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TAITHCSA aBTOpaM 0e3 posryiAaay mo cyri. ([JaToro HagXOMKeHHS BBAyKAEThCA [eHb TOBTOPHOT'O HAaJaHHS
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¢y BKasaTu mpisBuie, iM’st Ta o 6aTHKOBi aBTOpa, 3 AKMM pefaKilis GyAe BeCTH JUCTYBaHHS, HOTO
TOLITOBY aJpecy, HoMepu TeseoHy Ta haKcy i aJpecy eJIeKTPOHHOI ITOIITH.
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Microsoft Word, 3 HasBomw, 1110 CKJIAJa€ThCA 3 MPi3BUIA MEPIIOro aBTopa (JaTUHUIEID), HAIPUKJIAL,
Hotovchenko.docx.
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The Hall Effect, Electrical Resistivity and Spin—Orbit Interaction
Parameters in Amorphous Alloys of the Fe—Cr—B System
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In this study, the temperature dependences of the electrical resistivity (p)
and the Hall coefficient (Rx) of amorphous alloys of the Fess—xCrxBis (x =8,
10, 12, 15) system based on 3d elements are experimentally investigated. The
alloys are obtained from the liquid state by the melt-spinning (ultrarapid
quenching) technique. Measurements are carried out in the temperature
range 300-773 K using the Van der Pauw method. As established, the ferro-
magnetic—paramagnetic phase-transition temperature of the samples is fully
correlated with the temperature dependences of both the Hall coefficient and
the electrical resistivity, whereas the amorphous—crystalline phase-
transition temperature varies depending on the iron content in the samples.
The results of the mutual and temperature dependences of the electrical and
galvanomagnetic properties of the samples are analysed. As a result of a
comprehensive experimental study of the electrical and galvanomagnetic
properties of amorphous Fe-Cr—B alloys, it becomes possible to estimate the
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effective spin—orbit interaction parameter for these samples.

Key words: amorphous alloy, Curie temperature, crystallization tempera-
ture, Hall coefficient, electrical resistivity, effective spin—orbit interaction
parameter.

Y oMy mociiiKeHHI eKCIIepUMeHTATFHO BUBUEHO TeMIIEPATyPHI 3aIeKHOCTI
IIITOMOTO eJIEKTPUYHOTO o1opy (p) Ta 'osnoBoro xoedimnienra (Ry) amopdHMX
cromiB cuctemu Fess »CriBis (x =8, 10, 12, 15) Ha ocuoBi 3d-enemenTiB. CTonu
0yJI0 OZleps;KaHo 3 PiAKOTO CTaHY METOIOM CHiHiHI'YBaHHS (HAAIIIBUAKOTO rap-
TyBaHH#A) poadromy. MipaeHA mpoBogunmcsa B ngisnasoHi temmepatyp 300-—
773 K meronoro Ban nep Ilay. Bysno BcTanossieHo, 110 Temueparypa ¢has3oBoro
nepexony epoMarHeTuK—IapaMarHeTuK 3pasKiB MIOBHICTIO KOPEJIIOE 3 TeMIIe-
paTtypHUMU 3ayeKHOCTAMU AK ['osismoBoro KoedirieHTa, TaK i MUTOMOTO €JIeK-
TPUYHOTO OIOPY, TOMi K TeMIepaTypa ()asoBOro Iepexony aMopd—KpucTas
3MiHIOETBCS 3aJIe’KHO Bim BMicTy Pepymy y 3paskax. ByJso mpoamasrizoBaHo
pesyJIbTaTu B3aEMHUX i TEMIIepaTyPHUX 3aJIEKHOCTEN eJIeKTPUYHUX i rajbBa-
HOMATHETHUX BJACTUBOCTeH 3paskiB. B pesynbraTi KOMIIJIEKCHOTO €KCIIepH-
MEHTAJBLHOTO OCTiMKeHHA eJeKTPUYHUX i raJbBaHOMATHETHUX BJIACTHUBOC-
Tet amopduux cromiB Fe—Cr—B cTamo MOKJIUBUM OIiHUTY ePeKTUBHUN IIa-
pamerep cIiH-opbiTaabHOI B3a€MOil AJA ITNX 3pasKis.

Karouosi ciioBa: amopdumii cron, remueparypa Kropi, Temneparypa xpucra-
aisartii, losnniB KoedillieHT, TUTOMUIT €IEKTPUYHUN OTIip, eheKTUBHUY mapa-
MeTep cuiH-opbiTanbHOI B3aeMomii.

(Received 26 January, 2026; in final version, 12 May, 2026 )

1. INTRODUCTION

At present, the research on the physical properties and internal struc-
ture of amorphous ferromagnetic alloys based on 3d transition metals
remains an important scientific problem. The influence of temperature
on the physical properties of metals and their alloys provides valuable
information about their structural and volumetric changes, as well as
about the melting process. This, in turn, has significant practical im-
portance in mechanical engineering, in the heat treatment of metals,
and in engineering calculations[1, 2].

Alloys based on transition metals and their mixtures with metalloid
additions are promising subjects of modern materials science in terms
of their applications. This is because amorphous alloys exhibit low co-
ercive force, high magnetic absorption, and high electrical resistivity.
In addition, when compared with crystalline materials, amorphous al-
loys demonstrate superior mechanical strength as well as improved re-
sistance to corrosion [3, 4]. It should be emphasized that the aforemen-
tioned properties of iron-group-based alloys are mainly realized when
these materials are in the amorphous or nanocrystalline state. These
materials are promising for electronic applications as soft magnetic
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materials, including cores for miniaturized transformers, field sen-
sors, generators, and various energy conversion systems [5, 6].

In addition, amorphous alloys are used in magnetic recording and in
electronic engineering as data storage devices [7, 8]. They also play an
important role in industrial production [9, 10], in the aerospace sector
[11], in medicine [12, 13], and in the military field, particularly, in de-
fence equipment [14].

The study of the Hall coefficient as a function of temperature in
amorphous ferromagnets makes it possible to determine the sign and
concentration of charge carriers, as well as to establish the relation-
ship between the anomalous Hall coefficient Rs, the electrical resistivi-
ty p, and the saturation magnetization Is [15, 16]. This provides im-
portant information about the nature of galvanomagnetic phenomena
in amorphous ferromagnetic alloys depending on their composition
and structure, as well as allows the identification of regularities in the
variation of key parameters related to electrical transport and the
transition to the crystalline state [17].

2. EXPERIMENTAL DETAILS

The aim of this study is the experimental investigation of the tempera-
ture dependences of the Hall coefficient Ry and the electrical resistivi-
ty p in amorphous ferromagnetic alloys based on iron-group metals,
the determination of the Curie temperature and the crystallization
temperature, and the identification of the relationships between these
parameters. Furthermore, based on the results of the temperature de-
pendences of p and Ru, the study aims to estimate the effective spin—
orbit interaction parameter Aso in ferromagnetic amorphous alloys.

The electrical resistivity p and Hall coefficient Ry of the samples
were experimentally measured using the Van der Pauw method device
(High Temp Hall effect Measurement System (HMS7000 + AHT55T5)
-RT =773 K) [18]. Experiments using this device were conducted in
the temperature range of 300-773 K.

The measurements were carried out on samples of amorphous rib-
bons 20 mm wide, 20 pm thick, and several meters long, obtained by
quenching from the melt on a rapidly rotating disk [19, 20]. From
these samples, specimens measuring 10x10 mm? were cut.

