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Fig. 2. The first three co-ordination spheres and the angle ¢ for gold monolay-
ers of the (111), (100) and (110) planes.

(110) planes are of the same length. In the case of the (110) plane, the
angles between the bond line and the coordinate axes differ only in the
third co-ordination sphere; however, the distance of ~5.0 A is rather
significant for bond formation and, accordingly, the contribution of
the third co-ordination sphere to the TDOS curve should be extremely
small.

It should be noted that with a different definition of the basis of the
coordinate system, the angles of the corresponding bonds are still pre-
served; in this case, only the indices of the d-components change.

Consequently, significant differences in the TDOS curves for mono-
layers of the (100) and (110) planes are determined not only by the
presence of two additional atoms at the distance of 4.08 A for the (100)
plane, but mainly by the different local symmetry that is characteristic
of these planes.

When analysing the calculated data, an important criterion is their
compliance with the experimental data. To assess the correctness of
the obtained curves of the densities of electronic states, we carried out
their comparative analysis with ultraviolet photoelectron spectroscopy
(UPS) spectra. In particular, Figure 3 shows a comparison of the calcu-
lated curve of the total density of states for a gold slab containing
three monatomic layers of the (110) plane and the spectrum of the va-
lence band of gold in the (110) plane obtained by ultraviolet photoelec-
tron spectroscopy[21].

It is known that the quantum-mechanical method used by us for cal-
culating the electronic-energy structure tends to some energy com-
pression of the obtained curves of electronic states. As can be seen
from Fig. 3, with a slight stretching of the calculated curve, it can be
argued that the main features of the density of electronic states are in
full agreement.

Analysis of Fig. 4 allows us to assert that the main maximum of the
density of electronic states is mainly formed by the d., and d.2 electron-
ic states. The peak to the right of the main peak at =0.5eV owes its
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Fig. 3. Calculated TDOS curve for a gold slab containing 38 monatomic layers
of the (110) plane (1) and UPS spectrum of clean gold surface of (110) plane
[21](2).

origin to d,. and d., with an insignificant addition of d,2 2 states, which
also participate in the formation of the main maximum. The feature to
the left of the main maximum at about 2 eV is formed by the d,. u d.,
states. The peak at 3.5 eV is determined by the d.2_,2 states.

The transition to the analysis of the TDOS curve of the monolayer of
the (100) plane shows a very rich fine structure of the valence band.
The atomic density in such a monolayer in comparison with the (110)
plane increases by almost 1.4 times. In the first co-ordination sphere at
the same distance, there are no longer 2, but 4 atoms.

Based on the fact that for all the considered planes the first co-
ordination sphere is at the same distance of 2.88 A, and only the num-
ber of atoms in the co-ordination sphere changes (2, 4 and 6 respective-
ly for the planes (110), (100) and (111)), it is obvious that the first co-
ordination sphere is determinant in the formation of the fine structure
and extent of the valence bands of the structures under study.

As shown earlier [1], in the case of the gold (111) plane, the contri-
bution to the main maximum of the density of states is made mainly by
the states associated with the z axis. For (110), this tendency remains,
but, in addition to z2, the xz component also makes a significant con-
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Fig. 4. Calculated partial contributions to the TDOS of an ideal gold monolay-
er of the (110) plane.

tribution. More precisely, only the d-states associated with the y axis
have several significant peaks.

Thus, the complex band structure is formed by the bonds of the first
co-ordination sphere. Moreover, the variability of the bond angles to
the x and y axes determines the splitting of the peaks and the for-
mation of a more complex band structure.

Since in the monolayer gold flakes studied by us earlier [2-3], due to
defectiveness, the bond combinations are even more diverse, and, con-
sequently, the TDOS curve has a more developed fine structure, the
study of defective gold monolayers can be more applied than the calcu-
lations of ideal monolayers. Figure 5 shows the contributions of atoms
of non-equivalent positions to the TDOS of the (110) plane defective
monolayer (2x2 supercell).

Significant differences in the contributions to the TDOS between
atoms of different positions are observed. The peak in the density of
electronic states of the Aug) atom forms a band with many features,
similar in shape to the TDOS curve, but much less intense. This fact
indicates an important role of the atoms of the first position in the
formation of the structural features of the TDOS of the defect gold
monolayer.
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Fig. 5. Contributions of atoms from non-equivalent positions to TDOS of the
(110) plane defective monolayer (2x2 supercell).

The intensity of the peaks on the curve of the density of states of the
Aug; atoms is lower than on the analogous curves of the Au and Aug,
atoms. Most likely, this difference is caused by differences in the atom-
ic environment. The atom of the first non-equivalent position does not
contain defects in the first and second co-ordination spheres. Atoms of
the second and third non-equivalent positions are adjacent to a vacancy
and therefore, there is a break in bond with the nearest neighbour in
one of the directions.

For atoms in the first position, it is extremely curious that changes
in the atomic environment in this case are observed only in the third
co-ordination sphere. Thus, although the nearest 2 co-ordination
spheres do not undergo changes, the contribution of the densities of
states of the Aug) atoms to the TDOS undergoes changes. Consequent-
ly, sufficiently distant neighbours affect the density of states.

The curve of d-states of the Au atoms has a very clear energy local-
ization of about 1.2 eV, which corresponds to the position of the main
maximum on the TDOS of the sample. Analysing the partial densities
of d-states for atoms of each non-equivalent position, we can see that
the intense peaks on the densities of states curves for Au)and Aug,) are
determined, first of all, by the d-states associated with the x and y ax-
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es.

In the presence of vacancies, the most significant differences be-
tween the TDOS curves of an ideal and a defective monolayer is, first of
all, the appearance of a low-intensity feature in the region near the
‘Fermi level’. The bond length between Au) and Aug) along the x axis
is quite large and amounts to 4.08 A, while there are no neighbours
along the y axis at a distance of =2.88 A. In view of this, the atom of
the second position, as can be seen in Fig. 6, is most sensitive to chang-
es.
For the Au() atom, the splitting of the main peak of the d.; states is
observed. With a vacancy defectiveness of 2x2, Aug) does not lose its
neighbours from the first (=2.88A) and second (=4.08A) co-
ordination spheres; however, it loses all neighbours from the third co-
ordination sphere at once. Considering that this is the only change in
its environment, it must be assumed that changes in the density of
states curves for Aug) are associated either with the interaction with
atoms of the third co-ordination sphere, or with a change in the hybrid-
ization of various orbitals with neighbours in the first co-ordination
sphere.

In the (110) plane defective monolayer, an insignificant band broad-
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Fig. 6. Calculated partial densities of electronic states of the (110) plane de-
fective monolayer.
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ening is observed, due to the contributions of the d-states associated
mainly with the y axis (in the chosen basis). Since in this case the
shorter Aug—Aug bond lies exactly on the y axis, it can be assumed
that the broadening of the band is caused by a stronger interaction
with the nearest neighbours.

4. CONCLUSIONS

The first co-ordination sphere is determinant in the formation of the
fine structure and the extent of the valence bands of the monolayer
gold structures. The splitting of the peaks of the TDOS curve, which
leads to its finer structure, is influenced not only by the lengths of in-
teratomic bonds, but also by the mutual arrangement of atoms.

The presence of a long-range effect of the atoms of the third co-
ordination sphere on the electronic structure of gold monolayers is
shown. For example, for the (110) plane, a change in the atomic order-
ing in the third co-ordination sphere as a result of the introduction of a
vacancy leads to noticeable changes in the TDOS curve, which indicates
either a significant role of the atoms of the third co-ordination sphere,
or a significant redistribution of the interaction of d-orbitals of differ-
ent symmetries of close neighbours.

A correlation between the packing density, as well as the number of
neighbours in the first co-ordination sphere, and the width of the en-
ergy band of gold monolayers has been established.
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Fabricating an Ordered Array of Silver Nanoparticles
via the Nanosphere Lithography Technique

R. B. Abdulrahman

Department of Physics, College of Science,
University of Kirkuk,
1Q-36001 Kirkuk, Iraq

The challenge of new technology is to produce inventive optical
nanogratings, optical nanofilters, solar cell nanoabsorbers, antireflective
surface coatings, and nanoelectronics by generating consistent patterns of
various sizes and shapes of nanostructure on the smooth and solid surfaces.
Nanosphere lithography (NSL) is a cost-effective and easy-to-implement
technology that can be used to produce a diverse range of highly ordered na-
noparticle-array structures. In this work, physical vapour deposition is used
to grow large periodic arrays of silver nanoparticles and nanorings on pat-
terned glass and silicon substrates. To achieve this, a single layer of self-
assembled polystyrene nanospheres is firstly applied to the substrate to serve
as a mask, and silver is then deposited through the mask. The spacing be-
tween the nanospheres can be adjusted by changing the diameter of the poly-
styrene nanospheres, which affects how the silver is deposited as nanodots or
nanorings. The optical transmittance spectra of glass arrays can show signif-
icant variation depending on the specific nanostructure that is created. Re-
garding localized surface-plasmon resonance, nanorings display a red shift
and a widening in the plasmon band. Possible uses for the resonance effect of
the nanostructure are discussed.

Key words: nanosphere lithography, self-assembly, doctor blade, nanodots,
nanorings, plasmonics.

