude. The samples were annealed before the measurements in a residual vacuum at a
temperature of ~ 1000 K in order to partially clean the surface from chemical compounds that are either desorbed or
dissolved into the volume of the material during annealing. After the annealing, the sample surface was cleaned using
the primary ion beam until the mass-spectrum composition and secondary ion emission intensity stabilized completely.
The composition of the gas phase was monitored using a gas mass spectrometer, which also was used for measuring
small partial pressures of gases in the vacuum chamber after the necessary calibrations had been performed. In the cases
when the multi-atomic secondary ion emissions are complexly overlapped by their mass numbers, their specific
contributions were separated according to the usual procedure, taking into account the natural distribution of isotopes.
The temperature of the alloy sample during the measurements, including studies of oxygen interaction with the alloy,
was ~ 325 K.

EXPERIMENTAL RESULTS

After the annealing and cleaning of the sample with the primary beam, the mass spectra of both positive and negative
secondary ions were measured. The analysis of the spectra showed that they contain numerous emissions of atomic and
cluster ions of the alloy components. There are also emissions of ions that indicate the interaction between the alloy atoms
on the surface with the gas phase and bulk impurities, i.e., emissions corresponding to compounds of lanthanum and nickel
with hydrogen, oxygen, and carbon. This indicates that even after annealing and primary beam cleaning there are some
chemical compounds which include hydrides, oxides, hydroxides and carbides on the surface of the samples studied.
Similar results regarding the mass spectra composition of secondary ions sputtered from the LaNis surface are given
in [20-22].

In the further experiments, the mass spectra of positive and negative secondary ions at elevated oxygen partial
pressures of 6.6:107 to 8.8:10 Pa and residual hydrogen partial pressure were measured. Such mass spectra contain a
large set of oxygen-containing emissions of positive and negative secondary ions. Emissions of oxygen-containing ions,
which include lanthanum atoms, were the most intensive in the positive ion spectra. In the spectra of negative ions, there
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was a large set of oxygen-containing ion emissions, which included nickel atoms. There were also a large number of
oxygen-containing emissions of complex secondary ions that include lanthanum, nickel, and oxygen atoms with various
atomic ratios. In spite of the fact that the residual partial pressure of hydrogen in the sample chamber during the
experiments is 4-5-10 Pa, there was emission of hydroxide ions in the spectra, along with the emission of corresponding
oxide ions.

We also measured the dependences of the emissions intensities for a number of oxygen-containing secondary ions
on the oxygen partial pressure in the sample chamber at the residual hydrogen partial pressure. The positive secondary
ion spectra were measured at the primary beam current density of 9 pA-cm™ and the negative secondary ion spectra
were measured at the primary beam current density of 17 uA-cm?. Figures la, 2a, 3a, 4a show examples of the most
characteristic intensity dependences on oxygen partial pressure measured for some positive and negative oxygen-
containing secondary ions with lanthanum and nickel, as well as for some intermetallic lanthanum-nickel ions.
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Figure 1. a: Dependences of the emission intensities of positive secondary ions with two lanthanum atoms on the oxygen partial
pressure; b: Dependences of the emission intensities of positive secondary ions with lanthanum on sputtering time after the exposure in
oxygen.
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Figure 2. a: Dependences of emission intensities of positive secondary ions with three lanthanum atoms on oxygen partial pressure;
b: Dependences of emission intensities of positive secondary ions with lanthanum on sputtering time after the exposure in oxygen.
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As a continuation of studying the interaction between LaNis and oxygen, the experiments were conducted to
obtain the dependences of the emission intensities for previously studied secondary ions on the sputtering time after the
sample exposure to oxygen. An oxide structure, which, as noted above, is characterized by a set of oxygen-containing
secondary ions and by the ratio of their emission intensities, was formed on the sample surface at the increased oxygen
partial pressure. This structure was then sputtered by the primary beam. As the sputtering proceeded, changes in the
emission intensities of the selected secondary ions were recorded.

These experiments were carried out as follows. After the surface of the sample was cleaned by the primary beam
in a residual vacuum with continuous recording of the selected ion emission intensity, oxygen was injected into the
chamber up to a pressure of ~3.3-10* Pa. After 46-48 seconds, the oxygen inlet was shut off and then the time
dependences of the secondary ion emission intensity and oxygen pressure in the sample chamber were measured. The
oxygen pressure was recorded using a gas mass spectrometer. Fig. 1b, 2b, 3b show the measurement results at the
sputtering stage after shutting off the oxygen inlet for oxygen-containing positive ions with lanthanum and for negative
ions with nickel. For comparison convenience, the real emission intensities in these figures are divided by the intensity
at the time point corresponding to the oxygen shutting off. Thus, the curves in Figs. 1b, 2b, 3b show how many times
the emission intensity changes during the sputtering time with respect to the starting point. The same figures show the
dependences of the oxygen partial pressure in the chamber also normalized to their initial value.
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Figure 3. a: Dependences of emission intensities of negative secondary ions with nickel on oxygen partial pressure; b: Dependences
of emission intensities of negative secondary ions with nickel on sputtering time after the exposure in oxygen.
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Figure 4. a: Dependences of emission intensities of complex secondary ions with lanthanum and nickel on oxygen partial pressure;
b: Dependences of emission intensities of complex secondary ions with lanthanum and nickel on sputtering time after the exposure in
oxygen.
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Fig. 4b shows the results of measurements at the sputtering stage for complex secondary ions with lanthanum
and nickel. In this case, the oxide sputtering experiment was slightly modified. After the sample surface was cleaned
with the primary beam in the residual vacuum, the primary beam was shut off. Oxygen was injected into the chamber
up to the partial pressure of 3.3:10* Pa. After holding for ~ 50 seconds, the oxygen inlet was shut off, the primary
beam was switched on and the sputtering began at this moment. As in the previous case, the actual emission
intensities in this figure are normalized to the intensity at the point corresponding to the primary beam turning on.
This sequence of actions, compared to the previous, makes it possible to estimate the influence of the primary beam
on the oxidation processes.

The curve labeled in Fig. 4b as La,*®NiO4"+La,Ni," represents the sum of La,*®NiO4" and La,Ni," secondary ion
emissions (400 amu); separation of their specific contributions was not performed, since the signal recording was
performed in continuous mode (in contrast to the curve for La,>*NiO4" in Fig. 4a). It is thus taken into account, that at
the indicated experimental conditions the contribution of La;Ni," ions to the total signal is insignificant.

RESULTS DISCUSSION

The basis for the secondary ion mass spectrometry method, which makes it possible to infer a conclusion about the
surface composition based on the analysis of measurement results, is the following model. An impact of a primary ion on a
solid body initiates a cascade of binary collisions of target atoms. Sputtering of secondary ions from the surface occurs
when a sufficiently energetic cascade approaches the surface. [23]. In the sputtering process, multi-atomic complexes as
part of the surface and near-surface regions are sputtered along with single-atomic or two-atomic particles. Since the
sputtered secondary ions are part of the surface and near-surface region, the composition diversity of positive and negative
secondary ions observed in secondary ion spectra is determined exclusively by the surface and near-surface monolayer
composition of the solid from which the sputtering takes place. A change in the surface composition also determines the
trends of the secondary ion emission intensity dependences on the experimental parameters.

Obviously, the comparison of the secondary ion mass spectra composition with specific chemical compounds on
the surface should be done with caution. It should be kept in mind that chemical compounds on the surface correspond
to a much greater extent to the composition of the neutral rather than ionic component of the sputtering products. The
composition of sputtered multi-atomic ions can be influenced by the processes of charge acquisition and retention.

The analysis of the results obtained in the present work allows us to conclude that oxygen forms strong chemical
bonds with both alloy components when it enters the surface of the LaNis alloy. This is also evidenced by the presence
of a large set of secondary ions of La,On" and Ni,On" type, as well as by the presence of multi-atomic secondary ions
comprising both alloy components like the La,NinOx* type (where n, m and k may take different values in the case of
positive and negative ions). The presence of such emissions in the mass spectrum suggests that when oxygen adsorbs on
the LaNis surface, it not only forms strong chemical bonds with both alloy components, but also forms a common
structure consisting of lanthanum, nickel and oxygen.