The Van der Pauw method is a common method for measuring the
resistivity and Hall coefficient of a sample. It requires that the sample
be isotropic, homogeneous, flat, of uniform thickness, and free of de-
fects.

The convenience of this method is that four point (or line) contacts
A, B, C, D are taken on the side surface of a flat sample and, when
measuring the Hall voltage, a current is passed through contacts A and
C, and the Hall potential difference between contacts B and D is also
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Fig. 1. General view of the sample.

measured. When calculating the resistance, a current is passed
through contacts A and D. The voltage between contacts B and C is
measured and the resistances are calculated [21, 22].

The specific electrical resistance is calculated knowing the re-
sistances Ras,cp and Rgc,pa:

p= nd Rscp + Reopa f
In2 2

Here, d—sample thickness, Rag,cp and Rgc,pa are the resistance values
of the sample measured by the Van der Pauw method, fis the geometric
correction factor, the value of which is calculated using the ratio
Rug.cp/Rec,pa. The experiment requires that L; and L be equal to each
other (L; = Ly).

The theory of the Van der Pauw method is based on the theory of
conformal reflection [23, 24]. The average Hall coefficient of the sam-
ples is calculated using the expression below:

(1)

RH _ RH(AC,BD) ;RH(BD,AC) . (2)

By comprehensively studying the electrical, magnetic, and galva-
nomagnetic properties, it is possible to evaluate the effective spin—
orbit interaction parameter Aso [25, 26].

2 2
R,=Pu_p + =
B Holiphg

pZ)\‘SOX = R, + Ry . 3)

In this expression, the normal Hall coefficient, which is one of the
components of the Hall effect, is significantly smaller than the anoma-
lous Hall coefficient

o 2e°
Mol ghg
(Ro << Rs). Here, e=1.6-10"'°C is the electron charge, uz=0.927-10"2

Ry pz}“so (4)
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J/T is the Bohr magneton, po=4n-10""H/m is the magnetic constant,
h=1.054-10%*J-s is the Planck constant, Lande coefficient g~2 for
transition metals, p—electrical resistivity, Aso—effective parameter
of the spin—orbit interaction.

Using formula (4), the value of Asois found.:

B pphg
Ao, = ST07B S 5
SO 2€2p2 ( )

3. RESULTS AND DISCUSSION

Recent scientific studies of amorphous alloys show that within the
temperature range of 100-1000 K, the electrical resistivity p is higher
in the amorphous state compared to the crystalline state, while the
temperature coefficient of resistivity is lower in the amorphous state
than in the crystalline form [27]. Similarly, in our studied samples, the
absolute value of the electrical resistance in the amorphous state from
room temperature to the phase transition temperature shows that in-
creasing content of chromium in samples leads to the increasing of
value of resistivity of them. In all studied samples, the electrical resis-
tivity p decreases sharply during the transition from the amorphous to
the crystalline state and increases with a subsequent increase in tem-
perature. In the crystalline state, p(T) decreases with decreasing tem-
perature. After the phase transition, the temperature coefficient of
resistance in the crystalline state in all samples is greater than that in
the amorphous state. When the temperature reaches the Curie temper-
ature T¢, a significant sharp decrease in the value of the Hall coeffi-
cient Ry(T) was observed, which is associated with the transition of the
sample from the ferromagnetic state to the paramagnetic state [28].

The temperature dependences of the Hall coefficient and the electri-
cal resistivity of the investigated alloys of the Fes;_.Cr.Bis; system
(x=8-15) are shown in Figs. 2 and 3. In this study, the measurements
were performed within the temperature range of 300-770 K.

Figure 2 indicates that the Hall coefficient decreases from room
temperature to 400 K in the Fe;CrsBis sample. For other samples, such
a sharp decrease in the Hall coefficient is also observed at lower tem-
peratures compared to the first sample with an iron concentration of
77% . It can be noted that with a decrease in the concentration of iron
in the sample, the temperature of such a sharp decrease also decreases,
and for the sample with the lowest concentration of iron, the decrease
occurs below room temperature. This behaviour of the Hall coefficient
can be associated with a phase transition of the ferromagnetism-—
paramagnetism type, i.e., with the Curie temperature, and for the sam-
ples we studied, it is of 430, 380, 330, 295 K, respectively, as given in
Table 1.
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Fig. 2. Temperature dependence of the Hall coefficient of amorphous alloys of
the Fe—Cr-B system.

For the studied alloys, a trend toward increasing Ry is observed in
the temperature range of 720 K for the Fe;;CrsBi; alloy and 750 K for
the Fe;Cri5B15 alloy. This experimental finding confirms that increas-
ing Cr concentration and decreasing Fe concentration increase crystal-
lization temperatures.

Based on the analysis of the obtained results, it can be concluded,
that the iron concentration in the samples decreases and the metalloid
concentration increases, the magnitude of the Hall coefficient and Cu-
rie temperature decreases, while the crystallization temperature in-
creases.

The temperature dependence of the specific electrical resistance of
amorphous alloys of the Fe—-C-B system is shown in Fig. 3. It can be
seen from this figure that for all samples the resistivity depends weak-
ly on temperature. In almost all amorphous metal alloys based on iron-
group elements, the specific electrical resistance p changes almost lin-
early from room temperature to the crystallization temperature, and
the temperature coefficient of resistance TCR—0p/0T takes the fol-



THE HALL EFFECT, ELECTRICAL RESISTIVITY AND SPIN-ORBIT INTERACTION 925

130 -
s M S x—l 5
120
g p °w x—l 2
15| sessl
1 I, =10
D?O 110 1 W& “iowoao““" 0uaIeRdaRaa0e oﬂ X
2 105 4 gooooﬂ"“ano
& 100 . Fe,, Cr B . x=8
951 ¢

'300 350 400 450 500 550 600 650 700 750 800
Temperature, K

Fig. 3. Temperature dependence of the specific electrical resistance of the
amorphous alloy of the Fe—Cr-B system.

lowing values: for the amorphous alloy FerCri5B15, 0p/0T =2.62-1072
(uOm-cm)/K; for the alloy FersCri2Bis, 0p/0T =2.45-1072 (uOm-cm)/K;
for the sample Fer;Cr10Bis, 0p/0T =2.23:1072 (1Om-cm)/K; and for the
sample Fer7CrsBis, 0p/0T =1.89-1072 (uOm-cm)/K. The initial values of
specific electrical resistance at room temperature for the samples
Fe7OCr15B15, Fe730r12B15, Fe75Cr10B15 and Fe77CrgB15 are as fOHOW:
118.5:1080Om-'m, 114.8: 10 Om'm, 107-10® Om-m and 104-:10® Om-m,
respectively, that is, the absolute value of specific electrical resistance
increases with the increase of chromium concentration.

Analysing the graphs of temperature dependence of specific electri-
cal resistance p(T) for the studied samples, we can come to the follow-
ing conclusions.

The absolute value of resistivity increases with decreasing iron con-

TABLE 1. Hall coefficient and specific electrical resistance, Curie tempera-
ture and crystallization temperature for the studied amorphous alloys.

Parameter value depending on composition

Values of specif- -
. .. . - Hall coefficient
Curie Crystallization| ic electrical re-
Amorphous . values at room
temperature| temperature [sistance at room
alloys temperature
Te, K Tk, K temperature Ri-10°[m?/C]
po-10¥ [Om-m] | ™
FeroCrisBis 295 750 118.5 0.16
FersCriz2Bis 330 740 114.8 1
FersCrioBis 380 730 107 3.4
Fer:CrsBis 430 720 104 4
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tent and increasing metalloid concentrations in samples, while the
temperature coefficient of resistivity decreases.