3aBIaHHAM HOBOI TEXHOJIOTII € CTBOPEHHS CHPUTHUX OITHUYHUX MUDPaKITiii-
HUX HAHOT PATHUIb, ONITUYHUX HAHOMIIBbTPiB, HAHOTIOTJIMHAYIB AJIS COHAUHUX
eJIEMEeHTiB, MPOCBIT/IIOBAJbHUX IIOBEPXHEBUX IOKPHUTTIB i HAHOEJIEKTPOHIKH
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NIJIAXOM T'eHepallii IMOCIiJOBHUX 3pas3KiB HAHOCTPYKTYD Pi3HOTO pPo3Mipy Ta
dopmu Ha raagKux i TBepAUX moBepxHAX. HanocdepHa gitorpadia (HCIJI) —
e eKOHOMiuHO e(D)eKTHBHA Ta IPOCTA B peaJIisallii TeXHOJIOTis, AKa MOoKe Oy T
BUKOPUCTAHA JAJI CTBOPEHHA PiBHOMAHITHUX BHCOKOBIIOPATKOBAHUX MACHUB-
HHUX CTPYKTYpP HAHOYACTHMHOK. ¥ IIiii pobOoTi (ismuHe ocaasKeHHS 3 ra3oBoi
(asu O6y10 BUKOPUCTAHO IJiA BUPOIIYBAaHHA BEJIUKUX IEPIiOAUYHUX MACUBIB
HAHOYACTUHOK Cpibsa i HAHOAPOTUKIB Ha BidepyHUACTUX CKJIAHUX i KPEeMHi-
MoBux migkaagmHKax. {14 11Oro Ha MiAKJIAAUHKY CIIOYATKY HAHOCATH OJAWH
ap caMOCKJIaJaHUX TOJIiCTUPOJbHUX HaHOCHhED, AKNIH CAYTye MacKolo, a Io-
TiM oca»KyIOTh cpibj0o uepes MmacKy. Biggans Misk HaHoc(epaMu MOKHA pery-
JII0OBATH, 3MIiHIOIOYUM [isMeTep MOJiCTHPOJBHUX HaHOC(hEp, IO BILJINBAE HA
cmocib HaHeCeHHA cpibJyia y BUTVIALI HAHOIATOK ab00 HaHOKimenb. CIIeKTpu oII-
TUYHOTO MIPOMYCKAHHA CKJIAHNX MaCUBiB MOXKYTb JeMOHCTPYBATH 3HAUHY Ba-
pidamiroo 3ajie’KHO BiJi KOHKPETHOI HAHOCTPYKTYpPHU, AKa cTBOproeThca. Illomo
JIOKaJIi30BaHOTO ITOBEPXHEBOTO IJIA3BMOHHOTO PE30HAHCY, HAHOKIJIBIIA AEeMOH-
CTPYIOTh UEPBOHUM 3CYB i PO3MIMpPEHHA ILJIa3MOHHOI cmyru. OGroBOpOOThHCA
MOJKJIMBIi 3aCTOCYBaHHSA PE30HAHCHOTO e(heKTY HAHOCTPYKTYPH.

Karouosi croBa: HaHOC(epHA JiTorpadis, caMocKaagaHHA, CKpeOOK-JIomaTKa,
HAHOIATKY, HAHOKIJIBIIA, IIJIa3MOHIKa.

(Received 14 October, 2023; in final version, 15 November, 2023 )

1.INTRODUCTION

The development of efficient manufacturing techniques, particularly
at the nanoscale, has always been an arduous task. Despite advance-
ments in technology, it remains difficult to discover an affordable and
replicable method for creating nanoscale structures[1, 2]. Scientists
are intrigued by the possibility of manipulating the properties of ma-
terials by selecting and interacting with individual particles. This has
led to a growing interest in arranging nanoparticles into complex peri-
odic nanostructures [3]. The unique optical properties of metal
nanostructures are due to their smaller size and the replacement of
continuous energy levels (density of states) with discrete energy levels,
which are dependent on the size and shape of the nanostructures [4, 5].
These energy levels have an impact on the electronic structure and can
result in novel optical effects [6]. According to the Drude model, met-
als possess free conduction electrons, and the plasmonic response re-
fers to the collective excitation of the free electrons in relation to the
positive ion cores[7, 8]. When electrons at the interface of a metal and
a dielectric (including air) oscillate and couple with an electromagnetic
field, surface plasmon polaritons (SPP) can be generated and move
along the surface [9]. If the SPP is confined to a nanometre level, a lo-
calized surface plasmon resonance is created, which strengthens the
electromagnetic field around metallic nanostructures [10]. The detec-
tion of electromagnetic field enhancement can be achieved using vari-
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ous techniques such as light absorption, Raman signal enhancement,
photoluminescence, and fluorescence[11].

Many nanodevices are constructed through surface nanopatterning,
which can be achieved with great efficiency through template-based
surface nanopatterning techniques. Diverse surface nanopatterns can
be created using these processes [12, 13]. As aresult of the progressin
nanotechnology and nanoscience, scientists across different disci-
plines have gained great proficiency in dealing with nanostructures
[14]. This has enabled them to explore the exceptional properties that
arise from the nanoscale dimension [15]. There has been a surge in in-
terest in the manufacturing of nanostructures due to this develop-
ment. Materials scientists, physicists, biologists, and chemists find
that the costly and inefficient method of maskless lithography is not a
practical solution. The creation and preparation of the mask are the
main reasons why mask-assisted lithography is limited to microelec-
tronics facilities and cannot be expanded successfully [16].

Different nanostructuring methods are available to pattern unique
nanostructures, such as nanorings, nanodots, nanotubes, nanospheres,
and nanopillars on substrate surfaces. Nanopatterning has brought
about numerous benefits, which have had a favourable effect on a sig-
nificant number of nanogap devices, including vacuum sensors, pho-
todetectors, diodes, transistors, OLEDs, sensors, and memristors[17].
The techniques used for this purpose primarily comprise electron-beam
lithography, nanoimprinting, scanning probe microscope writing
techniques, focused ion beam lithography, and replica moulding pro-
cesses [18, 19]. However, the surface modification process for these
techniques can be sophisticated [19]. When compared to other nano-
patterning techniques, the NSL method is a cost-effective approach
that saves time and allows for the production of large, well-organized
arrays of nanostructures without requiring expensive equipment
[20, 21].

The intricacy of the interactions between nanoparticles and the var-
ious physicochemical phenomena that occur during assembly are sig-
nificant factors contributing to the challenges involved in assembling
colloidal nanoparticles into a well-defined nanocrystals lattice struc-
ture [3]. NSL relies on self-assembled monolayers of spherical nano-
particles as a mask. The ability of colloidal particles to become trapped
at gas-liquid or liquid-liquid interfaces significantly affects self-
assembly at the gas-liquid interface. This confinement is due to a com-
bination of electrostatic and capillary forces, as well as the hydropho-
bic properties of the nanospheres’ surfaces [22]. Various techniques
such as doctor blade [23], spin coating [24], Langmuir—Blodgett [25],
drop casting [26], and dip-coating [27] can be used to create self-
assembled monolayers. The spherical nanoparticles are arranged in
hexagonal close-packed (h.c.p.) arrays through a convective self-
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assembly mechanism that is caused by the interaction between the na-
noparticles and the solvent used in the process [28, 29].

The low-cost fabrication technique of Ag nanoflower arrays growing
on the photoresist surface has been demonstrated for surface-enhanced
Raman spectroscopy [30]. Considering that the photoresist material is
not conductive, this method of fabricating a patterned substrate might
not be suitable for certain applications, such as solar cells, where mate-
rials with good electrical conductivity are required for efficiently col-
lecting and transporting the generated electrical charges.

This article explains a method for organizing Ag NPs into precise
patterns, like nanodots and nanorings. The process involves using two-
dimensional scaffolds made of suspended polystyrene nanospheres to
guide the nanoparticles’ arrangement. The convective self-assembly
approach offers a protected and pliable 2D space for the polystyrene
nanospheres to form ordered scaffolds on a surface. These scaffolds
have a hexagonal pattern of polystyrene nanospheres that serve as a
template for the Ag NPs. This technique allows for the creation of or-
dered nanoparticle arrays with unique optical and structural charac-
teristics that can be localized over a few tens of microns. The convec-
tive self-assembly mechanism is a practical way to design and produce
various devices with ordered nanoparticle arrays.

2. EXPERIMENTAL DETAILS

The diagrammatic representation of the doctor-blade apparatus has
been illustrated in Fig.1,a, which employs the convective self-
assembly process of nanospheres as shown in Fig. 1, b. The process in-
volves the assembly of a single layer of polystyrene nanospheres with a
diameter of 7560 nm on a hydrophilic substrate. The substrate is first
fixed onto a motorized stage to regulate its speed, and the current ex-

Gas 1l
ooarftro(ﬁgr

solution
evaporation ]
Py

e 8

Fig. 1. Schematic representation of (a) doctor-blade setup; (b) convective self-
assembly mechanism.
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periments speed is optimized to be 5 millimetres per second, while a
glass slide is utilized to spread the nanospheres. As the stage begins to
move, the nanosphere suspension is pulled along the substrate, and N,
gas is utilized to regulate the suspensions evaporation by blowing it
across the suspensions end. By purging the atmosphere, N, gas con-
trols suspension evaporation and creates a regulated environment with
lower humidity levels. Additionally, it gently disperses agglomerated
or weakly connected polystyrene nanospheres, permitting the for-
mation of a monolayer film that is uniform and stable.

The formation of the nanosphere suspension monolayer can be af-
fected by various factors such as concentration, stage speed, and solu-
tion dilution, and this process can be monitored using an optical micro-
scope to control the evaporation rate of the solution. To adjust the dis-
tance between polystyrene nanospheres and control their diameters,
oxygen plasma etching was employed. An electric field is applied to a
mixture of oxygen and argon gas in a vacuum chamber, which results
in the formation of plasma. Positive oxygen ions and electrons are pro-
duced by the electric field and are accelerated toward the substrate by
the plasma. In the polystyrene nanospheres, the carbon and hydrogen
atoms chemically interact with the oxygen ions to produce the carbon—
oxygen and hydrogen—oxygen bonds. The polystyrene nanospheres can
degrade (etch) as a result of this process. The resulting monolayer was
utilized as a mask to generate structures such as metal nanodots and
nanorings. Once the nanosphere template was formed, a 50-nm thin
film of Ag was deposited onto a patterned substrate. The nanosphere
mask was removed by chemical etching, accomplished by sonicating
the substrate in toluene for 2 minutes by using an ultrasonic bath with
very low power to avoid removing the deposited Ag nanodots and na-
norings from the substrate. The formation of Ag nanodots and na-
norings utilizing the nanosphere lithography technique is schematical-
ly illustrated in Fig. 2.

3. RESULTS AND DISCUSSION

A photograph representing a single layer of polystyrene nanospheres
with a thickness of 750 nanometres was displayed in Fig. 3. These nan-
ospheres have been assembled on both glass and silicon substrates. It is
evident from the picture that the convective self-assembly process [24]
can be employed to fabricate nanospheres on a substrate of significant
size.

Top and side views of a 750-nanometer single-layer nanosphere are
displayed in Fig. 4, a and Fig. 4, b, respectively. These nanospheres
have formed on the substrate through the self-assembly process of the
polystyrene nanospheres, resulting in the creation of a uniform and
crystal-like structure.
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Fig. 2. Schematic representation of nanodots and nanorings periodic array
formation.