As can be seen from Figs. 1a-4a, the emission intensities of most oxygen-containing secondary ions pass through a
maximum as oxygen pressure increases. Moreover, the more oxygen atoms in the composition of a secondary ion are
per metal atom, the higher the oxygen pressure at the point where the maximum is observed for such ions. There are
also secondary ions which emission intensities only tend to plateau with increasing oxygen partial pressure. The
observed dependences of the emission intensity on the oxygen partial pressure reflect the process of oxygen
concentration increasing in the formed oxide structure. In other words, the observed dependences indicate that as the
partial pressure of oxygen increases, an oxide structure in which the ratio of oxygen atoms to the number of matrix
atoms increases is realized on the surface and in the near-surface region of the LaNis sample. From the point of view of
the analysis method used, for each specific value of oxygen partial pressure the formed oxide structure is characterized
by a certain ratio of emission intensities of oxygen-containing secondary ions.

It should be emphasized that the oxygen concentration on the surface, and so the equilibrium surface coverage
with oxygen-containing chemical compounds in our experimental conditions is determined by the dynamic equilibrium
between the processes of oxygen adsorption from the gas phase and sputtering by the primary beam. There are also the
effects of ion beam mixing. Analysis of the results obtained at oxide sputtering shows the following. The oxygen partial
pressure p(0,) in the sample chamber, after the shut off drops by two orders of magnitude during ~10 seconds. At the
same time, the emission intensity of secondary ions changes much more slowly. For some secondary ions, the emission
intensity grows with the sputtering time; for others it decreases, and for some ions, it passes through a maximum. This
applies to lanthanum ions, nickel ions, and complex lanthanum-nickel ions in Fig. 1b-4b. This behavior of the emission
intensity dependences on sputtering time for the selected ions correlates well with the oxygen dependences for these
ions in Figs. l1a-4a. Qualitatively, the course of the dependences of the ion emission intensity on sputtering time repeats
in reverse order the course of the corresponding dependences obtained when the partial pressure of oxygen is increased.

This correlation allows us to state that in sputtering experiments, after pumping oxygen out of the chamber, and as
the formed oxides are being sputtered, the situation on the surface is the opposite of the one that occurs when the partial
pressure of oxygen increases, and when the number of oxygen atoms per matrix atom in the surface structure increases.
Namely, as the oxygen-containing structure formed at the maximum partial pressures of oxygen in our experiments is
sputtered, the number of oxygen atoms per matrix atom decreases.
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The data shown in Fig. 1b-4b evidence that the sputtering of the formed oxides continues for hundreds of seconds.
This indicates that the formed oxide compounds have a bulk structure and occupy dozens of monolayers. In such a bulk
oxide structure, the outer monolayers are characterized by the highest oxygen concentration. The oxygen concentration
decreases along the transition to the underlying monolayers.

The sputtering results obtained after the exposure in oxygen under the primary beam (Figs. 1b-3b) and after the
exposure with the primary beam turned off (Fig. 4b) allow a qualitatively similar interpretation. This suggests that the
primary beam does not significantly affect the LaNis oxidation processes, while introducing the sputtering and ion beam
mixing factors.

Among other things, the results of the conducted sputtering experiments show that there is no direct correlation
between the change in the oxygen partial pressure with time and the change in the intensity of oxygen-containing
secondary ion emission with time. This is direct evidence that the observed secondary ions are not a product of
association of sputtered surface fragment with oxygen in the gas phase at the fly-off stage, but are the products of oxide

compounds being sputtered and do characterize the surface and near-surface region composition.

CONCLUSION

SIMS studies of the chemical composition of LaNis alloy surface monolayers during interaction of the alloy with
oxygen showed the following. As a result of the interaction between oxygen and the alloy sample, a complex chemical
structure including oxygen, lanthanum and nickel is formed on the LaNis surface and in the near-surface region. Oxygen
in such a structure forms strong chemical bonds with both alloy components. This is evidenced by the presence of a
large set of oxygen-containing emissions of positive and negative secondary ions with lanthanum, with nickel, and
oxygen-containing lanthanum-nickel cluster secondary ions in the mass spectra. The resulting oxide compounds have a
bulk structure and occupy dozens of monolayers. In such a bulk oxide structure, the outer monolayers are characterized
by the highest ratio of the oxygen atoms number to the matrix atoms number. This ratio decreases along with the
transition from the superficial to the underlying monolayers of the alloy. The quantitative and qualitative ratio of
elements in the formed oxide structure depends mainly on the oxygen partial pressure and to a much lesser extent on the
sputtering action of the primary beam.

The observed secondary ions are not a product of association between sputtered surface fragments and oxygen in
the gas phase at the fly-off stage after sputter-ejection, but they are products of the oxide compounds being sputtered,
hence they characterize the composition of surface and near-surface region.
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PO3IUJIEHHSA OKCHUAIB 3 IOBEPXHI LaNis
B.O. JliTBiHOB, L.I. Okceniok, /I.1. llleBuenko, B.B. bo6koB
Xapxiecvkuil nayionanvruil ynisepcumem im. B.H. Kapasuna
61022, Vkpaina, m. Xapxie, ni. Ceoboou, 4

Meronom BropuHHOI ioHHOI Mac-crmekTpometpii (BIMC) mpoBemeHO HOCTIDKEHHS 3MIH XIMIYHOTO CKJIQZY ITOBEPXHEBHX
MOHOMIApIB iHTepMeTaneBoro ciulaBy LaNis B mporeci B3aemomii 3 kucHeM. JlocimipKyBaHI 3pa3Ku HpeNCTaBISUI COOOIO
TabJIeTKH, cripecoBaHi 3 ApibHo3epHHCTOrO cruiaBy LaNis. B skoCTi HepBHHHUX i0HIB BUKOPHCTOBYBAIIHCS 10HH Ar™ 3 eHeprier
10 — 18 keB. IlibHicTs CTPYMy NEPBUHHOIO Myuka craHoBmia 9-17 MkA-cM2, mo Bianosinae nunamiunomy pesxumy BIMC.
[HTEeHCHBHOCTI eMiCiii BTOPHHHHX iOHIB BHUMIpIOBAJIMCS y IMHAMIYHOMY [iama3oHi He MeHiie 6 mopsakiB. Ilepex BuMipamu
3pa3Ky BiINadiOBaM y 3aJIMIIKOBOMY BakyyMmi mpu Temmeparypi ~ 1000 K. ITicis Biamamy mpoBomuiack OYMCTKa MOBEPXHi
IMyYKOM NIEPBUHHUX 10HIB J0 MIOBHOI cTadiii3amii CK1aay Mac-CrieKTpa Ta iHTEHCHUBHOCTI eMiciii BTOpHHHUX 10HIB. CKitaz ra3oBoi
(ha3u KOHTPOIIOBABCA 32 JOIIOMOTOI0 Ta30BOT0 Mac-crieKTpoMeTpa. [IpoBeaeHi JoCIiKeHHs TOKa3alu, O B PE3yJIbTaTi BILTUBY
KHCHIO, Ha TIOBEPXHI 1 B npunoBepxHeBoi obyacti LaNis yTBOPIO€ThCS KOMIIIEKCHA XIMIUHA CTPYKTypa, IO BKIIIOYAE KHCCHB,
JaHTaH i Hikelb. Kucens, B Takiit CTpyKTypi yTBOPIOE MiIHI XiMiUHI 3B'SI3KH 3 000Ma KOMIIOHEHTaMH cIuiaBy. IIpo 1e cBiguuTh
HasIBHICTh B Mac-CIIEKTpax BEJIMKOro HabOpy KUCHEBMICHHX €MICiH MO3UTHBHUX i HEraTMBHUX BTOPUHHHX iOHIB 3 JIAHTQHOM, 3
HIKeJIeM, a TAKO)K KHCHEBMICHUX KJIACTEPHUX JIaHTAH-HIKEJIEBUX BTOPHHHUX 10HIB. OKCHIHI CIIOIYKH, 1[0 YTBOPIOIOTHCS, MalOTh
00'eMHY CTPYKTypy 1 3aiiMalOTh JAeCATKM MoOHomapiB. Y Takoi 00'eMHOI OKCHAHOI CTPYKTypi 3O0BHIIIHI MOHOLIApi
XapaKTepH3yIOThCsl HANHOUIBIINM BiTHOIICHHSIM KiJIbKOCTI aTOMIB KHCHIO 0 KijbKOCTi aToMiB MaTpuui. Ilpu mepexoni mo
HIDKYOTO MOHOIIAPY L€ BiIHOMIEHHS 3MeHIIyeThcs. Lleld mpoumec BimOyBaeTbecs piBHOMIpHO, 0e3 Oyap-skuX (ha30BHX
TpaHcopmaniil. CriocTepexyBaHi BTOPHHHI 10HH € TPOAYKTAMU PO3MMICHHS OKCHIHHUX CHONYK 1 HE € MPOAYKTOM acoriamii
pO3NMIEHHX (parMeHTiB IMOBEpXHI 3 KHUCHEM Tra3oBOi (a3W Ha erTami BiIIbOTy. BOHM XapakTepu3yloThb XIMIYHHH CKIaz
MIOBEPXHEBO] 1 IPUIIOBEPXHEBOI 00JIACTI CIIaBY IPH HOTO B3a€MOI 3 KHCHEM.