Increasing metalloid concentrations, firstly, reduces the effective
number of charge carriers and, secondly, increases the scattering po-
tential, resulting in an increase in electrical resistivity p. At the same
time, according to the Moodgi criterion, dp/0T decreases with increas-
ing electrical resistivity p[29, 30].

According to the literature [31, 32] that with increasing metalloid
concentration, the electrical resistivity p increases, dp/0T decreases,
and there are cases in which the electrical resistivity does not vary
with temperature, and such materials can serve as resistive compo-
nents. It can be explained by the increase in the concentration of metal-
loid in the composition of the samples and the increase in the crystalli-
zation temperature of the samples, the increase in the stability of the
amorphous state and the strengthening of the covalent bond between
the alloy elements.

Based on the temperature dependences of the Hall coefficient and
electrical resistivity, the Curie and crystallization temperatures for
the investigated alloys were determined, as presented in Table 1.

The tables show that, with increasing chromium concentration, the
Curie temperature T¢ in the samples decreases and the crystallization
onset temperature Tk increases. The observed behaviour is attributed
to the antiferromagnetic properties of Cr [33].

Experimental findings demonstrate that lowering the iron concen-
tration and increasing the metalloid content in the samples result in
decreased Hall coefficient and Curie temperature, accompanied by an
increase in crystallization temperature. The main analytical results
are summarized in graphical form.

Figure 4 illustrates the dependence of the crystallization tempera-

T, K T, K
200 L 750
375- =
350-

325 730
300- | 790

8 10 12 14 %Cr

Fig. 4. Dependence of T¢ and Tk for the amorphous alloys of Fe—Cr-B system
on the concentration of Cr.
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TABLE 2. As0 for the Fe—-Cr—B-system amorphous alloys.

| Fer:CrsBis | FersCri0Bis | Fer3Cri2Bis | FeroCri5B1s
T[K] Aso-10714[J] Aso-10714[J] Aso-10714[J] Aso-10714[J]
300 17.7 12.3 2.9 0.54
320 16.6 9 1.8 0.4
340 15.2 5.7 1.2 0.33
360 13 3.63 0.72 0.2
380 8.6 2 0.3
400 5.1 1.1
420 2.9 0.5
440 1.6

ture Tk and the Curie temperature T¢ of amorphous Fe-Cr—B alloys on
chromium concentration.

It has been calculated the effective spin—orbit interaction parameter
Aso in ferromagnetic amorphous alloys of the Fe—Cr—B system using
formula (5). The results of calculations are presented in Table 2.

As shown in Table 2, the effective spin—orbit interaction parameter
in the ferromagnetic state depends only weakly on temperature and
decreases with rising temperature. These results imply that, in the fer-
romagnetic state, the effective spin—orbit interaction parameter Aso is
mainly associated with the reduction of spin scattering of charge car-
riers[34, 35].

4. CONCLUSION

Based on the obtained results, the following conclusions may be drawn.

Analysis of the temperature dependences of p(T) and R(T) reveals
that increasing the metalloid concentration in the investigated amor-
phous alloys leads to an increase in the Hall coefficient and the crystal-
lization temperature, while the Curie temperature decreases.

In the studied samples, increasing metalloid concentrations increas-
es the absolute value of their electrical resistivity and crystallization
temperature. The temperature of crystallization decreases.

A comprehensive experimental investigation of the electrical and
galvanomagnetic properties of amorphous Fe—Cr—B alloys enables the
estimation of the effective spin—orbit interaction parameter for these
samples.
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The thermal motion of atoms and, in other words, thermal fluctuations or
distortions of crystal lattice caused by this motion lead to a wavy shape of the
dislocation line both in alloys, where there are dissolved atoms, and in pure
metals, where there are no such atoms. The wavy shape of the dislocation
line, in turn, indicates that there are obstacles to the movement of the dislo-
cation in the material. This means the threshold stress to initiate the disloca-
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tion movement could be very probable. In such a way, the dislocation line
shape can affect the yield strength of the metal or alloy. The interaction of
thermal fluctuation with a dislocation is considered as kind of ‘push’ into the
dislocation of an atom in thermal motion. The dislocation-line shape under
thermal-fluctuations’ action is determined by the discrete dislocation dy-
namics method and in the form of an analytical solution of the differential
equation for an elastic string with fixed ends. The standard deviation of dis-
location-line points from the straight line and the averaged bulge length un-
der thermal fluctuations action, determined by discrete dislocation dynamics
and the analytical method, correlate well with each other, confirming the re-
liability of the modelling results. The standard deviation increases in propor-
tion to the square root of the dislocation-line length at constant temperature
and is also proportional to the square root of the temperature at constant dis-
location-line length. The averaged bulge length, which determines the criti-
cal dislocation-segment length, is directly proportional to the dislocation-line
length at constant temperature and does not depend on temperature at con-
stant dislocation-line length.

Key words: dislocation, shear stress, standard deviation, length of the criti-
cal dislocation segment, thermal fluctuations.

PosrianyTo BIIuB TepMiuHUX (urokTyaliit Ha popmy JaiHii quciaokarii. Baa-
€MOJiA TepMiuHOi (IIOKTYyAIlil 3 JUCIOKAIIi€l0 PO3TIIALAETECA AK CBOEPIAHMI
«IIOIIITOBX » Yy Hei aTromMy, AKuii mepedyBae B TeIJIOBOMY pyci. @opmy Jainii guc-
JoKarii mig giero repmiuHux GIOKTyalliil BU3Ha4eHo, 3 OJHOTO OOKY, 3a MO-
TIOMOTOIO AUMCKPETHOI AUCJIOKAIifHOI IMHAMiKHU Ta, 3 iHIITOro 60Ky, ¥ BUTJIAIL
AHAJIITUYHOIO PillleHHs 3araJbHOTO AudepeHIIifiHOr0 PIBHAHHA 4JIA IPYKHBOL
CTPYHU 3 3aKPIIIeHUMU KiHIAMHU. 3alIPOIOHOBAHO CIIOCi6 PO3paxXyHKY xapa-
KTEPUCTUK «XBUJSACTOCTU» JiHII AumcioOKaIii, AKy BUKJINKAHO TEePMiUYHUMU
duatoxTyatiamu. [leii crmoci6 yMOMKINBIIIOE POBPAXOBYBATH CTAHAAPTHUN Bif-
XWJI TOYOK JIiHiI guciioKarii Big mpaMoi Ta JOBMKUHY yCepeaHeHOl BUMIYKJIOCTH
Ha Hi#. [JoBK1UHaA ycepeaHEeHOI BUITYKJIOCTY BU3HAYAE JOBKHUHY KPUTHUUHOTO
cermenTta auciokarnii. Ilokaszano, 1110 XapaKTepUCTUKU, PO3paxOBaHi aHaJIi-
THUYHOIO METOOI0 Ta 3a JOIIOMOTO0I0 KOMII'IOTEPHOTO MOZENIOBAHHA METOHOIO
IUCKPETHOI AUCIOKAIliliHOI AMHAMIKK, JoOpe KOpeaioTh MixK co000. Busna-
YeHO TaKOK TeMIIepPaTypHi 3ajieKHOCTI mmx xapaktepuctuk. CrammapTHHI
BiIXMJI TPOHOPIiNHUYI KOPEHIO KBaIPaTHOMY 3 TeMIIePaTypPH, a TOBXKUHA KPH-
TUYHOTO CEI'MEHTA BiJi TeMIIEpPATyPH HE 3aJIEKUTD.