In Figure 1, b, the experimental setup is depicted with a magnified
view of the substrate and the spreader, which demonstrate the three
processes controlling the formation of a monolayer array [28]: capil-
lary forces, which draw liquid from the rest of the solution to the dry
regions; convective transfer of nanospheres from the remainder of the

i

Fig. 3. Polystyrene nanospheres deposited on (a) glass and (b) silicon sub-
strates.
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SEI 150k X16,000 WD 106mm 1um

a b

Fig. 4. SEM image of a 750-nm single-layer polystyrene nanosphere with a
uniform crystal-like structure (a) top view (the inset shows a magnified image
of the top view) (b) side view.

solution to the thin wetting film; and water evaporation. A pressure
difference is formed when the solution drop is positioned along the an-
gle of the spreader. This difference induces a capillary effect, which
transfers a portion of the solution from the main drop to the dry zone,
resulting in the formation of a thin wetting layer [22], as illustrated in
Fig. 1, b. The nanospheres can seek out the configuration with the low-
est energy by freely flowing all over the substrate [22].

Once the evaporation process takes place, the nanospheres form a
monolayer that is packed closely in a hexagonal pattern, which can be
seen in the inset image in Fig. 4, a. The process is sustained by moving
the stage at a steady speed in the opposite direction of the monolayer
formation. The formation of a monolayer is dependent on a withdrawal
rate of the solution that is proportionate to the rate of water evapora-
tion in the dry region. If the withdrawal rate is slower than the evapo-
ration rate, nanospheres will accumulate and create multilayer arrays
dominating the substrate. Conversely, faster withdrawal rates lead to
an amorphous deposition with unfilled zones.

The emergence of point, line, and area defects on the substrate is de-
picted in Fig. 5. The nanospheres have to balance two forces, i.e., adhe-
sion between polystyrene nanospheres and adhesion between polysty-
rene nanospheres and substrate, as they experience polymer interdif-
fusion, which is the primary cause of defect formation [31].

An SEM image of modified nanospheres’ diameters after undergo-
ing oxygen plasma etching for 2 seconds is shown in Fig. 6. As a result,
the nanospheres’ diameters reduce from 750 nm to 745 nm, creating
gaps between them for thin-film deposition. In the thermal evapora-
tion system, a 200 nm thin film of silver was deposited by utilizing the
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Tum

Fig. 5. SEM image of a 750-nm polystyrene nanosphere with a uniform crys-
tal-like structure and some point, line, and area defect formation on the sub-
strate.

SEI 15.0kV  X20,000 WD mm Tum

Fig. 6. SEM image of a single-layer polystyrene nanosphere after oxygen
plasma etching for 2 seconds.

spacing between polystyrene spheres, resulting in hexagonal arrays of
nanoscale silver nanodots (Fig. 7, a) and nanorings (Fig. 7, b) on both
substrates before and after etching. The polystyrene nanospheres were
removed from the substrate by immersing them in a Toluene ultrasonic
bath after silver deposition. The results depicted in Fig. 7 demonstrate
that this cost-effective and straightforward method can be used to cre-
ate highly aligned nanoparticles suitable for optoelectronic [1, 12, 17]
and medical applications[7, 32]. The aligned array of silver nanostruc-
tures efficiently traps light by scattering it into specific optical modes,
leading to a notable increase in optical absorption [33].
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Fig. 7. SEM image of (a) silver nanodots and () silver nanorings.

The transmittance spectra of silver nanostructure ensembles on a
glass substrate have been revealed in Fig. 8. The arrays of silver nano-
dots and nanorings are denoted by the dashed and solid curves, respec-
tively, and they exhibit localized surface plasmon resonance (SPR) at
wavelengths of 502 nm and 520 nm. As the nanoparticle size increases,
the plasmon band widens and its intensity decreases, causing the spec-
tral line to shift towards the red due to the retardation effect
[4, 34, 35]. Varying the size of nanoparticles allows for the creation of
adjustable optical sensors as it causes a shift in the plasmon resonance.
This suggests that the spectral response is influenced by the size and
shape of the nanostructure. The use of Ag NPs can function as a light-
trapping layer on the transparent electrode or within the absorber lay-
er [36] of a solar cell, enhancing the multiple scattering of incoming
light [37].

4. CONCLUSION

This paper introduces a timesaving lithographic technique called nan-
osphere lithography. The process involves using a lithographic mask
composed of 2D colloidal polystyrene nanospheres, onto which materi-
al for evaporation is applied resulting in a range of shaped particles on
the substrate. By adjusting the diameter of the nanospheres, nanopar-
ticlesin a hexagonal framework can be created. Oxygen plasma etching
can be used to modify the size of interstices between the nanospheres in
a controllable manner. This approach significantly reduces the cost of
fabricating nanostructured samples compared to other lithographic
techniques. The present study shows that large-area monolayers of
polystyrene nanospheres can be organized with considerable 2D colloi-
dal monocrystals, although these colloidal monolayers have structural
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Fig. 8. Optical characterization of Ag nanodots and nanorings arrays.

deficiencies like conventional crystals. To create periodic arrays of na-
noparticles like nanodots and nanorings, prepared colloidal masks are
used, and a thin layer of silver is applied to the nanospheres mask via
thin film deposition, while the crystal arrangement is maintained since
this technique has no impact on the inner structure of polystyrene
nanospheres. Oxygen plasma etching is used to create masks with not
connected packed arrays of polystyrene nanospheres. When silver
evaporates through the etched spheres, a layer with spherical mesh
holes is formed. These nanoparticle arrays on a large substrate allow a
simple optical characterization and can be used to illustrate the practi-
cal uses of these arrays. Overall, nanopatterning is an important tech-
nique in solar cell production that can enhance their efficiency and
performance by allowing researchers to create precise, nanoscale
structures that enhance the optical and electronic properties of solar
cells.

The Author expresses gratitude towards the College of Sciences De-
partment of Physics and Department of Chemistry at the University of
Kirkuk.
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Influence of Thermomechanical and Heat Treatments on the
Structure and Mechanical Properties of Biocompatible
Ti—(18—20)Nb—(3—4)Zr—(1—-1.2)Si Alloys
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The deformed biomedical Ti—(18—-20)Nb—(3-4)Zr—(1-1.2)Si (% wt.) alloys
are studied. Their rolling is carried out at 950°C by means of the air- and wa-
ter-cooling; the quenching in water and oil with heating up to 1050°C is also
used. As established with the x-ray phase analysis, the hot deformation of
Ti—(18-20)Nb—(3—-4)Zr—(1-1.2)Si alloys contributes to the B-solid-solution
heterogeneity into B1 phase based on Ti—Nb and B2 phase based on Zr-Ti, as a
result of which a final dispersed nonequilibrium (a”” + a’) structure is formed
after cooling, that reflects the (B1 + B2) microstructure formed due to the pre-
vious decomposition. After deformation with air cooling, the experimental
alloys contain the largest amount of o’ phase and have high strength and low
plasticity. As shown, a rising of the cooling rate and temperature during
quenching leads to the predominance of the orthorhombic o'’ phase, while the
strength of the alloys decreases with a significant increase in plasticity. In
the process of deformation and heat treatment, densely and uniformly dis-
tributed disperse silicides are also released in the structure, which contribute
to the strengthening. For Ti—(18-20)Nb—(3—-4)Zr—(1-1.2)Si alloys, the tem-
perature range T =1040 + 20°C is established, the quenching from which al-
lows to obtain high mechanical properties: c:=1100-1150 MPa, co.02=800—
850 MPa, 6 =11-11.5% . By deformation and quenching of the experimental
alloys, a composite material with alloyed soft matrix strengthened by the
uniformly distributed dispersed hard particles of silicides is fabricated.
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Hocmimxeno pedopmoBani 6Giomenuuni cromu Ti—(18—20)Nb—(3—4)Zr—(1-
1,2)Si (% Bar.). IIpokaryBaHHa nIpoBoamiIoca 3a Temueparypu y 950°C 3 oxo-
JIOIKEeHHAM Ha IOBIiTPi Ta BOZOI0; 3aCTOCOBYBAJIOCA TAKOYK rapTYBaHHA Y BOLY
Ta macao 3 HarpiBom g0 1050°C. PenTrenodas3oBoio aHaJIi3010 BCTAHOBJIEHO,
o rapaue pedgopmyBanHsa croniB Ti—(18—-20)Nb—(3—-4)Zr—(1-1,2)Si cupuse
posiiapyBaHHIO J-TBepAOTO po3unHy Ha Pi1-hasy Ha ocHOBi Ti—Nb i B2-dasy Ha
ocHoOBi Zr—Ti, BHacIiZOK YOTO Hic/JA OXOJIOKeHHA YTBOPIOETHCA KiHIlEBA AU-
cmepcHa HepiBHOBakHA (o' + o')-CTPYKTypa, AKa Bimobpakae MiKpOCTPYKTYPY
(B1+B2), chopmoBany uepes nmomepenHiii posunax. Ilicna gedopmanii 3 oxosro-
IKEeHHSM Ha MOBiTpi mocaigHi cTonu MicTaTh HafiOiAbITYy KiTbKicTs o' -hasu Ta
MalOTh BUCOKY MiIlHicTh i HUBBKY IIacTuyHicTh. ITokazaHo, 110 36isbIIeHHA
IIBUAKOCTY OXOJIOMKEHHSA Ta IIiBUINEHHS TeMIepaTypu Iifi Yac rapTyBaHH:A
MPUBOAUTH A0 THepeBasKaHHA Yy HUX opTopoMOiuHOi o''-hasu; BOZHOUAC MIiIl-
HiCTBH CTOIIiB MOHMMKYETHCA 31 SHAYHUM ITiIBUMIEHHAM IIJIACTUYHOCTH. B 1mIpo-
meci medopmarii Ta TepMooOpPOOJEeHHS B CTPYKTYPL TaKOK BUIIISIOTHCS
OIiJIbHO ¥ PiBHOMipPHO pOSIOAiJieHi AuMcHepCHI cUIinuAM, SIKi BHOCATH CBiit
BHeCOK y sminueHHdA. [{na cronis Ti—(18—20)Nb—(3—-4)Zr—(1-1,2)Si BcranoB-
aeuo inTepBas remnepatyp T = 1040 + 20°C, rapTyBaHHA Bil AKOTO YMOKJIUB-
JII0E OJepiKaTh BUCOKI mMexaHiuHi BaacTuBocTi: o:=1100-1150 MPa, co,02=
=800-850 MPa, 6=11-11,5% . Illnaxom medopMyBaHHSA Ta rapTyBaHHS IO-
CJiIHUX CTOIIiB CTBOPEHO KOMIIOBUIiMHUI MaTepisd 3 JeroBaHOIO ILJIACTUYHOO
MaTpullelo, 3MilTHEHOI0 PiBHOMiIPpHO PO3NOJiJIEeHUMY NUCIIEPCHUMU TBEPAUMU
YaCTHHKAMU CUJIIITUIiB.