Karwuogi ciosa: BIMC, intepmetaneuii crutaB LaNis, KUCEHB, MOBEPXHSI, OKCUIH
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Tensoresistance at uniaxial pressure for electron-irradiated n-Si single crystals at room temperature has been studied. Silicon single
crystals for research were doped with phosphorus, concentration Ng=2.2-10'¢ cm, and irradiated by the electron flows of 5-10'¢ el./cm?,
1-10"7 el./cm? and 2-10'7 el./cm? with the energy of 12 MeV. Measurements of tensoresistance and Hall constant were performed for the
uniaxially deformed n-Si single crystals along the crystallographic directions [100] and [111]. Mechanisms of tensoresistance for the
investigated n-Si single crystals were established based on the measurements of the tenso-Hall effect and infrared Fourier spectroscopy.
It is shown that the tensoresistance of such single crystals is determined only by changes in the electron mobility under the deformation.
In this case, the electron concentration will not change under the action of uniaxial pressure, because the deep levels of radiation defects
belonging to the VO; VOiP complexes will be completely ionized. Ionization of the deep level of Ev+0.35 eV, which belongs to the
defect of CiO;, under the deformation will not be manifested and will not be affect on the tensoresistance of n-Si. It is established that the
anisotropy of electron scattering on the created radiation defects, which occurs at the uniaxial pressure along the crystallographic
direction [100], is the cause of different values of the magnitude of tensoresistance of n-Si single crystals, irradiated by different electron
flows. For the case of tensoresistance of the uniaxially deformed n-Si single crystals along the crystallographic direction [111], the
dependence of its magnitude on the electron irradiation flow is associated with changes in the screening radius due to an increase in the
effective electron mass. For the first time obtained at room temperature the increase of the magnitude of tensoresistance for the n-Si
single crystals due to their irradiation by the electron flows of Q >1-10'7 el./cm? can be used in designing high uniaxial pressure sensors
based on such n-Si single crystals with the higher value of tensosensitivity coefficient regarding available analogues. Such sensors will
have increased radiation resistance and a wide scope of operation.

Keywords: n-Si single crystals, radiation defects, tensoresistance, electron irradiation, tenso-Hall effect, infrared Fourier
spectroscopy, scattering anisotropy.

PACS: 72.20.My, 72.20.Fr, 72.10.—d

Monocrystalline silicon is one of the promising materials for the manufacture of pressure sensors, which are used in
many areas of science and technology, such as aerospace, cryo energy, nuclear and atomic power, instrument engineering
and others [1-6]. The use of such sensors in these industries at the presence of radiation fields makes demands on the
accuracy and stability of their parameters. The solution of these problems is possible due to the optimization of the
performance of pressure sensors and the development of technologies for their production. Among the known methods of
obtaining silicon and other semiconductor materials is metallurgical doping by the isovalent and rare earth impurities,
impurity complexes and impurities with the deep levels [7-10]. However, these technologies have several disadvantages,
such as limited solubility of doping impurities, which significantly narrows the range of possible concentrations of charge
carriers, increasing the concentration of structural defects and reducing the degree of homogeneity of the material with
increasing doping concentration. Another method of obtaining semiconductor materials with the necessary properties is the
modification of these properties by radiation defects that are created in semiconductors under the irradiated with high-
energy quanta or particles [8, 11]. In [12-14], the effect of gamma irradiation and annealing on the tensoresistive effect in
n-Si single crystals was studied. It was established that the tensoelectrical properties of the investigated silicon single
crystals are determined by the radiation defects belonging to A-centers [12, 13], or both A-centers and thermodonors [14].
However, the effect of these defects on the n-Si tensoresistance will be manifested only at temperatures slightly higher than
the temperature of liquid nitrogen, and the energy levels of A-centers and thermodonors will be ionized at room
temperature. This significantly narrows the scope of operation of pressure sensors that are manufactured based on such
gamma-irradiated n-Si single crystals, as the use of gamma irradiation and thermal annealing technologies for this case
does not allow to control the n-Si tensosensitivity at room temperature. Therefore, this work aimed to study the
mechanisms of tensoresistance of electron-irradiated n-Si single crystals at the uniaxial pressure and establishing optimal
electron irradiation conditions to increase the tensosensitivity of these single crystals at room temperature.

EXPERIMENTAL RESULTS AND DISCUSSION
Measurements of tensoresistance and Hall constant were performed for the uniaxially deformed n-Si single
crystals along the crystallographic directions [100] and [111]. The investigated silicon single crystals were doped by the
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phosphorus impurity, concentration N¢=2.2-10'® c¢m?, and irradiated by the electron flows of 5-10'el./cm?,
1-10'7 el./cm? and 2-10"7 el./cm? with the energy of 12 MeV at room temperature. The method of preparation of silicon
samples and experimental measurements of tensoelectrical properties is described in detail in [15]. In [16],
measurements of infrared Fourier spectroscopy have been conducted for these n-Si single crystals, irradiated by the
electron flow of 1-10'7 el./cm?. It was found that the absorption lines with frequencies of 836 and 885 cm™' correspond
to the A-center (VO; complex), and the absorption line with the frequency of 865 cm! - the CiO; complex. These defects
are the main ones and determine the electrical properties of these single crystals. The activation energy of radiation
defects for irradiated silicon by the electron flow of Q=1-10'7 el./cm?, which is determined in this work based on Hall
effect measurements turned out to be equal to E, =E, — (0,107 £0,005) eV, which corresponds to the A-center,

additionally modified with impurity of phosphorus (VOiP complex). This allowed us to establish that VOiP complexes
will be created under the irradiation of silicon in addition to VO; complexes. The analysis of temperature dependences
of electron concentration for irradiated silicon single crystals by the electron flows of 5-10'¢ el./cm?, 1-10'7 el./cm? and
2-10'7 el./cm? showed that at room temperature the radiation defects belonging to A-centers, will be ionized, and the
deep levels E,+0,35 eV belonging to the CiO; defects will be filled with electrons. Also, these conclusions are in good
agreement with our measurements of the IR absorption spectra for irradiated n-Si single crystals by the electron flows
of 5-10' el./em? and 2-10'7 el./cm? at room temperature (Fig. 1).
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Figure 1. Absorption spectra at room temperature for irradiated n-
Si single crystals by the different electron flows Q, el./cm?:
1-5-10'%,2-1-10"7[16]; 3 —2-10"".