KaiouoBi ciroBa: fuciokarnisg, 3cyBHe HAIPYKeHHs, CTAHLAPTHUN Bigxwui, no-
BJKMHA KPDUTUYHOT'O CEI'MEeHTa, TepMiuHi drrokTyarii.

(Received 12 August, 2026, in final version, 17 August, 2026 )

1. INTRODUCTION

Thermal fluctuations, thermal motions of atoms are present in all ma-
terials. They affect the shape of the dislocation line. This line cannot
maintain a straight shape under such conditions and becomes wavy [1].
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The shape of the dislocation line, in turn, can affect the formation of
the yield point of a metal or alloy. The yield point is an important me-
chanical characteristic of metal alloys from the point of view of their
engineering applications. Among various alloys, multicomponent al-
loys can be distinguished as particularly promising [2, 3]. The study of
solid solution strengthening—the basic mechanism for increasing the
yield point of such alloys—has been the subject of many works in the
past [4—12]. In addition, attention has been paid to the temperature
dependence of the yield point of alloys both theoretically [13—23] and
experimentally [24—26]. Various aspects of the thermal activation mo-
tion of dislocations and the temperature dependence of the yield point
were also studied in [27-30]. The calculation of solid solution
strengthening of multicomponent heat-resistant alloys [31, 32] and
the determination of crystal lattice distortion [33] are also important.
Modelling the shear stress field in the glide plane in a substitutional
solid solution and the movement of dislocations in this field provides
new opportunities in such studies [84—37]. The temperature depend-
ence of the yield point in an alloy can also be determined in terms of
two components of the shear stress field in the glide plane [38]. Im-
portant issues in this regard remain the method of determining the pa-
rameters of the shear stress field and the correct description of the de-
pendence of lattice distortion on temperature in a multicomponent al-
loy [39, 40].

The shape of an elastic line, which is fixed at both ends, under the
action of thermal fluctuations at thermal equilibrium was modelled by
the method of discrete dislocation dynamics in [1]. In order to investi-
gate the dynamics of the shape change, an initially straight elastic line
was considered, which then moved under the action of random thermal
forces in the overdamped regime. The coefficient of resistance to the
movement of the dislocation was considered directly proportional to
the temperature, and the time step was equal to 50 fs. The shapes of the
dislocation line were modelled for temperatures of 300, 600, 900 and
1200 K. After a sufficient modelling time, the system reached thermal
equilibrium and the average kinetic energy per each degree of freedom
became equal to the standard thermodynamic quantity for a given
temperature, and the velocities of the discrete elements of the disloca-
tion line had a Maxwell distribution.

In Ref. [1], the transient dynamics of the dislocation line shape be-
fore reaching thermal equilibrium was also studied. The initial shape
was a straight line, which gradually transformed under the action of
thermal fluctuations into a self-similar ‘wavy’ shape. This process was
characterized by a structure factor, which was defined as the average
absolute value of the difference in coordinates in the direction perpen-
dicular to the initial line of two discrete dislocation elements located at
a given distance from each other along this initial line. It is obvious
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that, for the initial line, this parameter is zero for all distances be-
tween discrete elements along this line. Further, as thermal equilibri-
um approaches, the dependence of this factor on the distance along the
initial line has two characteristic regions. For small distances, this de-
pendence is approximately a straight line on a double logarithmic
graph, which corresponds to a self-similar shape. For large distances,
this parameter reaches a certain value that does not depend on the dis-
tance and essentially determines the width of the ‘wavy’ line in the di-
rection perpendicular to the initial line. This width gradually increases
with time in the transition period until complete thermal equilibrium
is achieved. The distance along the initial line along which the transi-
tion between the two characteristic regions occurs also increases under
these conditions. However, the characteristics of the ‘wavy’ disloca-
tion line under the action of thermal fluctuations in the state of ther-
mal equilibrium, when these characteristics become independent of
time, were not considered in Ref. [1].

The movement of a dislocation occurs by gradually moving its indi-
vidual critical segments due to the formation and transformation of
bulges on them [38]. Therefore, the average length and height of the
bulge on the dislocation as parameters of the critical segment are very
important for describing the dislocation motion and, mostly, the yield
strength of the alloy. In an alloy, in a solid solution, these parameters
determine the effective dimensions of the obstacle created by dissolved
atoms for such motion [38]. Thermal fluctuations and the distortions
associated with them also lead to the ‘waviness’ of the dislocation line
even in the absence of dissolved atoms. Bulges on the dislocation line,
which are formed due to the thermal motion of atoms, in contrast to
bulges formed under the action of dissolved atoms, are dynamic, not
stationary and change with time, but their average length will also de-
termine the length of certain critical segments. It is important that
this length be determined in a state of thermal equilibrium, when these
characteristics become independent of time.

The goal of this work is to calculate, by analytical method and using
computer modelling by the method of discrete dislocation dynamics,
the standard deviation of the points of the dislocation line from the
straight line and the length of the averaged bulge on it, i.e., the length
of the critical dislocation segment, in the case of thermal fluctuations,
and to determine the temperature dependences of these characteris-
tics.

2. CALCULATION ALGORITHMS

Consider a dislocation with length [, which is fixed at the ends. We will
assume that in the glide plane a coordinate system is given, where the
axis x is directed in the direction of dislocation movement, perpendicu-
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lar to the dislocation line, and the axis z is in the direction of the dislo-
cation line, i.e., parallel to it. We can discretize the dislocation line, i.e.,
represent it as a chain of separate segments with the length of each Az
(Az <<1), which are parallel to the axis z. We will also assume that each
segment interacts with neighbouring segments due to the linear ten-
sion force. The equation of motion of such a separate dislocation seg-
ment along the axis x under the action of thermal fluctuations can be
proposed in a certain approximation in a form similar to the works [1,
34, 37]:

2
oy, B ou, Y~ 2u, +u,,

m, =+
0 ot? ot AZ?

where u;=u,(z,;, t) is the displacement from the zero position along the
coordinate x of the dislocation segment, which has the coordinate of its
centre z,=Azi at the time instant ¢ (u,(z;, t) essentially determines the
shape of the dislocation line at the time instant ¢,i=1, 2, ..., [/Az), x is
the coordinate in the direction of dislocation movement, z is the coor-
dinate in the direction of the dislocation line, xOz is the dislocation
glide plane, m, is the effective mass of the dislocation per unit length
(my=~pb®/2) [1], myAz is the mass of the dislocation segment, p is the
density of the material, b is the length of the Burgers vector, B is the
coefficient of resistance to movement (it can be assumed that this coef-
ficient is directly proportional to the temperature T [1], i.e., B=qT,
where ¢ is the proportionality coefficient, such an assumption simpli-
fies further consideration and gives a good approximation for temper-
atures that are not too close to zero), I' is the linear tension of the dislo-
cation line (I' = aGb?, where o is the coefficient (0 <a<0.5), G is the
shear modulus), f(z;, t) is the force per unit length acting on the dislo-
cation segment from the side of atoms that are in thermal motion, in
the direction of the axis x. This force for each segment at each time
step At in numerical simulation can be given as[1]:

=17 (2,1), (1)

fr(z,t) = 8,2, , (2)

where s, = \/ZBkBT /(AzAt) is the standard deviation of the force that

ensures the existence of thermal equilibrium in the system, when the
energy transferred from the atoms to the dislocation segment is re-
turned back to the atoms due to the viscous resistance of the disloca-
tion motion, Z; is a random variable with a normal probability distribu-
tion and a mean value equal to 0 and a variance equal to 1 (a standard
normal random variable for each i), k; is the Boltzmann constant. It
should be noted that (u,_; — 2u, + u,,,)/Az® is the numerical representa-
tion of the second partial derivative 0°u(z, t)/02?, which determines the
curvature of the dislocation line, the shape of which at a certain time is
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given by the function u(z, t). We also note that we can set At=0.5b/c,
where ¢ = 1jG /p is the velocity of transverse sound vibrations in the
material. It can be found u,(z,, t) for all segments at a given time if we
numerically, step by step in time, solve the system of equations (1) for
the initial conditions u,(z;, 0)=0 and u,(z,,0) = O (i.e., at the beginning
the dislocation is straight and stationary) and the boundary conditions
u(0, t)y=u(l, t) =0 (i.e., the ends of the dislocation are fixed). This meth-
od of determining the shape of a dislocation line is called the method of
discrete dislocation dynamics.