Karouosi crosa: 6iocymicHi cronu Ti—(18—20)Nb—(3—4)Zr—(1-1,2)Si, gedop-
Mallifd, rapTyBaHHs, CTPYKTypa, CUJIIIUIN, MeXaHidHi BJIaCTUBOCTI.

(Received 31 October 2023; in revised form, 10 December 2023)

1.INTRODUCTION

The development of new titanium alloys for implantology continues in
the direction of excluding from their composition some elements
harmful to the human body, as well as strengthening their osteointe-
gration and mechanical properties [1, 2]. Recently, titanium alloys al-
loyed with biocompatible  stabilizing elements, in particular niobium
[3], have been developed, which have a lower modulus of elasticity,
closer to the modulus of elasticity of bone.

Biomedical alloys based on the Ti—Nb system, additionally doped
with silicon for better osteointegration, were also proposed [4—8]. It
was established that alloys with 18—-20% wt. niobium and a hypereu-
tectoid silicon content of 1-1.2% wt. exhibit higher mechanical prop-
erties and biocompatibility in the Ti—Nb—Si system. The deformation
modes of Ti—(18—-20)Nb—(1-1.2)Si alloys were developed and the opti-
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mal temperature at which quenching of the deformed alloys allows ob-
taining high mechanical characteristics was determined [9].

The properties of alloys of the Ti—Nb and Ti—Nb—Si systems can be
further improved by alloying with biocompatible zirconium [10-13].
In Ti—Nb—Zr [10] and Ti—Nb—-Zr-Si [12, 13] alloys, zirconium has an
additional B stabilizing effect, which grows with an increase in the
content of other  stabilizers (Nb and Si). Zirconium reduces the solu-
bility of silicon and increases the release of silicides in alloys of the Ti—
Nb—Zr—Si system, due to which the alloys are strengthened [12, 13].
The aim of this work is to optimize the technology of deformation and
heat treatment of Ti—(18—-20)Nb—(3—4)Zr—(1-1.2)Si (% wt.) alloys.

2. RESEARCH MATERIALS AND METHODS

Experimental Ti—(18—-20)Nb—(3—4)Zr—(1-1.2)Si alloys were obtained
by electron beam melting [14]. The following charge materials were
used: BT1-0 titanium, HGIII-1 niobium, kr1-110 zirconium, KP-00 sil-
icon. The used smelting method ensured the formation of ingots of the
Ti—Nb—Zr—Si system alloys with a diameter of 60 mm and a length of
640-650 mm, which are quite homogeneous in structure and chemical
composition.

Hot deformation of ingots was carried out at a temperature of 950°C
by screwing rolling up to & 12 mm with air or water cooling. The ob-
tained rods were cut into samples, which were quenched in oil and water
with a holding time of 30 min at 1050°C. After deformation and heat
treatment, tensile tests of the mechanical properties were performed.

The structure was studied by optical (Jenaphot-2000), electron
scanning (Proton-21, Superprobe-733) and transmission (JEOL JEM
100X) microscopy. The x-ray phase diffraction analysis was carried
out on a DRON-3M diffractometer in monochromatic CuK,-radiation,
at an accelerating voltage of 40 kV and a current of 25 mA, in the an-
gular range 20=30-90° with a step of 0.05° and with a stop of
5 s/step. The results were processed in PowderCell software.

3. RESULTS AND DISCUSSION

The properties of alloys after deformation and heat treatment are in-
fluenced by the phase composition, the ratio and size of the structural
components. When the cast alloys of the Ti—Nb—Zr—Si system are
heated, the non-equilibrium phases disintegrate with the redistribu-
tion of silicon and the release of silicides. The largest amount of sili-
cides was observed on the quenching of these alloys from low tempera-
tures of 900-1000°C, close to the eutectoid transformation (865°C in
the Ti—Si system) [6, 7, 13]. Figure 1 shows the structure of the cast
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Fig. 1. Electron microscopy of the cast Ti—18Nb—4Zr—18Si alloy quenched from
900°C with a holding time of 5 min: scanning (a, b), transmission (c, d).

alloy Ti—18Nb—4Zr-1Si quenched from 900°C with holding for 5
minutes, where densely distributed silicide precipitates are clearly vis-
ible. At the same time, almost all silicon binds with zirconium and ti-
tanium to form silicides (Ti,Zr)sSi, <0.2% Si remains in the solid solu-
tion of the cast Ti—-8Nb—4Zr—1Si alloy [11], that leads to a significant
decrease in hardness. When the alloy is heated to higher temperatures
>1100°C, thesilicides begin to dissolve.

Rolling of the cast Ti—(18-20)Nb—(3-4)Zr—(1-1.2)Si alloys oc-
curred in  area at a temperature of =950°C with different cooling
speeds: in air and water. After the deformation with air cooling,
quenching was also applied.

In order to determine the optimal mode of heat treatment of the de-
formed Ti—(18—20)Nb—(3—4)Zr—(1-1.2)Si alloys, the quenching in wa-
ter was carried out at the temperature range of 1000-1100°C in an in-
terval of 20°. The dependences of 65, Go.02, 0 on the quenching tempera-
ture are shown in Fig. 2. Dashed lines show mechanical properties of
the experimental alloys for tension in the deformed state as initial val-
ues. The arrows show changes in the level of 6;, 6¢.02, 8 after quenching,
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Fig. 2. The tensile mechanical properties of deformed Ti—(18-20)Nb—(3—
4)Zr—(1-1.2)Si alloys after quenching in water: c: (m),c0.2 (0), & ().

and the range of quenching temperatures that provide the optimal set
of mechanical properties is also highlighted.

For the deformed Ti—(18—20)Nb—(3—-4)Zr—(1-1.2)Si alloys, a tem-
perature range of T'=1040 + 20°C has been established, the quenching
from which allows obtaining almost identical high mechanical charac-
teristics: 6,=1100-1150 MPa, ©o.02=800-850MPa, 6=11-11.5%.
Decreasing of the yield strength o2 after quenching from tempera-
tures < 1060°C can be explained by more decomposition of the solid so-
lution with forming the great amount of silicides, and as a result the
presence of poor with [ stabilizers, unstable B phase which undergoes
deformation martensitic transformation in tension. Quenching at
1040-1060°C probably fixes the maximum quantity of metastable 3
phase, while the difference between the temporary fracture resistance
o; and the yield strength ooz is > 300 MPa. At higher quenching tem-
peratures, almost the entire p phase undergoes transformation and the
amount of martensite increases, at the same time silicides are dis-
persed due to partial dissolution [13], the consequence of which is an
increase in 65, Go02 Wwith a simultaneous decrease in plasticity o (Fig. 2).

According to x-ray phase analysis the deformed and quenched Ti—
(18-20)Nb—(3—4)Zr—(1-1.2)Si alloys contain o’ and o'’ phases with
their different ratio, residual p phase, and silicides (Fig. 3, Table 1). It
should be noted that a sharp peak located at angles 20 2 50-51° (Fig. 3)
is observed on the XRD-patterns, which cannot be attributed to the ex-
isting B, o', o’ phases. Considering its rather significant intensity, the
appearance of such a peak cannot be explained either by the presence of



270 0. M. SHEVCHENKO, M. M. KUZMENKO, O. Yu. KOVAL et al.

max
max
4

leI/I

lgI/I

gI/T
lgI/T_

80 40 50 60 70 80 90 30 40 50 60 70 80 90
20, ° 20, °
c d

Fig. 3. XRD-patterns of Ti—(18—-20)Nb—(3—-4)Zr—(1-1.2)Si alloy: after the
screwing rolling at 950°C with cooling in air (a) and water (b), after the
quenching in oil (¢) and water (d) at 1050°C, 30 minutes: o’ phase (+), o'’ phase
(1), p phase (), TisSi (o), TisSis (x).

silicides or by the presence of the o phase. In cast Ti—18Nb—xZr—1Si
alloys [12], the same Bragg reflection in the diffraction pattern to the
left of the main (200)p reflex appeared only when the zirconium content
reached 8% wt., which indicates the formation of another 3 phase with a
lattice parameter a = 3.615—-3.595 A based on a Zr—Ti solid solution.

The appearance of another phase with a higher parameter of b.c.c.
lattice, but lower intensity compared to the reflection of the main 8
phase, was previously observed in cast Ti—Nb 3 alloys [15] with a high
niobium content of 37.5 and 45% wt. One of the possible mechanisms
for the formation of a double b.c.c. phase is considered the segregation
of elements because of dendritic liquation during crystallization due to
the difference in the melting temperatures of the components since the
content of alloying elements in the axes of dendrites and interdendritic
areas can differ significantly. But, in the as-cast state of the experi-
mental Ti—(18-20)Nb—(3—4)Zr—(1-1.2)Si (a + B) alloys of the martensit-
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TABLE 1. Phase composition of Ti—(18-20)Nb—(1-1.2)Si alloys: after the
screwing rolling at 950°C with cooling in air (1) and water (2); after the
quenching in oil (3) and water (4) at 1050°C, 30 min.

o) a’ B (Ti,Zr)sSi/
a ‘ ¢ % a ‘ b ‘ c % A o |(Ti,Zr)sSis,
A mass A mass | & mass | % mass

1 2.97854.6537 43 3.08045.09304.6895 49.4 3.2674 2.8 2.8/1.9
2 2.96204.6577 32.2 3.02584.97204.6613 60.1 3.2866 2.6 5.0/0
3 2.96254.6578 16.4 3.01074.97134.6594 75.8 3.2686 2.3 5.5/0
4 2.96394.6579 16.1 3.02294.96544.6657 74.4 3.2757 3.3 5.8/0.3

ic class, dendritic liquation was quite weak [13], the structure after
crystallization consisted mainly of the o' phase, the f phase had no signs
of delamination and its content reached 2 12%.

The second mechanism of the appearance of a double  phase is the
spinodal decomposition of a solid solution. Phase separation is facili-
tated by the difference in atomic radii, especially the presence in alloys
of elements with small atomic sizes: hydrogen [15], oxygen [16], or sil-
icon in alloys of the Ti—Nb—Zr—Si system, which creates conditions for
the formation of clusters. Thus, during heat treatment of Ti—Nb—-O
alloys [16] in the [ phase, nanodomains of Nb-poor and Ti, O enriched
B1, as well as Nb-enriched, but Ti and O depleted B are formed, which
leads to the nanoscale (1 + B2) spinodal microstructure. In the cast Ti—
Zr—Ta p alloys [17], a nanostructure corresponding to the spinodal de-
composition of the original p phase was also formed: semi-coherent
particles of the B: phase with an increased Ta content interspersed in
the Zr-enriched B; matrix with strain accommodation due to edge dis-
locations at the phase boundary and modulation along the elastic-soft
directions <100> in b.c.c. lattice. Such a structure affects strengthen-
ing, which is associated with a barrier to the movement of dislocations
in the form of inclusion boundaries. Unlike traditional decay, spinodal
decomposition does not require the nucleation of particles and allows
obtaining uniform nanostructures without long-term ageing.