As follows from Fig. 1, in the absorption spectrum of irradiated silicon there is no line 885 cm’!, which
corresponds to the negatively charged state of the A-center, and there are absorption lines 836 cm™ (corresponds to the
neutral state of the A-center) and 865 cm!. Therefore, only radiation defects belonging to the CiO; complex will be
electrically active at room temperature. The increase in the area under the curves that correspond to these absorption
lines indicates that the concentration of the considered defects increases with the increasing electron irradiation flow.
This statement is also confirmed by the quantitative calculations conducted in [16].

Dependences of the tensoresistance for unirradiated and irradiated n-Si single crystals by the electron flows of
5-10" el./cm?, 1:10'7 el./cm? and 2-10'7 el./cm? at the uniaxial pressure along the crystallographic directions [100] and
[111 ] at room temperature show in Fig. 2 and Fig. 3.

The change in resistivity during deformation can occur both due to changes in mobility and electron concentration.
As is known [12], the decrease in electron mobility of the unirradiated silicon single crystals at the uniaxial pressure
along the crystallographic direction [100] occurs due to the redistribution of electrons between two minima of the
conduction band with lower mobility, which descend down, and four minima with higher mobility, which ascend up on
the energy scale under the action of deformation. That is, mobility in this case becomes anisotropic. The decrease in
electron mobility of n-Si at the uniaxial pressure along the crystallographic direction [111] is associated with the
increase in the effective mass of electrons during the transformation of a two-axis isoenergetic ellipsoid of rotation in
the three-axis and the emergence of non-parabolicity of the silicon conduction band under the deformation [15].

In [15], it was established that changes in the electron mobility under the uniaxial pressure for the same n-Si single
crystals with radiation defects are also associated with the additional mechanisms of electron scattering, which are not
manifested for unirradiated n-Si single crystals. In so doing, the electron concentration during deformation increases
due to the reduction of the ionization energy of the VO; and VOiP complexes. These two reasons will determine the
tensoresistance of irradiated n-Si single crystals at an uniaxial pressure. It should be noted that in [15] studies of the
tensoelectrical properties of electron-irradiated n-Si single crystals were performed for the temperature range
130-300 K. According to the temperature dependences of the electron concentration and infrared Fourier spectroscopy
measurements [16], the energy levels of VO; and VO;P complexes will not be ionized at the temperatures T<250 K and
will contribute to the changes in the electron concentration under the deformation and, accordingly, to the
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tensoresistance of the irradiated Si. In our case, these defects will be ionized and will not affect the tensoresistance n-Si
at room temperature. The change in the electron concentration under the action of deformation is possible only due to
the ionization of the C;O; complex, which will not be ionized at room temperature. Therefore, to interpret the obtained
results of tensoresistance, presented in Fig. 2 and Fig. 3, the measurements of tenso-Hall effect have been conducted. In
Fig. 4 shows the dependences of the Hall constant for unirradiated and irradiated n-Si single crystals by the electron
flows of 5-10' el./cm?, 1-10'7 el./cm? and 2-10'7 el./cm? on the uniaxial pressure along the crystallographic directions
[100] and [111 ] at room temperature.
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Figure 2. Dependences of tensoresistance at the uniaxial Figure 3. Dependences of tensoresistance at the uniaxial
pressure along the crystallographic direction [100] for irradiated ~ pressure along the crystallographic direction [111] for irradiated
n-Si single crystals by the different electron flows €, el./cm?: n-Si single crystals by the different electron flows Q, el./cm?:
1-2-10"7,2-1-10" el./em?,3 - 0, 4 — 5-10'°. 1-2:10"7,2-1-10" el./em?,3 — 0, 4 — 5-10'°.

The value of the Hall constant does not depend on the orientation of the uniaxial pressure, so curves 1 and 2, 3 and
4,5 and 6, 7 and 8 in Fig. 4 coincide at the deformation along the crystallographic directions [100] and [111] for the
same electron irradiation flows.
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Figure 4. Dependences of the Hall constant on the uniaxial
pressure along the crystallographic directions [100] and [111] at
room temperature for irradiated n-Si single crystals by the
different electron flows Q, el./cm?:
1,2-2-10"7;3,4-1-10'7; 5,6 - 5-10'%; 7, 8 - 0.
As follows from Fig. 4, the Hall constant does not depend on the uniaxial pressure for both unirradiated and
irradiated silicon samples. This is explained by the fact that at room temperature ionization of the deep level of E,+0,35
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eV belonging to the C;O; defect will not be manifested under the action of deformation. In this case, the radiation
defects corresponding to the VO; and VO;P complexes will be ionized and will not in any way affect the changes in the
electron concentration during deformation, in accordance with the Fig. 1 and obtained in [16] of the temperature
dependences of electron concentration. Therefore, the presence of tensoresistance for irradiated n-Si single crystals, as
well as for unirradiated ones, will be determined only by changes in the electron mobility at uniaxial pressure. Also, a
characteristic feature of the dependences of the tensoresistance (Fig. 2 and Fig. 3) is the increase in the magnitude of the
tensoresistance for the flows of Q>1-10'7 el./cm?. To quantitatively explain this feature, the relative decrease of Hall
mobility for undeformed and uniaxially deformed n-Si single crystals was estimated. The relative decrease in Hall
mobility with the increasing magnitude of the electron flow can be represented as follows:

oo O @) o 0
1,(0)

where £,(0) is the Hall mobility for unirradiated silicon single crystals; g, (Q) is the Hall mobility for irradiated

silicon single crystals by the flow Q.

Table presents the calculated values of the relative decrease of Hall mobility for undeformed and uniaxially
deformed n-Si single crystals with increasing electron irradiation flow (values of uniaxial pressures for elastically
deformed n-Si single crystals, for which assessments were conducted, are presented in parentheses).

Since the tensoresistance for unirradiated and irradiated n-Si single crystals, as established above based on the
analysis of the Hall constant dependences (Fig. 4), will be determined by changes in the electron mobility, then

pO0)  u(P)

As follows from the Table, the relative decrease in electron mobility for undeformed n-Si single crystals irradiated
by the electron flow of 5-10' el./cm? is greater than for uniaxially deformed. This explains, according to (2), the

pP)
p(0)

2

decrease of the value of the tensoresistance

under irradiation for these single crystals relative to the unirradiated

silicon single crystals.

Table. Relative decrease of the Hall mobility of undeformed and uniaxially deformed n-Si single crystals.

Relative decrease of Hall mobility a, %

Electron irradiation

flow of Q, el./cm?

Undeformed silicon
single crystals

Uniaxially deformed silicon
single crystals along the
crystallographic direction [100]

Uniaxially deformed silicon
single crystals along the
crystallographic direction [111]

5-10° 2.7 0.5 (0.89 GPa) 1.3 (0.89 GPa)
1-10"7 54 8 (0.82 GPa) 6 (0.84 GPa)
2-10" 7 16.6 (0.86 GPa) 8.4 (0.84 GPa)

For irradiated n-Si single crystals by the electron flows of 1-10'7 el./em? and 2-10'7 el./cm? the situation, according
to Table, changes to the opposite. In this case, the relative decrease in the electron mobility and, accordingly, the value
of a tensoresistance for the uniaxially deformed n-Si single crystals increases with increasing electron irradiation flow.
Such features of the dependences of electron mobility on the irradiation flow for undeformed and uniaxially deformed
n-Si single crystals along the crystallographic direction [100] can be explained by the influence of the mobility
anisotropy factor that arises in silicon for this deformation orientation. As is known [12], for undeformed silicon single
crystals the electron mobility

1 2
H=ZH T 3)

where 4, and H is the electron mobility across and along the axis of the ellipsoid.
Electrons will be in two minima of the conduction band with less mobility 4y at the strong uniaxial pressures
along the crystallographic direction [100]. In doing so, the sensitivity of the mobility x4 and A to the influence of

electron irradiation will be different, which explains the data in Table 1 and the dependence of tensoresistance for the
uniaxially deformed n-Si single crystals along the crystallographic direction [100]. Mobility anisotropy will not be arise
at the uniaxial pressure along the crystallographic direction [111]. But in this case the effective mass of electrons
increases. The increase in the effective mass leads to changes in the screening radius, which, in turn, impact on the
potential energy of the electron's interaction with the scattering centre and, accordingly, the electrons mobility. Such
scattering centres for electrons in irradiated silicon single crystals are impurity phosphorus ions and created radiation
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defects. The change in the electron scattering conditions during deformation, in this case, is the cause of different
dependences of the Hall mobility on the electron irradiation flow for undeformed and uniaxially deformed n-Si single
crystals. These dependencies will determine the features of the tensoresistance of uniaxially deformed n-Si single
crystals along the crystallographic direction [111] for different electron irradiation flows (Fig. 3).