It is also possible to solve analytically the general differential equa-

tion for the same initial and boundary conditions. The general equation
will be similar to Eq. (1) for a separate segment,

2 2
m, 0 u(i, t) ' B ou(z,t) r 0 u(zz, t)
ot ot oz
and it is very easy to reduce to a standard form:

2 aZu(Z, t) — fT(Z’ t)
0z* m,

=fr(2,0), 3)

ii(z, t) + 28u(z, t) — ¢ (4)

where d=B/2m,, and ¢ = , }F / m, isthe second definition of the veloci-
ty of transverse sound vibrations in the material. The solution of equa-
tion (4) is sought in the form of

u(z,t) =Y u,(zt) =Y u,t)sin(rnz /1), (5)
n=1 n=1
where u,(z, t) is called the n-th fundamental mode of oscillations of the

elastic line (in our case, the dislocation), n=1, 2, ... and u,(f) is a solu-
tion of the equation:

i, (t) +28u,(t) + o'u,(t) =1,@), (6)

where o, =nnc/l and

AN ) _2r fah
f"(t)_l-([ " sm(l z d,z_m0 lAth’ "N

where Z; is the standard normal random variable at each time step.
Further,

u,@®) = [U(t - vf,(v)dr, (8)

where U(t) the function satisfies the equation
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Ut) +28U(t) + oU(t) = 0 (9)
with initial conditions U(0) =0 and U(0) = 1. Thus,
t 82 _ 2 _ _t 82 _ 2
Ut - exp(-ot) RIS — @) —exp(tye” o) (10)
2,8 — ?
If we substitute Egs. (7) and (10) into Eq. (8), we obtain

ORNEP) {1 | expedn)
nn'T 45" - »?)
[(Di [exp(tvé}z - (Di )— (—Z‘Xp(—t,fS2 - (Di )] 2 4 (11)
+[A, exp(t[8* — ©2) — A, exp(—t, f82 —0?)]"?,

where A, =0+ ,fSZ - and A, =8 — a#}z -®’, Z, are standard normal

random variables for each n. It can be seen that for a sufficiently large
time t due to exp(-0t) formula (11) simplifies to

21k, T

—3 e 12)

u,(t) =

The quantity u,(¢) is the amplitude of the n-th fundamental mode
u,(z, t), which is a sinusoid with wavelength 2I//n. In fact, for a suffi-
ciently large time ¢, there is no explicit dependence u,(¢) on t. In this
case, the amplitude of the sinusoid will simply be a random variable
with a normal distribution. Negative amplitude means a change in the
phase of the sinusoid by = radian. It is easy to prove the correctness of
formula (12), if we take into account the fact that, under thermal equi-
librium conditions, the average energy of the fundamental mode of the
elastic line must be equal to kz;T/2. The energy of the fundamental
mode in our case[1]is

1 2 . l 2
B - EJ-(aun(z,t)j 4o T 7 2nnz /1 +sin(@nnz /1) _ksTZ (13)
240 oz l 4mn /1 lo
The average energy will accordingly be
<E, >= kB—TZf :kB—T<Z3>:kB—Tx1:kBT. (14)
2 2 2 2

Thus, the function u(z, t) that determines the shape of the disloca-
tion line under the action of random forces from the atoms in thermal
motion will be a superposition of fundamental modes—sinusoids with
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corresponding wavelengths and random amplitudes. If we take into
account Egs. (5) and (12), we obtain

2lk TE

u(z,t) = Z Znsin(nnz /1) . (15)

It is important to add that, if the shape of the dislocation line is de-
termined by the method of discrete dislocation dynamics, when the dis-
location is considered as a chain N =1[/Az of segments, then, we have
u/z;, t) for N +1 points, because the left end of the dislocation corre-
sponds to i=0. We also note that, under the boundary conditions,
uy(0, t)=uy(l, t)=0. In this case, we can expand u,z;, t) in a series in
sines:

N nni
u(z,t)=> A sin , 16
(2, 1) Z, » SN (16)
where
ni
== 2, 17
4, Zuu )sin - (17)

If we compare Egs. (15) and (16), then, from their similarity, it ob-
viously follows that

21k T Z
A = B Tn 18
" T n (18)
and variable
2
LE N (19)
2lk, T

has a normal distribution with a mean value of 0 and a variance of 1. In
this way, it is possible to check the correspondence of the results ob-
tained by the method of discrete dislocation dynamics to the analytical
solution of the general differential equation.

If u,z,;, t) are calculated, then, it is possible to find the characteris-
tics of the thermal fluctuation ‘waviness’ of the dislocation line, name-
ly the standard deviation of the magnitude s, and the average length of
the section L along the axis Oz, on which u,z;, t) has the same sign.
That is, to find the parameters, which characterize the height and
length of the average convexity on the dislocation line and, thus, its
critical segment. It is enough to determine simply the intersection
points of the dislocation line and the axis Oz. Then, it is easy to deter-
mine the length L, which will be equal to the length of the dislocation
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line [ divided by the number of intersection points [34]. A feature of
the definition of s, and L are the averaging of these characteristics also
over different moments of time ¢, i.e., uz;, t) should take part in the
consideration not for one moment ¢, but for many moments.

Taking into account Eqgs. (15) and (16), we can represent has a nor-
mal distribution with a mean value of 0 and a variance of 1. In this
way, it is possible to check the correspondence of the results obtained
by the method of discrete dislocation dynamics to the analytical solu-
tion of the general differential equation.