On rolling in the P area of Ti—(18-20)Nb—(3—-4)Zr—(1-1.2)Si alloys,
the deformation can stimulate the spinodal decomposition of the f solid
solution. In metals with cubic lattices, {100} <110> deformation texture
is formed, so the 3; phase in the experimental alloys has the correspond-
ing predominant orientation, which is observed in the form of an in-
creased intensity of its (200) line in the diffraction pattern (Fig. 3). It is
likely that upon further cooling the ; phase transforms into a” phase, 3,
into o', with remnants of the corresponding § phases between the mar-
tensitic plates, and the final dispersed structure (o’ +a') reflects the mi-
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crostructure (B; + B2) formed through spinodal decomposition.

During deformation processing with air-cooling of Ti—(18-20)Nb—
(3—4)Zr—(1-1.2)Si alloys, the cooling rate is higher at high tempera-
tures, where the martensitic transformation f — o' occurs. As a result,
a thin needle-like o' phase is formed (Fig. 4, a, b), which has a signifi-
cant distortion of the crystal lattice ¢/a=1.562 (for a Ti ¢/a=1.587).
Upon further cooling, a dispersed o'’ phase as separate areas between
the primary needles appears, the orthorhombicity of which is close to
unity b(3)2/a=0.955 that indicates its lower doping with B stabi-
lizers. At the same time, the diffraction pattern does not show the
splitting of the lines, but only their broadening (Fig. 3, a). In the struc-
ture of deformed Ti—(18-20)Nb—(3—4)Zr—(1-1.2)Si alloys cooled in air,
there is also a small amount of primary (Ti,Zr);Si; silicides (Table 1),
which were formed in the cast state after crystallization, and secondary

100KV X3,000

Fig. 4. Scanning electron microscopy of Ti—(18—20)Nb—(3—4)Zr—(1-1.2)Si alloys:
deformation at 950°C with air cooling (a), deformation at 950°C with cooling by
water (b), quenching of the deformed alloy into oil at T'=1050°C, 30 minutes (c),
quenching of the deformed alloy in water at T'=1050°C, 30 minutes (d).
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TABLE 2. Mechanical properties of Ti—(18-20)Nb—(3—4)Zr—(1-1.2)Si alloys
after different hot deformation and heat treatment modes.

Mechanical tensile properties
Treatment
co2, MPa | ou, MPa |38, %
1 Rolling at 950°C, air cooling 1145 1250 1,7
2 Rolling at 950°C, water cooling 885 1055 8
3 1-+quenching at 1050°C, 30 minutes in oil 760 1025 12
4 1+ quenching at 1050°C, 30 minutes in 810 1135 11,5
water

(Ti,Zr)sSi silicides, which were released during cooling due to the
peritectoid transformation at 1170°C: B+ (Ti,Zr)sSis — (Ti,Zr)sSi [13].
The formation of such a non-equilibrium deformed structure causes
high strength .= 1250 MPa and low plasticity 6 < 2% (Table 2).

An increase in the cooling rate and an increase in temperature dur-
ing quenching of deformed Ti—(18—20)Nb—(3—-4)Zr—(1-1.2)Si alloys
leads to the formation of a larger amount of orthorhombic o'’ phase
(Table 1), which has a dispersed lenticular thin-lamella structure (Fig.
4, b, d). This also results in a decrease in the values of orthorhombicity
of o martensite b(3)2/a=0.953—-0.948 and the splitting of its lines
on the XRD patterns (Fig. 3, b—d), due to a greater saturation with al-
loying elements. Accordingly, the amount of the o’ phase decreases,
and its ¢/a=1.572 (Table 1) increases, which means a decrease in dop-
ing of this phase. The strength of deformed Ti—(18-20)Nb—(3—4)Zr—
(1-1.2)Si alloys after quenching decreases compared to air-cooling
with asignificant increase in plasticity due to the predominant amount
of the o’ phase (Table 2).

In the quenching process, an additional separation of tertiary sili-
cides (Ti,Zr)sSi occurs because of the eutectoid transformation:
B—a"” +(Ti,Zr)sSi. Thus, Ti—(18-20)Nb—(3—-4)Zr—(1-1.2)Si alloys af-
ter deformation and heat treatment contain densely and uniformly dis-
tributed silicide particles (Fig. 4) with a total amount of = 5-6% mass
(Table 1). The most intense lines of silicides on the diffractograms
practically coincide with the lines of the main phases, so their presence
is evidenced by an increase in the background near the main lines and
the higher total intensity (Fig. 3). Electron-microscopy study showed a
large number of both coarse and dispersed silicides in the quenched al-
loys between small, differently oriented, acicular and lenticular mar-
tensitic plates (Fig. 5).

Eutectoid silicides are released during the quenching process both in
the form of highly dispersed particles between the plates of the o'
phase, and on the already existing secondary (Ti,Zr)sSi silicides, which
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Fig.5. Transmission electron microscopy of Ti—(18—20)Nb—(3—4)Zr—(1—-
1.2)Si alloy: after the screw rolling at 950°C with water cooling (a, b), after
the deformation with the additional quenching in water at 1050°C (¢, d).

results in their growth. The formation of dispersed silicides on the sur-
faces of martensitic plates and in B layers occurs due to deformation
and heat treatment of the experimental alloys. This leads to their grid-
like distribution, which is a resistance to the movement of dislocations
and provides additional strengthening.

Tensile failure of the alloy, deformed with air cooling, is brittle-
viscous, and pitted, with the presence of spalled facets in areas of the
lamellar o’ phase (Fig. 6, a). Low-energy dimples dominate the fracture
surface after quenching at a lower temperature of 950°C (Fig. 6, b).
The fracture of the alloy quenched at 1050°C is viscous, high-energy,
with small pits (Fig. 6, ¢). In a softer matrix, the deformation pits are
formed, at the bottom of which silicides remain (Fig. 6, d).

Both the level of the phases alloying (solid-solution hardening) and
the amount and size of silicides (dispersion hardening) affect the me-
chanical properties. In the solid solution of Ti—(18—-20)Nb—(3—4)Zr—
(1-1.2)Si alloys, <0.2% Si remains according to calculations [13], and
the o’ phase contains more dissolved silicon, and, accordingly, less sili-
cides than the o’ phase. The fracture mechanism of Ti—(18—-20)Nb—(3—
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Fig. 6. The fracture surface of the Ti—(18-20)Nb—(3—-4)Zr—(1-1.2)Si alloy:
deformed at 950°C, cooled in air (a), deformed at 950°C with cooling by water
(b), quenched at 1050°C, 30 minutes in water (c, d).

4)Zr—(1-1.2)Si alloys shows that deformation and quenching create a
composite material with an alloyed plastic matrix, which is strength-
ened by uniformly distributed, dispersed solid particles of silicides.

4. CONCLUSIONS

After the hot deformation at 950°C with air-cooling of Ti—(18—20)Nb—
(3—4)Zr—(1-1.2)Si alloys, approximately the same amount of o’ and o'’
phases was formed. Such a non-equilibrium structure has high
strength 0,2 1250 MPa and low plasticity 6 <2% . Quenching of Ti—
(18-20)Nb—(3—4)Zr—(1-1.2)Si alloys leads to the predominance of the
orthorhombic o' phase in their structure, correspondingly, the
strength decreases with a significant increase in plasticity. The tem-
perature range T =1040 + 20°C was established, from which quenching
of deformed alloys Ti—(18—20)Nb—(3—-4)Zr—(1-1.2)Si allows obtaining
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an optimal complex of high mechanical properties: c.=1100-1150
MPa, 00.02 = 800—-850 MPa, 6=11-11.5%.

The structure of Ti—(18—-20)Nb—(3—-4)Zr—(1-1.2)Si alloys after de-
formation and heat treatment also contains dispersed silicides densely
and uniformly distributed between small martensite plates. The for-
mation of a large amount of silicides (= 5—6% mass) decreases the sili-
con content in the solid solution and reduces its strength. However, at
the same time, the mesh-like distribution of silicides formed due to de-
formation and heat treatment is a resistance to the movement of dislo-
cations and provides dispersion hardening. In this way, a composite
material with an alloyed soft matrix and uniformly distributed hard
silicide particles was created.

In the deformed and quenched Ti—(18-20)Nb—(3—4)Zr—(1-1.2)Si
alloys, x-ray structural analysis showed that, in addition to o', ", re-
sidual  phase and silicides, a peak was also observed indicating the
presence of another f phase based on a Zr—Ti solid solution with a lat-
tice parameter a=3.615-3.595 A. The appearance of this phase can be
explained by the spinodal decomposition of the B solid solution, which
is stimulated by the stresses during deformation. This is facilitated by
the difference in the atomic sizes of the components, in particular the
presence in alloys of silicon and zirconium and the possible formation
of clusters. The delamination of the f phase during deformation prob-
ably affects the formation of the final dispersed (o'’ + a')-structure,
and provides high mechanical properties.
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CrpykTypa Ta BJIACTHMBOCTI MeTaJy, HATOILJIEHOTO IJIa3MOBUM
MEeTO0M IIOPOIIKOM IIBHAKOPi3aabHOoi Kpumi 10P6MS5,
monudikopanum Amominiem a6o Bopom

€. ®. IlepenabvoTunkos, I. O. Pabues, 1. II. Jleutioros, I. I. Padiies

Inecmumym enexmposeapiosarns inm. €. O. Iamona HAH Ykpainu,
eyn. Kasumupa Manesuua, 11,
03150 Kuis, Yrkpaina