CONCLUSIONS

Studies of the tenso-Hall effect and infrared Fourier spectroscopy have made it possible to establish the
mechanisms of tensoresistive effect at the uniaxial pressures along the crystallographic directions [100] and [111] for
electron-irradiated n-Si single crystals at room temperature. Dependences of the resistivity of the investigated n-Si
single crystals on the uniaxial pressure are determined only by the change in the electron mobility. The electron
concentration does not depend on the uniaxial pressure, because the deep levels of radiation defects belonging to the
VO; and VO;P complexes will be completely ionized. Ionization of the deep E,+0.35 eV level belonging to the CiO;
defect will not occur under the action uniaxial pressure at room temperature. Dependence of the tensoresistance on the
electron irradiation flow at uniaxial pressure along the crystallographic direction [100] is explained by the deformation-
induced anisotropy of electron scattering on the created radiation defects. This leads to an increase of the scattering
efficiency of electrons on radiation defects and, accordingly, to a greater relative decrease of electron mobility for the
uniaxially deformed n-Si single crystals relative to undeformed n-Si single crystals. The increase in the value of the
tensoresistance of uniaxially deformed n-Si single crystals along the crystallographic direction [111] at the flows of
Q>1-10"7 el./cm? is associated with changes in the screening radius due to the increase in the effective electron mass
and, according, of the conditions of their scattering on radiation defects during deformation. In [17], it was found that
the magnitude of the tensoresistance of silicon, uniaxially deformed along the crystallographic direction [100], can vary
depending on the relative contribution of f- and g-transitions to intervalley scattering. In this case, the increase in the
tensoresistance and, accordingly, the tensosensitivity of n-Si single crystals is achieved by reducing the temperature.
Need for an additional cooling system with the aim of increasing tensosensitivity and the temperature calibration of
pressure sensors, manufactured on the basic of such silicon single crystals, significantly complicates their structure,
increases cost and reduces the scope of operation. Also, the use of doping technologies by the donor or acceptor
impurities does not increase the tensosensitivity of silicon at room temperature [18]. In our case, such an increase in the
tensosensitivity of n-Si can be achieved only by increasing the flow of electron irradiation, which is an advantage.
Therefore, the obtained results can be used in the design of high uniaxial pressure sensors based on irradiated n-Si
single crystals with the predetermined coefficient of tensosensitivity.
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TEH3OEJEKTPUYHI BJACTHBOCTI OTPOMIHEHUX EJIEKTPOHAMH MOHOKPHUCTAUJIIB n-Si
Cepriii Jlynbos?, [lerpo Hazapuyx?, Boaogumup Macarok®
4Jlyyokuil HaYioHANbHUL MeXHIYHULL YHigepcumem
8yn. Jlvsigcoka, 75, m. JIyyok, 43018, Vkpaina
bIuemumym enexmponnoi gizuxu HAH Ypainu
syn. Yuisepcumemcwra, 21, m. Yorceopoo, 88017, Vipaina

JlocIiDkeHO TeH300Iip MHPH OJHOBICHOMY THCKOBI JUISi ONPOMIHEHHX €JIEKTPOHAMU MOHOKPHCTANiB n-Si IpH KiMHATHIH
TemrepaTypi. JlociiKyBaHi MOHOKpPUCTAIM KpeMHilo Oyiu jeroBani momimkoro ¢ocdopy, konuentpauicto Ng=2,2-101¢ cm?, Ta
ONPOMIHIOBAIUCH MOTOKaMu ejiekTponi 5-10'¢ en./em?, 1-10'7 en/em? ta 2-10'7 en/cm? 3 emepriero 12 MeB. BumiproBanus
MUTOMOTO OMOpY Ta cTayioi XoJula MPOBOAMIKCE AJIsS OJHOBICHO IedopMOBaHHX B3IO0BXK Kpucranorpadidnux nanpsiMkis [100] ta
[111] monokpucTaniB n-Si. Ha ocHOBI BUMiproBaHb TeH30-X0JuI-ehekTy Ta iHdppadepBonoi Dyp’e-crieKTpockorii Oy BCTaHOBICHI
MeXaHi3MHI BUHUKHEHHS TEH30PE3UCTUBHOTO e(EeKTy I JOCIiIKyBaHNX MOHOKpHCTaIiB n-Si. [TokazaHo, o TeH3001ip Ui JaHUX
MOHOKPHUCTAJIiB BU3HAYAETHCSA JIMIIEC 3MiHAMH PYXJIMBOCTI €IEKTPOHIB mpu Aedopmarii. [Ipu 1poMy KOHIEHTpamis €l1eKTPOHIB HE
3aJIeXKUTH BiJl OJHOBICHOTO THCKY, OCKUIBKH INIHOOKI PiBHI pamiariifHux nedekrTis, mo Haiexars xommiekcaM VOi VOiP, OynyTs
HOBHICTIO ioHi30BaHnMHU. loHi3auist rnubokoro pisust £}, + 0,35 eB, mo Hanexurs gepekry CiOi, 3a paxyHok gedopmanii He Oyue

MPOSIBJIATHCS Ta BIUIMBATH Ha TeH300Mmip n-Si. BcTaHOBIEHO, 10 aHI30TPOINIEI0 PO3CISHHS €JIEKTPOHIB HA YTBOPCHHUX paialliiHIX
nedekrax, ska BUHHKA€E TPU OJHOBICHOMY THCKOBI B3HZOBX KpHcTanorpadiuaoro HampsaMmky [100], € mpuuuHOO Pi3HOI BETHYMHU
TEH300TI0pY OMPOMIHEHHX PI3HUMH HOTOKAaMH EJIEKTPOHIB MOHOKPHCTATIB N-Si. 3aJeXHICTh BEIUYWHH TEH300IOPY OJHOBICHO
nedopMoBaHUX B3HOBXK Kpuctaynorpadiunoro HampsMky [111] mMoHOKpucTamiB n-Si Bif NOTOKY €JIEKTPOHHOTO OIPOMIHEHHS
IOB’si3aHa 31 3MiHAMHU pajiiyca €KpaHyBaHHS 3a pPaxyHOK 3pOcTaHHS e(eKTHBHOI Macu eJleKTpoHiB. Brepiie onepxaHe npu
KIMHATHIH TeMreparypi 3pOCTaHHS BEJIMYHHH TECH300MOPY MOHOKPHCTANIB N-Si 32 paxyHOK ONPOMIHCHHS MOTOKaMH CJIEKTPOHIB
® >1-10" en./cmM? mMoxe GyTH BUKOPUCTaHe JUlsl KOHCTPYIOBAHHSI CEHCODIB BHMCOKOIO OJHOBICHOTO THMCKY Ha OCHOBI TaKHMX
MOHOKpPHUCTaIIIB N-Si 3 OibIINM 3HAUYEHHSAM KOoedillieHTa TeH304YyTIMBOCTI BiITHOCHO HasBHUX aHaioOriB. Taki CeHCOpU MaTHMYTh
MiBUILEHY pajialiiiHy CTIHKICTh Ta LIMPOKY cepy eKCILTyarailii.