Taking into account Eqgs. (15) and (16), we can represent

2R, T ; nni 2lkT
BT B

where (21k;T/n°T")'/? contains physical quantities, D[...] means the var-
iance of the random variable, which is in brackets, and in our case this
quantity does not depend on any physical parameter and takes differ-
ent values for different i. Numerical calculations show that
5, =0.47+0.08 for N=1000. For analytical evaluation of L, a model
similar to the model given in Ref. [39] can be applied. To do this, con-
sider the distribution of positive values inside the corresponding aver-
aged section u(z, t) along the axis Oz. The length of such a section will
be equal to L, by definition. If u,z,, t) have a normal distribution with
zero mathematical expectation and standard deviation s,, then, the
sample of only positive values from them has a mean value s,(2/7)"2.
At the endpoints of such a section, u(z, t) will be equal to zero, and fur-
ther from each endpoint of u(z, t) should increase towards the middle
of the section, since the mean value of u(z, t) is greater than zero. This
increase will be symmetrical about the midpoint of the plot because the
parts of the averaged plot on both sides of the midpoint are absolutely
equal and have no advantages over each other due to the uniformity of
the statistical distribution u(z, t). Thus, the averaged distribution of
u(z, t) will be a smooth curve symmetric about the maximum at the
midpoint of the plot. If we average only the positive values of the gra-
dient du(z, t)/ 0z from the end point of the averaged plot to its middle,
then, similarly to u(z, t), we will have the average value of the gradient
$q.(2/m)"?, where s,, is the standard deviation of the gradient. The av-
eraged distribution u(z, t) can be approximated by a suitable function,
for example A cos(nz/L), where A, =s,(n/2)"2. Then, the average value
of the gradient du(z, t)/ 0z on the plot, where it is positive, is 24,/L,
from which it is easy to obtain

L=ms,/s,,- (21)

On the other hand, taking into account Eq. (15), the gradient is
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equal to

ou(z,t) _ 2k, TZZ nni

oz (22)

and

2k, T nni 2k, T
Z, 535 ., 23
T \/ {Z COS(NHH e &

where numerical calculations show that s,, =22.36 for N=1000, that
is, according to Eq. (21) for N =1000,

=1s, /8, ~1/55. (24)

Thus, the length L turns out to be proportional to the length of the
dislocation line fixed at the ends [.

3. RESULTS AND DISCUSSION

The initial parameters for modelling the effect of thermal fluctuations
on the characteristics of the average bulge on the dislocation line by
the discrete dislocation dynamics method and calculating these charac-
teristics by the analytical method are given in Table 1 [37]. The time
step At was defined as 3.93-10**s. The modelling by the discrete dislo-

TABLE 1. Initial parameters for modelling the influence of thermal fluctua-
tions on the characteristics of the average convexity on the dislocation line
[87].

G,GPa 81 me,kg/m | 25107
v 0.3 p, kg/m? 8000
o 0.123 c,m/s 3182
b, nm 0.25 r,N 6.231071°

TABLE 2. Temperature dependence of the drag coefficient [1].

Temperature T', K Coefficient of motion resistance B, MPa-s
300 3107
600 610!
900 9107

1200 1.2.107%°
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cation dynamics method was carried out separately for Az = 2b, 5b, 10b,
20b and 40b at a temperature of 300 K, as well as separately for tem-
peratures of 300, 600, 900 and 1200 K at Az=10b. The dislocation was
represented as a chain of N =1000 segments. It should be noted that,
under these conditions, Az =2b, 5b, 10b, 20b and 40b corresponded to
the lengths of the fixed dislocation line =500 nm, 1250 nm, 2500 nm,
5000 nm and 10000 nm. The temperature dependence of the drag coef-
ficient B is given in Table 2 [1]. During each simulation, 125000 time
steps were taken, corresponding to 4.91 ns of model time. Thermal
equilibrium was considered to be reliably reached after 50000 time
steps, i.e., after 1.96 ns of model time. The characteristics of the aver-
age bulge on the dislocation line, which were determined from the sim-
ulation results using the discrete dislocation dynamics method, were
averaged for all time steps from the 50000th step to the 125000th step,
i.e., from 1.96 ns to 4.91 ns of model time.

An example of the dislocation line shape under the influence of
thermal fluctuations, simulated by the method of discrete dislocation
dynamics, at the 125000th time step (Az=10b, T=300K, t =4.91 ns) is
shown in Fig. 1. The dashed line shows the initial line shape for ¢t =0. It
is seen that the dislocation line becomes randomly ‘wavy’ under the in-
fluence of thermal fluctuations.

The average energy of the fundamental mode (average kinetic ener-
gy of dislocation segments) from the 50000th step to the 125000th step
in time, i.e., in the thermal equilibrium region, is shown in Fig. 2. The
discrete dislocation dynamics simulation was performed for Az=10b
and T=300 K. The dashed line shows for comparison the standard
thermodynamic value of the average kinetic energy per degree of free-
dom for a given temperature of 300 K <E,>=Fk;T/2=0.0129 eV.

The dependence of the standard deviation of the dislocation line
points from the initial straight-line s, on the length of this line / under
the action of thermal fluctuations is shown in Fig. 3. Note that, for the
simulation, Az =2b, 5b, 10b, 20b and 40b were used, i.e., the lengths of
the fixed dislocation line were /=500 nm, 1250 nm, 2500 nm, 5000 nm
and 10000 nm, respectively. The simulation was performed for a tem-
perature of T'=300 K. The circles show the results of the simulation
using the discrete dislocation dynamics method. The line is a calcula-
tion using formula (20), i.e., an analytical method. We note a good cor-
relation between the results of calculations using both methods. The
standard deviation increases in proportion to the square root of the
length of the dislocation line.

The dependence of the length L of the average bulge (critical seg-
ment) on the length of this line [ under the action of thermal fluctua-
tions is shown in Fig. 4. The simulation conditions are indicated above.
The circles also show the results of the simulation using the discrete
dislocation dynamics method, and the line shows the results of the cal-
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Fig. 1. Dislocation line under the influence of thermal fluctuations, simulated
by the method of discrete dislocation dynamics, at the 125000th time step
(Az=10b, T=300 K, t=4.91 ns); the dashed line shows the initial dislocation
line for t =0.

T
50000 75000 106000 125000
t/At, nm

Fig. 2. The average energy of the fundamental mode (average kinetic energy
of dislocation segments) from the 50000th step to the 125000th step in time
(Az=10b, T =300 K); the dashed line shows the standard thermodynamic val-
ue of the average kinetic energy per degree of freedom for a given tempera-
ture of 300 K (kzT/2=0.0129 eV).

culation using formula (24). The results of the calculations using both
methods also correlate well with each other. The length of the critical
segment is directly proportional to the length of the dislocation line
under these conditions.

The dependence of the standard deviation of the dislocation line
points from the initial straight-line s, on temperature at a constant
dislocation line length of 2500 nm under the action of thermal fluctua-
tions is shown in Fig. 5. Note that the simulation was performed for
Az =10b and temperature 300, 600, 900 and 1200 K. The circles again
show the Az results of the simulation using the discrete dislocation dy-
namics method, and the line is the calculation using the analytical
method according to formula (20). The correlation between the results
of the calculations using both methods in this case is excellent. The
standard deviation turns out to be proportional to the square root of



LENGTH OF A CRITICAL DISLOCATION SEGMENT 943

16

12 i

=

0.4=

0.0

L] 1 L}
a 3000 6000 9000
, hm

Fig. 3. Dependence of the standard deviation of the points of the dislocation
line from the initial straight line on the length of this line (Az = 2b, 5b, 100,
20b, 40b, T = 300 K). Circles are calculations using the method of discrete dis-
location dynamics. Lines are calculations using formula (20).
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Fig. 4. Dependence of the length of the average convexity (critical segment)
on the length of the dislocation line (Az=2b, 5b, 10b, 20b, 40b, T =300 K).
Circles are calculations using the method of discrete dislocation dynamics.
Lines are calculations using formula (24).

the temperature.

The dependence of the length of the average bulge (critical segment)
L on temperature at a constant dislocation line length of 2500 nm un-
der the action of thermal fluctuations is shown in Fig. 6.