B po6oTi ekcriepuMeHTaIbHO MOCIiIKEHO BILINB MOAU(DIKYBAILHUX T00aBOK
Aurominiro yu To Bopy y mopomok mBuakopisanbaoi kpuii 10P6MS Ha cTpy-
KTYpy Ta BJIACTUBOCTi MeTaJly, HATOILJIEHOTO IJIa3MOBO-IIOPOIIIKOBUM CIIOCO-
6oMm. BeraHnoBieno, mo moaudikyBaHHA HaTomiaeHoro Mmetanay 10P6M5 Aurio-
miniem y Kimbkocti 0,01-0,05% cupusae yTBOPEHHIO OJATKOBUX IEHTPIB KPH-
craJisarmii Ta IPUTHiUYEeHHIO 3POCTAHHSA CTOBIIYACTUX KPUCTAIITiB. B pesyib-
TaTi MiABUIYEThCA YePBOHOCTiKiCTh HATOILJIEHOI IMIBUAKOPi3aJIbHOI KPHUIIi, a
MiIlHiCTH 3a 3TMHAHHA ¥ yJapHa B’sA3KicTh 30epiraioThcs Ha PiBHI KoBaHOI
MIBUAKOpi3anbHOI Kpuili. MogudikyBarnua Bopom y kinbkocti 0,015—-0,060%
Oie Ha CcTpyKTypy HaTomiaeHoro meraay 10P6M5 mpubamsmHo aHAJIOTiUuHO
Aumrominito. OgHak yTBopeHHs BogHOouac 6opuny Fe:B, Ake cympoBOKyeThCS
30iIbIIIeHHAM ITUTOMOr0 00’emMy Ha = 15—17%, IPpUBOAUTD A0 MOSABU 3HAUHUX
BHYTPiNIIHiX HATIPY?KeHb 1 3MEHIIy€e MillHiCTh 3a 3TUHAHHA # yAapHY B’ A3KiCTH
HaTomiaenoro meraay 10P6M5, mogudikoBanoro Bopom. 36iabIieHEA CTiHiKO-
CTH pisaJbHUX iHCTPYMEHTiB, BUTOTOBJIEHNX 3 BUKOPUCTAHHAM ILJIACTUHOK i3
HaTorieHoro metrany 10P6Mb5, mogudikoBamoro Aniominiem a6o Bopowm, 3y-
MOBJIEHO TIO€JHAHHAM APiOGHO3EPHUCTOI CTPYKTYpH HATOILJIEHOTO MeTaay 3
BiTHOCHO TOHKOIO Kap0i/THOIO CiTKOIO Ta BUCOKOIO YePBOHOCTIiMKiCTIO.
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nudikyBaHHA, 3HOCOCTiMKiCTh, UEPBOHOCTiMKiCcTh, MeXaHiuHi BJIACTHMBOCTI,
pisanbHi BJlacTUBOCTI.

In this work, the effect of modifying additives of aluminium or boron in the
powder of high-speed steel 10R6M5 on the structure and properties of depos-
ited metal by the plasma-powder surfacing is studied experimentally. As es-
tablished, the inoculation of the deposited metal 10R6M5 with aluminium in
the amount of 0.01-0.05% promotes the formation of additional crystalliza-
tion centres and suppresses the growth of columnar crystallites. As a result,
the red hardness of the deposited high-speed steel is increased, and the bend-
ing strength and toughness are maintained at the level of forged high-speed
steel. The inoculation with boron in the amount of 0.015-0.060% acts on the
structure of the deposited metal 10R6M5 similarly to aluminium. However,
the formation of Fe:B boride, accompanied by an increase in the specific vol-
ume by = 15—-17%, leads to the appearance of significant internal stresses and
reduces the bending strength and impact toughness of the deposited metal
10R6M5 modified with boron. An increase in the tool life of a cutting tool
made by using plates of deposited metal 10R6M5 modified with aluminium or
boron is due to the combination of a fine-grained structure of the deposited
metal with a fine carbide mesh and high red hardness.

Key words: plasma-powder surfacing, deposited metal, inoculation, wear
resistance, red hardness, mechanical properties, cutting properties.

(Ompumano 28 6epesns 2023 p.; ocmamoun. eapiaum — 13 keimusa 2023 p.)

1.BCTYII

Y iHcTpyMeHTaJIbHOMY BUPOOHUIITBI JOCTATHBO IITHMPOKO 3aCTOCOBYIOTE-
cs pecypcosbepiraabHi TeXHOJIOTiI, OJHi€I0 3 AKUX € TeXHOJOTisd BUTO-
TOBJIEHHSA OiMeTaseBOro pi3ajJbHOT0 iHCTPYMEHTY 3 BUKOPHUCTAHHAM
HaTomaeHHs [1—-4]. TexHosoriuHa cxeMa BUTOTOBJIEHHSA TaKOT'0 iHCTPY-
MEHTY CKJIAJAEThCA 3 HACTYIIHUX OMepalliii: HaTOIlJIeHHA IIIBUIKOpPi3a-
JbHUMU a00 iHIIMMM iHCTPYMEHTAJbHUMHU KPUISAMU 3aroTOBOK i3
KOHCTPYKI[IHHUX KPHIb, BiANaJ HATOIJIEHMX 3aroTOBOK, MeXaHiuHe
00po0JeHHA iX, 3arapTyBaHHA Ta Bigmyck. BogHouac HaTONJIEHHS BU-
KOHYETHCA MEPEBAKHO BPYUYHY IITYUHUMHU eJeKTpoAaMu abo eJIeKTPOo-
010, III0 He TOMUTBCA, B 3aXMCHUX rasdaxX 3 MPUCAAKOI0 APOTY YU TO
MPYTKiB 3 MIBUAKOPisadbHUX (IHCTpyMeHTaJAbHUX) Kpuilh [3]. Bizomo
TaKOK MexaHizoBaHe HATOILIEHHSA pPisaJbHUX iHCTPYMEHTIiB KOHTAKT-
HUM c1iocobom [4].

Heponikamu 3ragjaHux cImoco0iB HATOIIJIEHHS €:
— IiABUINleHA BUTpaTa MPUCAAKOBUX (EJEKTPOIHUX) MaTepisaaiB is

MIBUAKOPi3aIbHUX KPUITh;
— mnpobisema 3a0e3meueHHA CTa0iIbHOI SKOCTU HATOILJIEHOT'0 METAJY;
— BeJIMKUI meperpiB OCHOBHOTO MeTaJy.

IIlmasmMoBe HATOIIIEHHS 3 IIPHUCAAKOIO IIOPOIIKY mo30aBieHe 6iabIoc-
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THU BUIE3TAJAHNX HEJOJiKiB. 3a MJIa3MOBO-IIOPOIIKOBOT'0 HATOILIEHHS
3aBIAKU HEBEJUKOMY ITPOTOIJIEHHIO Ta HE3HAUYHOMY BUTOPAHHIO JIETY-
BaJbHUX €JIEMEHTIiB XeMiuHUY CKJIaJ HATOILJIEHOTO METAaJy BiKe B IIep-
oMy Itapi BimmoBimae ckiany mpucamHoro mopomky. OgHopigHicTb
XeMiUHOT0 CKJIAAY PO3TOILIEHUX IIOPOIIIKIB i cTabiIbHICTD peuMy I1Jja-
3MOBO-IIOPOIITKOBOTO HATOIJIEHHA 3a0€3I1eUyl0Th BUCOKY AKiCTH Ta 0f-
HOPiZHiCTH XeMiUHOTO0 CKJIAAy HATOIJIEHOTO MeTaJly, Y TOMY YHMCJi TUIY
MIBUAKOPi3aIbHUX Kpulb [ 2, 5].

Per'ymiooun mMBUAKiICTE IOgaui MMOPOINIKY, MOMKHA Per'yJII0BaTH IIIBU-
IKiCTh KpHcTasizallii 3BapoBabHOI BAHHU Ta BIJUBATHU Y CIIPUATIIN-
BUM 0iK Ha CTPYKTYPY HATOILJIEHOTO MeTaJy [2], 1110 MOKHA ITOCUINTH,
BBOJIAYM Y IIOPOIIOK IPUCATKY MOAU(MIiKYyBaJIbHUX €JIeMEHTIiB.

MeTa poboTu — mocuaiguTu BILINB MoAu(piKyBamua AJroMiHieM abo
Bopom nprcagaEoro mopomKy msuAKopisaabHoi Kpuili 10P6M5 Ha Tex-
HOJIOTiUHIi ¥ eKcIIyaTaIlifHi BJIaCTUBOCTI, a TAKOMK HA CTPYKTYPY MeTa-
JIy, HATOILJIEHOTO IIJIa3MOBUM CIIOCOO0M.

2. MATEPISAJIM TA METOAUKMU JOCJHIIsKEHD

s nocaimskenb oopano mopoirok ITP-10P6M5 3 posMipoM YaCcTUHOK Y
80—-200 MmxM, oJep:KaHWH POSIOPOIIEHHAM a30TOM pPiAKOro merany,
AKUHA MicTuTh (Mac. uacTka, %): 1,0, 5,83 W, 5,40 Mo, 3,86 Cr, 1,96 V,
0,4 Si, 0,35 Ni, Si P < 0,03. flxk mogudikaTopm BUKOPUCTOBYBAJIHI
Anrominiii i Bop y kiaekocti 0,01-0,05% i 0,015-0,060% Bigmosigso,
AKi BBOAMJIM Y PO3TOI HMIBUAKOpPizasbHOI Kpuii 10P6M5 mepen posmo-
POIIIeHHAM.

IInazmMoBO-TIOPOIITKOBE HATOIJIEHHA 3pasKiB i3 kpuni Cr3 posmipamu
20x50x300 MM BuUKOHYBaJM Ha yHiBepcanabHi#t yctanoBmi OB 2184
rkoHcTpykIrii IE3 iMm. €. O. ITarona HAH Vkpainu. Bucora ogHoiapo-
BUX BaJUKiB cTaHOBMJIa 5—6 MM, mupumHa — 9—11 MM, ABOLIAPOBUX
BannKiB — 8-9 MM i 12—-14 mm BigmoBigmo. Crpym nyru cranoBuB 160—
200 A zajye)xHO Bij I'padyJIOMEeTPUUYHOTO CKJIALy IIOPOIIKY, KiJIbKOCTU
IapiB i HIBUAKOCTY HATOMJIEHHS; OCTaHHSA 3MiHIOBaJIacAd B Mekax 6—12
M/Tof; MIBUAKiCTE mogadi mopoimky — 3,0—3,8 Kr/rog.

Haronnenns BuKOHyBajocsa 0e3 IIOIEepeIHLOT0 MHigirpiBy, 0Xo0JIo-
IKEHHA IIicJd HAaTOIJIEHHA — Ha MmoBiTpi. Haa meTtanorpagiuamux moc-
JiJ’KeHb 3 HATOIJEeHUX BAJUKIB BUPisaau 3pas3ku HOBKMHOI ¥ 10—20
MM. Meranorpagiuni mociaigyKeHHS HpoBoAMIM Ha Mikpockomi «He-
odor». TBepAicTs HATOILJIEHOTO MeTaNy BUMiproBajau Ha npuiajxax Po-
KkBeJi1i BikKkepc.