KiwouoBi caoBa: MoHOKpucTamm n-Si, pamiamiiiHi  gedexTH, TEH300Imip, eJIeKTpOHHE ONpPOMIHEHHS, TEH30-XOMUI-e(eKT,
iH(ppagepBoHa Pyp’€-CHEKTPOCKOITis, aHI30TPOIIsT PO3CISTHHS.
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The article investigates the structure and physical properties of the multicomponent high-entropy alloy CoCrosCuo.s4FeNi in the cast
and quenched state. The composition of the alloy under study is analyzed using the criteria available in the literature for predicting the
phase composition of high-entropy alloys. These parameters are based on calculations of the entropy and enthalpy of mixing and also
include the concentration of valence electrons, the thermodynamic parameter QQ, which takes into account the melting point, entropy
of mixing, and enthalpy of mixing. Another important parameter is the difference in atomic radii between the alloy components 6. Cast
samples of the CoCro.sCuo.c4FeNi alloy of nominal composition were prepared on a Tamman high-temperature electric furnace in an
argon flow using a copper mold. The weight loss during the manufacture of ingots did not exceed 1%, and the average cooling rate
was ~ 10%K/s. Thereafter, the cast ingot was remelted, and films were obtained from the melt. The splat quenching technique used in
this work consisted of the rapid cooling of melt droplets when they collide with the inner surface of a rapidly rotating (~ 8000 rpm)
hollow copper cylinder. The cooling rate, estimated from the film thickness, was ~ 10° K / s. X-ray structural analysis was performed
on a DRON-2.0 diffractometer with monochromatic Cu Kq radiation. Diffraction patterns were processed using the QualX2 program.
The magnetic properties of the samples were measured using a vibrating sample magnetometer at room temperature. The microhardness
was measured on a PMT-3 device at a load of 50 g. In accordance with theoretical predictions confirmed by the results of X-ray
diffraction studies, the structure of the alloy, both in the cast and in the quenched state, is a simple solid solution of the FCC type. The
lattice parameters in the cast and liquid-quenched states are 0.3593 nm and 0.3589 nm, respectively. Measurements of the magnetic
properties showed that the CoCrosCuos4FeNi alloy can be classified as soft magnetic materials. In this case, quenching from a liquid
state increases the coercivity. On quenched samples, increased microhardness values were also obtained. This can be explained by
internal stresses arising during hardening.

Keywords: high entropy alloy, structure, phase composition, splat-quenching, microhardness, magnetic properties.

PACS: 81.05.Bx, 81.07.Bc, 81.40.Ef, 75.20 En, 75.50 Tt

The development of theories and technologies in the field of creating new materials has led to an increase in the
number of elements in the composition of multicomponent alloys. In recent decades, a new class of metal compounds has
been developed - the so-called multicomponent high-entropy alloys (HEAs) [1-3]. Such alloys contain at least five
elements in equiatomic or close enough to equiatomic concentrations (usually from 5 to 35 at.%). The main feature of
HEAs is the formation of single-phase, thermodynamically stable substitutional solid solutions with a cubic body-centered
(BCC) or face-centered (FCC) lattice. Stabilization of the solid solution during crystallization is provided by the high
entropy of mixing the components in the melt. The maximum value of the entropy of mixing, obviously, is achieved at
equimolar ratios of elements.

Studies of HEAs have shown that they can form nanoscale structures and even amorphous phases [1-7]. This is due
to significant distortions of the lattice, which are due to the difference in the atomic radii of the substitution elements.
This also reduces the rate of diffusion processes, which decreases the growth rate of crystallites, which in turn leads to a
fine crystalline structure.

Recently, it has been proposed in the literature to consider as HEAs only equimolar alloys in the structure of which
there are exclusively simple solid solutions with crystal lattices of BCC and FCC. For other alloys with high entropy but
with non-equimolar component content or more complex phase composition, in which there are also ordered solid solutions
and intermetallic compounds, it was proposed to introduce new terms, namely: multi-principal element alloys (MPEA), or
complex concentrated alloys (CCA) [3]. However, at present, these terms are not yet common.

Casting methods are usually used as methods for producing high-entropy alloys. However, it should be noted that
the formation of the structure of the solid solution, doped with many elements, should complicate the casting process, in
particular, we can assume a heterogeneous distribution of elements, as well as the presence of significant internal stresses
in the ingot. There is an obvious need to increase the number of melts to increase the homogeneity of the chemical
composition and control the cooling rate during crystallization.

One of the widespread methods of improving the physical, chemical, mechanical and other properties of metals and
alloys is quenching from a liquid state [8]. The development of quenching methods has led to a growing interest in
materials with thermodynamically nonequilibrium structures worldwide. In these methods, the cooling rate of the melt
reaches values above 10*K/s, due to which a wide range of metastable structural states is formed in the alloys, including

* Cite as: O.1. Kushnerov, V.F. Bashev, East. Eur. I. Phys. 3, 43 (2021), https://doi.org/10.26565/2312-4334-2021-3-06
© O.1. Kushnerov, V.F. Bashev, 2021
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nanocrystalline and amorphous, with unique sets of properties [9]. Due to this, quenching from the liquid state is a
promising method for obtaining high-entropy alloys with improved characteristics.

The properties of HEAs are determined by their elemental composition and structure. Due to the resistance to
ionizing radiation, wear resistance, high hardness, and, at the same time, sufficient ductility, they can be promising
materials for many fields of technology [10-17].

One of the possible applications of HEAs as not only structural but also functional materials is their use as magnetic
materials. In work [18], using the density-functional theory (DFT) and a magnetic mean-field model, the possible
ferromagnetic properties for a set of four- and five-component high entropy alloys were predicted. Some of these alloys
look promising in terms of combining high mechanical and magnetic properties. Substances that combine the properties
of several different types of materials have always been of considerable scientific interest [19,20]. This work aims to
obtain a multicomponent high-entropy alloy CoCrsCugssFeNi and to study the effect of rapid quenching from the melt
on its phase composition, microhardness, and ferromagnetic properties.

EXPERIMENTAL DETAILS
The as-cast samples of CoCrsCugssFeNi alloy with nominal composition presented in Table 1. were prepared by
means of a Tamman high-temperature electric furnace in the argon gas flow using a copper mold.

Table 1. Nominal chemical composition of CoCro.sCuo.c4FeNi alloy

Co Cr Cu Fe Ni
Composition of CoCrgsCugesFeNi, at. % 22.52 18.02 14.42 22.52 22.52

The mass losses during ingot preparation did not exceed 1% and the average rate of cooling was ~10? K/s. The as-
cast ingot was thereafter remelted and the films were obtained from the melt by splat quenching (SQ) technique. A
technique for splat quenching used in the present work consisted of rapid cooling of melt drops upon their collision with
the internal surface of a rapidly rotating (~8000 RPM) hollow cylinder of copper. The cooling rate was estimated using
the expression [8,21]

9
V:OL_, (1)
cpd

where c is the heat capacity of film, p is the film density, a is the coefficient of heat transfer, 3 is the excess temperature
of the film and § is the thickness of the film.

Taking into consideration the thickness of fabricated splat quenched films, i.e., ~40 um, the estimated rate of cooling
was ~10°® K/s. The X-ray diffraction analysis (XRD) was carried out using a DRON-2.0 diffractometer with
monochromatized Cu Ka radiation. The diffraction patterns were processed using QualX2 software [22]. The magnetic
properties of the samples were measured by a vibrating sample magnetometer (VSM) at room temperature. The
microhardness was examined using a tester PMT-3 at a load of 50 g.

RESULTS AND DISCUSSION
Electronic, thermodynamic and atomic-size criteria of phase formation in high-entropy alloys
There are two main criteria by which the high-entropy alloys are usually characterized. This is the entropy of mixing

AS,.. and the enthalpy of mixing AH,, . However, to predict the phase composition of HEAs, some additional

mix
parameters were proposed [1-3]. These parameters include in particular the valence electron concentration (VEC), the
thermodynamic parameter Q, which takes into account the melting temperature, mixing entropy and the mixing enthalpy.
The important parameter is an atomic-size difference between alloy components which is denoted as 6. Let's take a closer
look at the above parameters
The basic principle of HEAs is the solid solution phase stabilization by the significantly higher configurational
entropy of mixing AS,,. compared to conventional alloys. The configurational entropy of mixing during the formation

of regular solution alloy can be determined as
AS,. =—RD ¢;Inc; 2)
i=1

¢, - atomic fraction of the i-th component, R - universal gas constant. Increasing of mixing entropy reduces the Gibbs
free energy of the alloy and improves the stability of the solid solution. For the alloy where 7 is the number of components
maximum mixing entropy is when they are mixed in equal atomic fractions.