The simulation was performed using Az=10b for temperature of
300, 600, 900 and 1200 K. The results of the simulation using the dis-
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Fig. 5. Dependence of the standard deviation of the dislocation line points
from the initial straight line on temperature at a constant dislocation line
length of 2500 nm (Az=10b, T =300, 600, 900, 1200 K). Circles are calcula-
tions using the method of discrete dislocation dynamics. Lines are calcula-
tions using formula (20).
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Fig. 6. Dependence of the length of the average convexity (critical segment)
on temperature for a constant dislocation line length of 2500 nm (Az =100,
T =300, 600, 900, 1200 K). Circles are calculations using the method of dis-
crete dislocation dynamics. Line is calculations using formula (24).

crete dislocation dynamics method are shown by circles, and the results
of the calculations using the analytical method (formula (24)) are
shown by a solid line. The results of the calculations using both meth-
ods also confirm each other well. The length of the critical segment
turns out to be independent of temperature under these conditions.
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4. CONCLUSION

Thermal motion of atoms, or, in other words, thermal fluctuations or
distortions of crystal lattices caused by this motion, lead to a wavy
shape of the dislocation line both in alloys where there are dissolved
atoms and in pure metals where there are no dissolved atoms.

The wavy shape of the dislocation line, in turn, indicates that there
are obstacles to the movement of the dislocation in the material, that
is, we can expect the existence of a limiting value of external mechani-
cal stress that can initiate the movement of the dislocation, that is, the
shape of the dislocation line can affect the yield point of the metal or
alloy.

Thus, the characteristics of the ‘waviness’ of the dislocation line,
namely the standard deviation of the points of the dislocation line from
the straight line and the length of the averaged bulge on it under the
action of thermal fluctuations, are important parameters for under-
standing the formation of the yield point of the material.

These characteristics, which are determined on the one hand by
means of discrete dislocation dynamics and on the other hand by ana-
lytical methods, correlate well with each other, which confirms the re-
liability of the modelling results.

The standard deviation increases proportionally to the square root
of the dislocation line length at constant temperature, and is also pro-
portional to the square root of the temperature at constant dislocation
line length.

The length of the averaged bulge, which determines the length of
the critical dislocation segment, is directly proportional to the disloca-
tion line length at constant temperature, and does not depend on the
temperature at constant dislocation line length.

The determined temperature dependencies of the standard deviation
of the dislocation line points from the straight line and the length of
the critical dislocation segment help to understand better the effect of
thermal fluctuations on the dislocation line shape.
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This paper develops a methodology for investigating the stress—strain state
and evaluating the load-bearing capacity of metal plates strengthened by
plasma electrolytic oxidation of the surface layer. The object of analysis is a
plate of symmetric structure with a double-side oxide coating subjected to
biaxial tensile loading under uniform heating and in the presence of a self-
equilibrated field of residual stresses. Within the framework of the plane-
sections’ and elastic-deformation hypothesis, the closed-form analytical ex-
pressions are obtained for the residual stresses in the substrate and in the
oxide layers in terms of the incompatible strain of the surface layers, as well
as for the total stress state under combined thermomechanical loading. Two
strength criteria are formulated and analysed: a global (integral) criterion,
which is insensitive to self-equilibrated residual and thermal components,
and a local criterion, which reduces to a set of linear inequalities for the ad-
missible load and temperature at a given level of residual stresses. The capa-
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bilities of the methodology are illustrated by computational examples for the
Al/Al,0; (6061-T6 alloy/aluminium oxide) and Ti/TiO, (Grade?2 titani-
um/titanium dioxide) compositions, with account of the Pilling—Bedworth
ratio and the mismatch of linear thermal-expansion coefficients of the metal
and its oxide. As shown, in the absence of thermal effects and residual stress-
es, the load-bearing capacity of an oxidized plate in tension is about three
times lower than that of the uncoated plate, owing to high stress concentra-
tion in the thin stiff coating. The combinations of residual-stresses’ level and
temperatures are identified, at which an oxidized plate operates as an equal-
strength structure with maximum load-bearing capacity; explicit analytical
relations are obtained for both the Al/Al,O; and Ti/TiO, systems.

Key words: plasma electrolytic oxidation, oxidized plate, residual stresses,
thermomechanical loading, strength.

VY craTTi po3pob6IeH0 METOANKY JOCJIiIKeHHA HalpyKeHo-Ie(opMOBaHOTO CTa-
HY ¥ OIiHIOBAaHHSA YTPUMYBAJbHOI 3IaTHOCTH METAJeBUX ILJIATiBOK, 3MIiITHEHUX
ILIA3MOBUM €JIEKTPOJIITUYHUM OKCHUIAYBAHHAM IIOBEPXHEBOro mapy. O6 eKToMm
aHaJiBM € ILIaTiBKa CUMETPUYHOI OYJOBU 3 TBOCTOPOHHIM OKCUAHUM IIOKPUT-
TSAM, IKa 3a3Ha€ ABOBiCHOTO PO3TATYBAJILHOIO HABAHTAMKEHHS 32 YMOB PiBHOMI-
PHOTO HarpiBaHHS Ta HAABHOCTH CAMO3PiBHOBA'KHOTO IIOJIA 3aJUIIKOBUX Ha-
Ipy:KeHb. ¥ paMKaXx TrilloTe3ud CTOCOBHO ILTACKUX IepepisiB i mpy:KHBOTO Hedo-
PMYBaHHA OJEeP:KaHO 3aMKHYTi aHAJNITHUYHI 3aJIe?KHOCTI UIA 3aJUITKOBUX Ha-
IPY:KeHb Yy MiAKJaAUHIN II OKCUAHUX IIIapax uepe3 HeCcyMicHY aedopMailliio 1mo-
BEPXHEBUX IIapiB, a TAKOXK JIJIs IIOBHOTO HAIIPYKEHOT0 CTaHy 3a KOMOiHOBAHOTO
TepMOMeXaHiyHOro HaBaHTa)KeHHA. ChopMysnoBaHO Ta IpPoaHATiZ0BAHO IBa
KpuTepii MimHocTM: rnobasbHM (IHTEI PATbHUM) KPUTEPiil, HEUYTIAUBUH 0 ca-
MO3DPiBHOBaKHUX BAJTUIIKOBUX i TEIJIOBUX KOMIIOHEHT, Ta JIOKAJLHUHN KPUTe-
pifi, AKKUII 3BOAUTHLCA MO CHUCTEMHU JiHIAHNX HEPiBHOCTEH II[OJ0 MOMYCTHMOIO
HaBaHTAKEHHA Ta TEMIIEPaTypH! 3a 3aJaHOT0 PiBHSA 3aJUINTKOBUX HAIPY:KEHb.
MoKIMBOCTI METOIUKY IIPOLTIOCTPOBAHO HA MpUKJIagax Kommosuiii Al/Al,O,
(cromr 6061-T6/okcun Antominito) Ta Ti/TiO, (Turtan ratyaky 2/miokcun Tura-
HY) 3 ypaxyBaHHaAM KoedirienTa Ilinminra—BenBopra Ta piskHUIi KoedimieHTiB
JIHIHHOTO TeIIJIOBOTO PO3MIMPEeHHs METaJly Ta ioro okcuay. IlokasamHo, 1o 3a
BiICYTHOCTM TeMIIEPATyPHOTO BILJINBY Ta 3aJUIIIKOBUX HAIPY:KeHb HECHA 37arT-
HiCTh OKCHOBAHOI ILJIATiBKY 32 PO3TATY IPUOJIN3HO BTPHUYL MEHIIIA IOPiBHSAHO 3
HEOKCHUIOBAHOIO UYepe3 BUCOKY KOHIIEHTPAIiI0 HATIPYKEHDb ¥ TOHKOMY ITYITKOMY
moKpuTTi. BusHaueHo CIiBBiIHOIIIEHHA PiBHIB 3aJUINTKOBUX HAIIPYKEHDb i TeM-
mepaTryp, 3a AKUX OKCHIOBAHA IIJIaTiBKAa IIPAITIOE IK PiBHOMIIITHA KOHCTPYKIIiA 3
MaKCUMAaJbHOIO YTPUMYBaJIbHOIO 30aTHICTIO; OZepyKaHO ABHI aHaNITUUHI 3aje-
skHOCTI 7151 060X cucrem — Al/Al,O, it Ti/TiO,.