IIIBuaKopisanbHi KpUIi BUKOPUCTOBYIOTHCA IJIA BUT'OTOBJIEHHA iH-
CTPYMEHTIB, AKi eKCILIyaTyIOThCS 3a BUCOKUX IIBUAKOCTel pidannd. I1i
KpUIli moe JHYIOTh BUCOKY TBepAicTh (HRC 63—70), uepBOHOCTIHKiCTh 3a
Temiepatyp go 700°C Ta migBuinennii omip miacTuuHii gedopmairii.

3 ypaxyBaHHAM BUINEBUKJIALEHOT0, AK KPUTEPil I/ OIiHKY BJIACTH-
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BocTeli MOAM(piKOBAHMX HATOILIEHUWX MIBUAKOPi3albHUX KPUIL Oyau
o0paHi TBepaicTh, YePBOHOCTIHKiCTh, MiIlHiCTh 3a 3TMHAHHA I yaapHa
B’sA3KicTh. Kpim 11b0T0, MPOBOAMINCS MOPiBHAILHI BUIPOOYBAHHA pi-
3aJIbHOTO Ta (hpe3epyBaIbHOI0 IHCTPYMEHTIB 3 INIACTUHKAMU, AKi 6yJiu
BUpPidaHi 3 HATONJIEHUX BAJUKiB MIBUAKOPi3aJIbHUX KPUILh, ITiJl YacC TO-
4yiHHA Ta hpesepyBaHH4.

BunpobyBaHHsS Ha MiIlHiCTh 3a 3STMHAHHS OPOoBOAMIN Ha npeci IM-4 3
3aCTOCYBAHHAM OPUT'iHAJHLHOTO HPUCTOCYBAHHS 3 POJMKOBHMM OIOpa-
mu. 3pa3ku mepepizoMm 3x6 MM i moBKMHOIO Y 40 MM BUTOTOBJIAIHU 3
IBoOIIapoBUX BaaukiB. HaBanTakeHHs 3pas3KiB IPOBOAUIN 30CEPEIKE-
HUM HaBaHTAKEHHSIM, IPUKJIAJeHM IIocepennHi Mixk omopamu. IIBu-
IKicTh HaBaHTakeHHA cTaHoBUIa 100—-150 H/c. S3HauenHa MigHOCTH 3a
3TMHaHHA BU3HaUajocd 3a popmyJioro (MIIa)

c=M/W,

ne M — sruHaJIbHUIT MOMEHT, 10 mopiBHioe M = Pl/4 [H-m]; P — pyi-
HiBHe HaBaHTaskeHHd [H]; | — Bigmans misk onopamu [M]; W — MoOMeHT
omnopy nepepisy, pisauii W = bh?/6 [m?®], b — mupuna spaska [m]; b —
BHUCOTa 3pa3ka[m].

Buaciinok poskuay 3HaueHb MIiI[THOCTH ITiJ] YaC KPUXKOT0 PyHHYBaH-
HA 3pasKiB i3 MIBUAKOPis3aIbHUX KPUIlh Y KOMKHil cepii BumpoOoByBa-
aucsa mo 8—10 3paskiB, BUpizaHUX i3 HATOILIEHWX BaJUKiB. 3 Iiel K
OPpUYUHU OJIsS BUNPOOyBaHb Ha yAapHY B’ SI3KiCTh BUKOPHCTOBYBAJU
TaKy K KiJIbKicTh 3paskKiB posmipom 5x 5x 10 MM 6e3 HaApisy Ta MasaT-
HuKoBuii Komep KM-0,5-T 3 MaJjI0i0 BeJIMUMHOIO POOOTH YAAPY.

YepBOHOCTIHIKiCTL KPHUILi, UM TO 3JaTHICTh KPHUI[i 30epiraTu BUCOKY
TBEPIiCTh IiJ Yac TpUBaJIUX OaraTopasoBUX HArPiBaHb 40 TEMIIEPATYP ¥
550-650°C, mae Ba)kJIMBe 3HAUEHHSA Ta 3HAUHOIO MipOI0 BU3HAYAE CJIY-
*KOOBi BJIaCTHBOCTI IIBUAKOpPi3adbHOI Kpuii. Ilig uac gocaimxeHb uep-
BOHOCTifKOCTM 3pas3Ku 3 HATOILIEHOr0 MeTaJly, 3arapToBaHOTO Bin
1200°C, Bignyckanu 3a 560°C, micia uoro migmaBaau 6araTopasoBoOMY
HarpiBamuio 10 tremmnepatyp y 580, 600, 620, 640 i 660°C 3 BUTPUMKOIO
1 rox. 3a KOXKHOI TeMIepaTypH Ta IMOJAJNBIIIOMY OXOJOMKEHHIO I Mi-
PSHHIO TBEPAOCTH IiCJIg OXOJOIKEeHHS.

3. PE3YJIBTATH TOCJIIIKEHD TA IX OBTOBOPEHHSA

B ommomrapoBux BaJaMKax, HATOILIEHUX IIJIA3MOBUM CIIOCOOOM IIOPOIII-
KOM InBuAKOpisambHOi Kpuii 10P6M5, TBepmicTh posmomiadeTbCs
IPaKTUYHO PiBHOMIDHO, a ii 3HaUeHHA 3HAXOAATHCA V BYSBKUX MerKaxX
— HV 770-790 (puc. 1, xpuBa I). PiBeub TBepAoCTH — OOCTATHHLO BU-
COKMM HaBiTh 0inaA JiHil cTOMIEHHS, IIT0 CBiTUUTE ITPO HEBEJIWKe mepe-
MiInryBaHHSA OCHOBHOT'O 11 HATOILJIEHOTO METAJIIiB Ta YTBOPEHHS 3arapTo-
BaHOI CTPYKTYPU 3 BEJUKOIO KiJbKiCTIO MapTeHCUTY. ¥ IBOIIAPOBUX
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Puc. 1. Posmoxin TBepgocTu mo mnepepisy oxuorraposoro (1) i geomraposoro (2)
BaJWKiB, HATOILUIEHWX ILJIa3MOBHM CIIOCOO0M TOPOIIKOM IITBUAKOPi3albHOL
Kpuiii 10P6M5 micaa Bigmycky 3a 560°C, 1 rog.

Fig. 1. Distribution of hardness over the section of single-layer (1) and two-
layer (2) beads plasma-surfaced with powder of high-speed steel 10P6M5 after
tempering at 560°C, 1 hour.

BaJIMKaX XapaKTep PO3IOAiJy TBEPAOCTH AaHAJOTIUHHWI OJHOIIAPOBUM,
aJjle caMa TBEPAiCThb JeIllo BUINA. 3 BigmaaeHHAM JiHil CTOIJIeHHS TBEP-
micthb 3poctae 1o HV 820-840 (puc. 1, Kpuna 2).

MikpocTpykTypa HemoaudikoBaHoi HaTomiaernoi Kpumi 10P6M5 mae
30BHIIIHIO CXOMKICTh 3 IUTUMU CTPYKTypaMu Iiiel Kpuii, ajge Bigpisus-
€ThCA Ne30Pi€eHTOBAHUMU IeHAPUTAMU. 3a Me:KaMU JeHAPUTiB pos3Ta-
IIOBaHi HAAJUIIKOBI KapOigy Ta KapbigHa eBTeKTuKa (Jemedypur). Ka-
pbinma ciTka mopiBHAHO TOBCTA, 0€3 CKynueHb Kapbimis (puc. 2, a).

MomudirkyBanbHa gis ATOMiHiI0 B HATOILIEHOMY METAJi TUITY KPHUITi
10P6M5 npoABIAeThCA V IOAPiOHEHH] ITIePBUHHOI CTPYKTYPH Ta Je30Pi-

Puc. 2. MikpocTpykTypa HemoaudixoBaroro (a) Ta mogudikoBaHoro AJomi-
uniem 0,01% (6) Ta 0,05% (8) abo Bopom 0,015% (2) Ta 0,06% (0) HaTomIEHOTO
metany Tuny Kpuini 10P6Mb micaa Binmycky 3a 560°C, 1 rox. (x 200).

Fig. 2. Microstructure of unmodified (a) and modified with aluminium 0.01%
(b) and 0.05% (c) or boron 0.015% (d) and 0.06% (e) deposited metal of steel
type 10R6MS5 after tempering at 560°C, 1 hour ( x 200).
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TABJINIIA 1. BnactuBocTi HaTomieHoro Metany tuny Kpuiti 10P6M5 3 mo-
nudikyBaJdbHUMH HobaBKaMu AJioMiHiio a6o Bopy micasa moBHOTO TepMOoOOpoO-
OeHHA.

TABLE 1. Properties of deposited metal such as steel 10R6M5 with modifying
additions of aluminium or boron after complete heat treatment.

Buaacrusocti
Haronnerna Kpuns Tgepgicrs, Minnicts 3a YﬂaPHa YepBOHOCTiNKiCTE
HRC 3TMHAHHA Gn, | B’A3KiCTH Kp, °C
MIIa d, I:x/cm?
10P6MJ5 (eTason) 62,0 2620 9,0+0,5 590
10P6M5 (0,01% Al) 62,5 2620 9,0+0,5 600
10P6M5 (0,05% Al) 62,8 2630 9,5+0,3 610
10P6M5 (0,015% B) 63,5 1960 3,6+0,5 610
10P6MS5 (0,06% B) 64,0 1310 3,0+0,5 620

€HTOBAHOMY 3POCTAHHI KPHUCTAJITIB mig uac saTBepAinHga (puc. 2, 6, 8),
III0 HO3UTWBHO BILIMBAE HA MEeXaHiUHi BJIACTUBOCTI HATOILJIEHOT'O METAJy
(Taba. 1). AToMiHi# TaK0K IPOTHUIi€ YTBOPEHHIO TPIiIllUH, BUKJIUKAHUX
cruinpHoio miero Kap6ouy ta Cyabdypy. CipxoycyHeHHsa AsioMiHieMm
3YMOBJIEHO JIETIOUiCTIO CyabGhiny AoMiHit0 B yMOBaxX HaTOIJIEeHH [2].