Usually in HEAs AS

X

value is in the range of 12-19 J/(mol-K). Due to the high mixing entropy HEAs are solid

solutions typically having simple crystal structures (FCC or BCC), but to avoid the appearance of brittle intermetallic
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compounds, complex microstructures and amorphous phases in the structure of alloys, some phase formation criteria are
required to be completed. According to [1, 2], the Q parameter can be used to estimate the phase composition of HEA.

T ASmi)c
Q=ﬁg—- (3)

b
mix|

where T, is the average melting temperature of alloy and AH,,; - mixing enthalpy

T, =T, 4)
i=1
AH,,;. = D, Qcc;, 5)
i=Li)

where the regular melt-interaction parameter between i-th and j-th elements (3, = 4AH, rfﬁ, and AH % - mixing

enthalpy of binary liquid AB alloy. Alloy components should not have a large atomic-size difference, which is described

by the parameter
n . 2
5=100 gc[(l—%) , (6)

where 7 = Zciri ; 1, - the atomic radius of the i-th element.
i=1
According to [1,2] the HEA alloys for which >1.1 and 8<6.6 % can form the solid solutions without intermetallic
compounds and amorphous phases. However, simple (not ordered) solid solutions form if -15 kJ/mol < AH . <5 kJ/mol

and 6<4.6 %.
The other useful parameter is the valence electron concentration, VEC, which has been proven useful in determining
the phase stability of high entropy alloys [1,2]. VEC is defined by:

mix

VEC = Zn:cl.(VEC)i : ™

i=1
where (VEC), - valence electron concentration (including the d-electrons) of the i-th element. As pointed in [1,2] at VEC

>8.0, the sole FCC phase exists in the alloy; at 6.87 < VEC < 8.0, mixed FCC and BCC phases will co-exist and the sole
BCC phase exists at VEC<6.87. It should be noted, however, that the exact boundaries of the valence electron
concentration range, in which one should expect the formation of solid solutions based on BCC and FCC lattices are
rather individual for each specific alloy. For example, the VEC criteria work on the assumption that solid solutions are
the only constituents of the alloy, that is, no intermetallics or amorphous phases are formed [1,2]. In addition, the VEC
criteria are most effective for HEAs containing mainly 3d or 4d transition metal elements [1,2]. Despite the above
limitations, the empirical rules for predicting the phase composition of alloys are widely used in the literature and have
recently been confirmed by the computational thermodynamic approach [23]. Using the data from [24], we calculated

AS,..,AH, ., 38, VEC, and Q of the CoCrogCugesFeNi HEA (Table 2).
Table 2. Electronic, thermodynamic and atomic-size parameters of the CoCro.sCuo.s4aFeNi high-entropy alloy
Alloy ASmix, J/(mol-K) | AHmix, kJ/mol Q VEC 5, %
CoCro3CugesFeNi 13.26 1.68 14.05 8.75 1.26

The analysis of these parameters shows that in CoCry sCuy ¢4sFeNi alloy the formation of a single-phase solid solution
of the FCC type without intermetallic compounds should take place.

Structure and properties of CoCrosCuo.csFeNi high-entropy alloy

The phase composition of the studied alloy and the crystal lattice parameters (Table 3) were determined from the
XRD patterns (Fig. 1).

An analysis of the X-ray diffraction patterns made it possible to establish the following: a single-phase FCC structure
is formed in both cast and SQ samples. Thus, for this alloy, the consistency of the previously considered theoretical
criteria for predicting the phase composition has been confirmed. We can also see that quenching from the liquid state
does not change the phase composition of the CoCrosCugssFeNi alloy.
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Fig. 2 shows the magnetic hysteresis loops of the as-casted and splat quenched high-entropy CoCrysCugesFeNi
samples measured at room temperature. Both are characterized by typical ferromagnetic behavior. According to the values
of coercivity H. of the samples (Table 4), they can be classified as soft magnetic materials. As can be seen from Fig. 2
and Table 4, the value of the specific saturation magnetization My practically does not change with an increase in the
cooling rate. This is because the magnetization M of the alloy mainly depends on the composition and crystal structure,
which are unchanged for both samples. At the same time, the coercivity value has doubled. Obviously, this is due to
internal stresses arising in the material during quenching from the liquid state, as well as to the formation of a
microcrystalline structure containing many defects and nanoprecipitates, which complicates the displacement of domain
walls during magnetization reversal [25].
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splat quenched
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g ) @0 O
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Figure 1. XRD patterns of CoCro.sCuo.c4FeNi high_entropy alloy

Table 3. The phase composition of CoCro.sCuo.c4sFeNi high_entropy alloy

Alloy

Phase composition

As-cast CoCrggCugesFeNi

FCC (a=0.3593 nm)

SQ film COCI‘o,gCuOlmFeNi

FCC (a=0.3589 nm)
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Figure 2. Hysteresis loops of as-cast (a) and splat-quenched (b) samples of CoCro.sCuo.c4FeNi HEA
Table 4. Magnetic characteristics of CoCro.sCuo.c4aFeNi high-entropy alloy
Specific saturation .
p N Coercivity A,
Alloy magnetization A/m
M. S, A~m2/ kg
As-cast CoCrgsCup esFeNi 3543 120+10
SQ film CoCr3Cug¢4FeNi 3243 240+20
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Measurement of the microhardness of the SQ CoCrygCuqg.c4FeNi alloy showed that the value of H,, is higher than for
the alloy in the as-cast state. (Table 5).

Table 5. Microhardness of CoCro.sCuo.c4FeNi high-entropy alloy

Alloy H,, MPa
As-cast CoCrggCugssFeNi 2200+100
SQ film CoCrogCugesFeNi 2600+100

This result is not unexpected, since, taking into account the results of [21], it can be concluded that in the cast alloy
in the process of segregation, a microstructure with typical morphology of dendrites and interdendritic joints is formed.
In the structure of the SQ alloy, the structure of a thin conglomerate of phases is observed. Thus, the microstructure and
mechanical properties of the as-cast alloy significantly differ in its more equilibrium multiphase state, while the splat
quenched alloy provides higher values of hardness and strength due to internal elastic stresses.

It should be noted that the relatively low value of microhardness is specific for HEAs with an FCC lattice, which is
characterized by plasticity and not very high values of hardness. At the same time, alloys with a BCC lattice have a much
higher microhardness but are brittle.

CONCLUSIONS

In this work, a CoCrgsCu c4sFeNi high entropy alloy was obtained for the first time in the as-cast and splat quenched
state. The studies carried out made it possible to establish that the alloy has an FCC structure, which is not affected by
the cooling rate. The CoCrsCug¢4sFeNi HEA shows ferromagnetic properties, and quenching from a liquid state increases
the coercivity practically without changing the magnetization value. An increase in the cooling rate also increases the
value of the microhardness of the alloy. Thus, the splat quenched CoCrysCupesFeNi alloy can be recommended for
applications where the ductility characteristics of the FCC alloy together with increased microhardness values are
important.

ORCID IDs
Oleksandr 1. Kushnerov, https://orcid.org/0000-0002-9683-2041; ““'Valerij F. Bashev, https://orcid.org/0000-0002-3177-0935

REFERENCES

[1] B.S. Murty, J.W. Yeh, S. Ranganathan, and P.P. Bhattacharjee, High-Entropy Alloys 2nd Edition (Elsevier, 2019).

[2] T.S. Srivatsan and M. Gupta, editors, High Entropy Alloys. Innovations, Advances, and Applications (CRC Press, Boca Raton,
2020).

[3] D.B. Miracle and O.N. Senkov, Acta Mater. 122, 448 (2017). https://doi.org/10.1016/j.actamat.2016.08.081.

[4] Y. Dong, Z. Yao, X. Huang, F. Du, C. Li, A. Chen, F. Wu, Y. Cheng, and Z. Zhang, J. Alloys Compd. 823, 153886 (2020).
https://doi.org/10.1016/j.jallcom.2020.153886.

[5] Y.K.Kim, S. Yang, and K.A. Lee, Sci. Rep. 10, 1 (2020). https://doi.org/10.1038/s41598-020-65073-2.

[6] C. Gadelmeier, S. Haas, T. Lienig, A. Manzoni, M. Feuerbacher, and U. Glatzel, Metals (Basel). 10, 1412 (2020).
https://doi.org/10.3390/met10111412.

[7] L.SangandY. Xu, J. Non. Cryst. Solids 530, 119854 (2020). https://doi.org/10.1016/j.jnoncrysol.2019.119854.

[8] LS.Miroshnichenko, 3axarka u3z owcuokoeo cocmosmua [QuenchingFromTheLiquidState], (Metallurgy, Moscow, 1982).
(in Russian) .

[9] V.E. Bashev, S.I. Ryabtsev, O.I. Kushnerov, N.A. Kutseva, and S.N. Antropov, East Eur. J. Phys. (3), 81 (2020).
https://doi.org/10.26565/2312-4334-2020-3-10.

[10] E. Zhou, D. Qiao, Y. Yang, D. Xu, Y. Lu, J. Wang, J.A. Smith, H. Li, H. Zhao, P.K. Liaw, and F. Wang, J. Mater. Sci. Technol.
46, 201 (2020). https://doi.org/10.1016/j.jmst.2020.01.039.

[11] C. Xiang, E.-H. Han, Z.M. Zhang, HM. Fu, J.Q. Wang, H.F. Zhang, and G.D. Hu, Intermetallics 104, 143 (2019).
https://doi.org/10.1016/j.intermet.2018.11.001.

[12] D. Patel, M.D. Richardson, B. Jim, S. Akhmadaliev, R. Goodall, and A.S. Gandy, J. Nucl. Mater. 531, 152005 (2020).
https://doi.org/10.1016/j.jnucmat.2020.152005.

[13] Y.H. Chen, W.S. Chuang, J.C. Huang, X. Wang, H.S. Chou, Y.J. Lai, and P.H. Lin, Appl. Surf. Sci. 508, 145307 (2020).
https://doi.org/10.1016/j.apsusc.2020.145307.

[14] G. Perumal, H.S. Grewal, M. Pole, L.V.K. Reddy, S. Mukherjee, H. Singh, G. Manivasagam, and H.S. Arora, ACS Appl. Bio
Mater. 3, 1233 (2020). https://doi.org/10.1021/acsabm.9b01127.

[15] G.S. Firstov, T.A. Kosorukova, Y.N. Koval, and V.V. Odnosum, Mater. Today Proc. 2, S499 (2015).
https://doi.org/10.1016/j.matpr.2015.07.335.

[16] Y. Li, S. Wang, X. Wang, M. Yin, and W. Zhang, J. Mater. Sci. Technol. 43, 32 (2020).
https://doi.org/10.1016/j.jmst.2020.01.020.

[17] J. Lu, Y. Chen, H. Zhang, N. Ni, L. Li, L. He, R. Mu, X. Zhao, and F. Guo, Corros. Sci. 166, 108426 (2020).
https://doi.org/10.1016/j.corsci.2019.108426.

[18] F. Kérmann, D. Ma, D.D. Belyea, M.S. Lucas, C.W. Miller, B. Grabowski, and M.H.F. Sluiter, Appl. Phys. Lett. 107, 142404
(2015). https://doi.org/10.1063/1.4932571.

[19] S. V. Akimov, V.M. Duda, E.F. Dudnik, A.l. Kushnerev, and A.N. Tomchakov, Phys. Solid State 48, 1073 (2006).
https://doi.org/10.1134/S1063783406060175.

[20] E.F. Dudnik, V.M. Duda, and A.I. Kushnerov, Phys. Solid State 43, 2280 (2001). https://doi.org/10.1134/1.1427957.



48
EEJP. 3 (2021) Oleksandr 1. Kushnerov, Valerii F. Bashev

[21] V.F. Bashev, and O.I. Kushnerov, Phys. Met. Metallogr. 118, 39 (2017). https://doi.org/10.1134/S0031918X16100033.

[22] A. Altomare, N. Corriero, C. Cuocci, A. Falcicchio, A. Moliterni, and R. Rizzi, Powder Diffr. 32, S129 (2017).
https://doi.org/10.1017/S0885715617000240.

[23] S. Yang, J. Lu, F. Xing, L. Zhang, and Y. Zhong, Acta Mater. 192, 11 (2020). https://doi.org/10.1016/j.actamat.2020.03.039.

[24] A. Takeuchi and A. Inoue, Mater. Trans. 46, 2817 (2005). https://doi.org/10.2320/matertrans.46.2817.

[25] A.N. Gulivets, V.A. Zabludovsky, E.P. Shtapenko, A.I. Kushnerev, M.P. Dergachov, and A.S. Baskevich, Trans. IMF 80, 154
(2002). https://doi.org/10.1080/00202967.2002.11871457.

CTPYKTYPA TA ®I3UYHI BIACTHBOCTI BACOKOEHTPOIIIMHOI'O CIVIABY CoCrosCuo.csFeNi Y JUTOMY TA
3ATAPTOBAHHOMY 3 PIIMUHU CTAHAX
O. I. Kymineposos, B. ®. bamesn
Kadgheopa excnepumenmanvroi ¢izuxu, [ninposcokuil HayionarvHutl yrnieepcumem imerni Onecs I onuapa
72 np. I'aeapina, [ninpo, 49010 Yxpaina

VY crarTi JOCHIIKEHO CTPYKTYpY Ta (i3WyHi BIACTHBOCTI 0araTOKOMIOHEHTHOTO BHCOKOeHTpomiiHOro cruiaBy CoCrosCuo.c4FeNi y
JUTOMY Ta 3araproBaHoMy crali. CKiaj IOCIIJPKYyBaHOTO CIUIaBY IIPOAHAI30BaHMI 3 BHKOPHCTAHHAM HAsBHHUX Yy JITEpaTypi
KpHTEpiiB I IPOTHO3YyBaHH: (ha30BOro CKJIay BUCOKOSHTPOIIHHIX CcIIaBiB. Ll mapameTpu 6a3yloThest Ha po3paxyHKax eHTPOIii Ta
SHTaJIBIIIT 3MILIyBaHHS, a TAKOXK BKIIIOYAIOTh KOHIICHTPAIII0 BAJICHTHUX €JICKTPOHIB, TEPMOJUHAMIYHUN apameTp €2, sIKHii BpaxoBye
TeMIIepaTypy IUIaBJICHHs, SHTPOIIIIO 3MilllyBaHHS Ta CHTANBIIIO0 3MilnyBaHHs. [1{e oAHIM BaXKITMBUM HapaMETPOM € Pi3HULSI B ATOMHUX
paliycax MiX KOMIOHeHTamH ciuiaBy O. JIuti 3pasku crutaBy CoCro.sCuos4FeNi HOMiHaIBHOrO CKiIajy OTpUMaHi 3a JOHNOMOTOO
BHCOKOTEMIIEPATypHOI eIeKTPUYHOI evi TaMMaHa B IOTOIIl aproHy 3a IOMOMOTor0 MiTHOT popMu. Brparta Baru miz 4ac BUTOTOBIICHHS
3MUTKIB He nepeBuiyBaia 1%, a cepeHs MBHAKICT OXONOKEHHs cTaHoB/Ia ~ 102 K/c. TToTiM IuTHIT 3pa30K MEPETLIABIIIN, a 3
po3IUIaBy OTpPHMYyB