Kpim Toro, AnfomiHiii Mae BuCOKY cropigHeHicTs 10 Okcureny. Ilo-
0aBKa AJIIOMiHiI0O B PO3IIOPOIITIYBAHUHM PO3TOH KPHUIL Bimirpae ZBOSKY
poinb. Ilo-miepire, AsroMiHil, IITO0 € eHEPriAHMM PO3KUCHIOBAUEM, IIO-
HIKye saranbuuii Bmict OKcureny y Kpumi. Ilo-gpyre, Anominii,
YTBOPIOIOUM il UaC PO3MOPOIIEeHH Ha IIOBEePXHi Kpamejab TOHKY ILJIiBKY
Al;O3;, 3am06irae yrBOPeHHIO TOBCTUX ILIiBOK 3 OKCcuAiB Xpomy, Bouabp-
pamy, Momi6aeny, cuiaikaris i mmizeseit.

Hocaimxennamu BuBy MoaudikyBanua Bopom mokasasio, 1o Bop
Iie HA CTPYKTYPY HaTomaeHoro mertaay 10P6 M5 nmpubamnsHo aHaaoriuHo
Amominito (puc. 2, 2, d). BogHopas, ockinbKu po3uuHHiCTE Bopy y de-
puTi Maja, TO Ay:Ke IIBUAKO HOCATAETHCA MeKa Hacury o-¢asu Bopom,
i, BigmoBimuo mo miarpamu crany Fe—B, B Merasi yTBoproeThcsS OOpPI,
Fe;B [6]. YTBOpeHHA 60puIy CYIPOBOAKYETHCA 301IBIIIEHHAM ITUTOMO-
ro 06’emy Ha = 15—17%, 1110 BUKJINKAE 3HAUHI BHYTPIiIIHI HATTPY KEeHHA.
Braciaigok 11poro, a TakoX yepe3 BHUCOKY TBepAicTh i KpuxKicTh FeyB
MiIlHiCTh 3a 3rMHAHHSA ¥ yaapHa B’ A3KiCTh HATOILJIEHOTO METAJy 3MeH-
myioTbed (Tada. 1).

PesyabraTtu mocuaim:keHHS YepBOHOCTIMKOCTH KpPHUIlh, MOAu(iKoBa-
Hux Amiominiem abo Bopom, mpeacraBieHo Ha puc. 3. Momudikamis
HATOIJIEHOTO MeTaJy IIUMHU eJIeMeHTaMU IPpUBeJja IO IIiABUIIEHHS Yep-
BoHOCcTitiKocTu Kpuili 10P6M5 mo 690°C.

BunpobyBaHHsS pisaJbHUX BJIACTUBOCTEH HATOIJIEHOT'O METAaJy IIPO-
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Puc. 3. Yepsonocrifikicts HemogudikoBanoro (1) tra mogudikosanoro 0,05%
Aurrominizo (2) a6o 0,06% Bopy (3) HaTomiernoro metany tTuiry Kpuii 10P6M5.

Fig. 3. Red-hardness of unmodified (1) and modified with 0.05% aluminium
(2) or 0.06% boron (3) deposited metal of steel type 10R6MS5.

BOJIMJINCS Ha Pislax i ¢pesax. 3 HATOIJIEHUX BAJUKIiB IMTBUAKOPi3aIb-
HOI KpHUIli BUpisaiu MJIacTUHKY po3dMipamMu 6 x 15 x 15 MM ajs pismisi b
x13x 13 MM misa gpes 3 mpuUNycKaMy Ha IojaJjbliie 00pobmenusa. Ilix
Yyac TOUiHHA B SKOCTi OOGpPOOJIIOBAHOTO MATEPiAIy BUKOPHUCTOBYBAJIU
s3arotoBKu 3 Kpuiib 12X18H10T i 30XT'CA, a mmix uac ¢ppesepyBanHsa —
3 Kpuiii 45. BunpoOoByBanucs aBa TUOMN ILJIACTUHOK 3 HATOIIJIEHUX
Kpuns tuny 10P6M5, moaudikoBanux 0,05% Amrominiro abo 0,06%
Bopy. [n1a mopiBHAHHA BUIPOOOBYBAJIM HJIACTUHKU 3 KOBAHOI KPHUITi
P6M5 i matomernoro metasty Tuny kpuiii 10P6M5.

3 rpadikiB BugHO (puc. 4), 1110 B AiAMNAa30HI MIBUAKOCTEN pisanua 15—
20 m/xB cTilikicTh pisiiB 3 KoBaHOI KpuIri P6M5) i miacTunkamu 3 Ha-
TomyieHoi HemoaudpikoBanoi Kpuii 10P6Mb mo cyri ogHakoBa. 3 mif-
BUIIEHHAM IIBUAKOCTH pisanHa moHan 20 M/XB cTiliKicThb pisiiB 3 mia-
CTHHKAMH i3 HaTomjieHoro metraaxy 10P6M5, mogudikosamoro Bopom y
kimskocti 0,06%, mepeBuIllye cTifikicTh pisiis i3 KoBamoi kpuiti P6M5 i
HaToIieHol Hemogudikosanoi kpuii 10P6Mb5 B 1,3—1,4 pasu. ¥ pasi
BUKOPHCTAaHHA AK Mopudikaropa AJIOMiHiI0O CTifiKicTh HATOILJIEHOTO
MeTaJy IIiJ 4ac TOUiHHA 30iabinyeThed B 1,2 pasn.

Bynu pocaimskeHi pisayibHI BJIACTHMBOCTI MJIACTHMHOK 3 HATOMIJIEHOIL
MIBUAKOPi3albHOI KPUIlL Hix uac TopieBoro hpesepyBaHHA 6e3 0X0JIo-
JUKYBAJbHOI PiMHU 3aTrOTOBOK i3 Kpwurli4b5 3 BuXigHMMHU posMipaMu
o0poobaroBamoi mosepxHi y 120 x 120 mMm. 3a eTayion 6yJI0o B3ATO IJIACTH-
HKU 3 HeMoaudikoBanoi kpuili 10P6M5. HocaimkeHHAMU BCTaHOBJIE-
HO, 110 MoaudpikyBanusa AmoMiHieM ado BopoMm HATOIIJIEHOTO MeTay
10P6M5 36imbmniao cTifiKicTh iHCTPYMeHTIB Imig uac ¢pesepyBaHHsA HA
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Puc. 4. Crifiricts pisnis T 3 mracTuHKaMu 3 KoBaHoi Kpurti P6M5 (1), 3 Hemo-
nudikosamoro (2) ra mogudpikosamoro Amrominiem 0,05 % (3) i Bopom 0,06%
(4) HaTomneHoro metasy tuny kpumi 10P6M5 B 3aiekHOCTi Bij IIBUAKOCTH
Touinua V mig uac o6pobsenns kpuii 12X18H10T.

Fig. 4. Tool life of turning tools, T, with plates made of forged steel R6M5 (1),
from unmodified (2) and modified with aluminium 0.05% (3) or boron 0.06%
(4) deposited metal type steel 10R6M5 depending on the speed turning V dur-
ing the processing of steel 12X18H10T.

5-10% i 15—-20% Bigmosiguo (Tabi. 2).

36iybIleHHs cTiliKocT Mogudikosanoro Amrominiem abo Bopom ma-
TOILJIEHOro MeTany Tumy Kpuii 10P6Mb5 mix uac pisanus Ta ¢pesepy-
BaHHSA 3YMOBJIEHO IIOEIHAHHAM JPiOHO3EPHUCTOL CTPYKTYPH 3 BiIHOCHO

TABJIAIA 2. BigaocHa 3HOCOCTiMKiCTh MJIACTUHOK 3 HATOILJIEHUX IIIBUAKODI-
3aJIbHUX KPUIb i yac (ppesepyBaHHs.

TABLE 2. Relative wear resistance of plates from deposited high-speed steels
during milling.

BigaocHa 3HOCOCTiHIKiCcTh Kpuiri

IIBuaKicTh Tpusaiicts
pisaHHS, M/XB | piBaHHT, XB. 10P6M5 Ge3s 10P6M5 3 10P6M5 3

mozudikaropis | 0,05% Al 0,06% B
80 18 100 91 80
60 22 100 95 85
40 48 100 90 79




CTPYKTYPA TA BJIACTUBOCTI METAJLY, HATOITJIEHOI'O IINTASMOBMM METOJIOM 287

TOHKOIO Kap0i/JHOIO CiTKOIO Ta BUCOKOIO UePBOHOCTiMKiCTIO.

4. BUICHOBRKH

1. MogudikyBanua HaTougeHoro merany 10P6M5 AmtomiHieM y Kinb-
kocti 0,01-0,05% cnpusie yTBOPEHHIO JOAATKOBUX I[€HTPiB KPHCTAJII-
3a1lii Ta IPpUrHidYeHHIO 3pDOCTaHHA CTOBIIYACTUX KPHUCTAJITIiB. B pe3yib-
TaTi HiABHIYETHCA UYEPBOHOCTIMKICTh HATOIJIEHOI IIBHAKOPi3abHOI
Kpuili, a MilfHicTh 3a 3TMHAHHA ¥ yZapHa B a3KicThb 36epiramoTbcs Ha
PiBHI KOBaHOI IMIBUAKOPi3aaIbHOI KPHUIILi.

2. Hocaim:xeHHAMY BCTAHOBJIEHO, 1110 MoAuGdiKkyBaHHa BopoM y KiJlbKO-
cti 0,015-0,060% pgie ma cTPpYKTypy HaromjaeHoro merany 10P6M5
OpuOIN3HO aHajgoriuao AmomMiziro. OgHAK YTBOPEHHS BOZHOUAC Oopuay
Fe:B, axe cynpoBogKyeThbcA 30iIbIIIEHHAM IIUTOMOro 00’emy Ha = 15—
17%, TPpUBOAUTH 0 MOSIBY 3HAUHUX BHYTPIIIHIiX HANIPY:KEHDb i 3MEHIITy€E
MiInHicTh 3a STrMHAHHA I yZapHY B fA3KiCTh HATOILJIEHOTO METAaJy
10P6M5, mogudikosanoro Bopom.

3. 306iabIIeHHs CTiAKOCTH PisaJbHUX iHCTPYMEHTiB, BUTOTOBJIEHUX 3
BUKOPUCTAHHAM ILJIACTUHOK 3 HaTomaeHoro meranxy 10P6Mb, momudi-
KoBaHoro Asrrominiem abo Bopom, 3yMOBJIEHO IOETHAHHAM APiOHO3ep-
HHUCTOI CTPYKTYPU HATOILJIEHOTO METAJIY 3 BiIHOCHO TOHKOIO KapOigHOIO
CiTKOIO Ta BUCOKOIO UePBOHOCTIHKiCTIO.
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