Karouori cioBa: maasMoBe eJIeKTPOJIiTUUHE OKCUIYBAaHHS, OKCU/JOBaHA ILJIATi-
BKa, 3aJIMIITKOBI HATIPYKEHH, TEpPMOMEXaHIUHe HaBaHTAKEHHA, MiIlHiCTh.

(Received 20 May, 2026; in final version, 27 May, 2026 )

1. INTRODUCTION

Modern engineering design relies increasingly on the comprehensive
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assessment of the strength and reliability of structural components
under realistic service scenarios, as illustrated by the approaches pre-
sented in Refs. [1, 2]. The interaction between a structure and its envi-
ronment, together with severe operating conditions, places stringent
demands on researchers regarding corrosion protection, wear re-
sistance, and the thermal insulation of component surfaces. Among
the variety of methods available for surface strengthening of machine
and mechanism parts [3—6], the method of plasma electrolytic oxida-
tion (PEO) of valve metals occupies a special place [7—12]. Among the
key advantages of PEO, there is the formation of ceramic-like layers
with a developed structure, which are firmly bonded to the metallic
substrate and provide a substantial enhancement of surface hardness,
wear and corrosion resistance, as well as the thermal insulation char-
acteristics of the component. At the same time, the process is environ-
mentally safer than conventional anodizing, requires no complex pre-
liminary surface preparation, and is readily scalable to articles of com-
plex geometry.

However, the significant increase in the stiffness of oxidized sur-
face layers is not always accompanied by a corresponding increase in
their strength. Consequently, the transition from a ductile metal to a
brittle ceramic may give rise to durability problems for coated parts. A
high level of compressive residual stresses in the oxide coating fre-
quently allows an appropriate balance between stiffness and strength
to be maintained.

In general, theoretical methods for studying residual phenomena
are well developed at present for plastic deformation processes [13—16]
and for hysteretic energy dissipation in frictional contact [17—21]. Re-
cent publications [22—-29] cover measurement methods, the under-
standing of evolution, and experimental data on residual stresses in
Al/Al,0; and Ti/TiO, systems, in particular mentioning the curvature
method, XRD, and the sin®y method as experimental techniques. It
should be noted that these publications exhibit a considerable scatter
in experimental data on residual stresses in oxide coatings: from 20 to
1500 MPa, depending on the parameters of the oxidation process and
the measurement techniques.

Analytical models of thermal stresses providing closed-form solu-
tions for the stress distribution in layered structures under thermome-
chanical loading are described in Refs. [80—36]. The influence of non-
stationary temperature variations is taken into account in Refs. [37—
39]. Singular problems concerning the behaviour of layered and func-
tionally graded coatings under localized contact loading have been the
subject of investigations [40—44].

Issues of fracture mechanics and damage propagation criteria for
structures with coatings are usually treated without accounting for
residual phenomena [45—51]. An exception is paper [562], which de-
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scribes models for the failure modes of PEO coatings under the influ-
ence of tensile and compressive residual stresses. Problems concerning
the limit equilibrium of cracked thin-walled structures under com-
bined loading were considered in Refs. [53—55].

The literature review presented above motivates the investigation of
the strength of oxidized plates of symmetric structure under two-
parameter loading over a wide range of variation of residual stresses.

The aim of the present paper is to develop an engineering methodol-
ogy for the analytical estimation of the influence of residual stresses
on the strength of double-side oxidized plates subjected to thermome-
chanical loading.

2. MATERIALS AND METHODS
2.1. Geometry of the Oxidized Plate

Consider a metal plate of initial thickness h’. After oxidation of its
surfaces, a symmetric composite structure is formed, consisting of a
substrate of thickness A, and two surface layers (films) of thickness A;
(Fig. 1). Hereinafter, all quantities pertaining to the substrate and the
coating will be denoted by the indices ‘s’ and ‘f’, respectively.

The following relations hold: h, = h? —2(1 — )h,, h, + 2h, = B + ok, ,
where o= Rpg — 1, and Ry is the Pilling—Bedworth ratio [56, 57].

Let z be the transverse coordinate measured from the midsurface of
the plate. Then, H,={z: |z| < h,/2} is the region occupied by the sub-
strate, H,={z: h,/2 <|z|<h,/2+ h;} is the coating zone, H=H ,+ H,=
={2:0<|2| < h,/2 + h;} is the full cross-section.

2.2. Determination of Residual Stresses

We represent the total in-plane strain of the plate, which is nonhomo-
geneous through the thickness, as a superposition of the elastic strain

(1 —v)o/E and the generally incompatible strain & induced by fields of

Fig. 1. Sketch of the cross-section of an oxidized plate.
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. 1-v 0
nonmechanical nature: ¢ = Tc +¢g".

For the stresses, we then obtain the expression

E(2)

i G (1)

o(2) =
E,zeH,
E,zeH

s s

. ' v.,,2e€ H,, .
is the Young's modulus and v(z) = { f s
v,,z2e H,

E(2) = {

the Poisson’s ratio of the material.

We require that the stresses have the status of residual stresses
(o =0,.), that is, they must be self-equilibrated.

Then, taking into account formula (1) and the plane-sections’ hy-
pothesis, we obtain:

E(2) E(z) o _
£ JI v dz — !’I . (2)dz=0, 2)

and the residual stresses are expressed in terms of the incompatible
strain:

I E(2) e’ (2)dz
o (2) = E@) | 51-v(2)
e 1-v(2) J‘ E(2) dz
1-v(2)

-&°(2) | 3)

H

In the case of oxidation of both surfaces, we have an even function

N H
() =0 %<0 4
(2) 0,ze H.. )

By evaluating the integrals in formula (2), we find expressions for
the residual stresses in terms of the incompatible strain of the oxidized
surface layers:

Eh, 2E.h,
1-v E 1-v, E
= — S 5 = S . 5
Csres,f Eshs N 2thf 1 _ Vf Sf Gres,s Eshs N 2thf 1 _ VS 8f ( )
1-v, 1-v, 1-v, 1-v,

Of course, these stresses are self-equilibrated:

c.. .h +2c

res,s s res,

h, =0. (6)

In addition, the residual stresses in the plate may also be expressed
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in terms of the residual strain. Specifically, using relations (2)—(4) and
(6), we find:

ES hS ES

cYres,f == 8l"es’ cSres,s = 8l"es ¢ (7)
1-v, 2, 1-v,

These formulas serve to determine the residual stresses from the ex-
perimentally measured g,.

2.3. Stress State under Thermomechanical Loading

Let an oxidized plate undergo biaxial tension by uniformly distributed
line forces N = const, be heated to a constant temperature, AT = const,
and be in the field of residual stresses (5) (the same as Eq. (7)).

We determine the stress distribution in this piecewise-homogeneous
plate. Integrating expression (1) and recalling the plane-sections’ hy-

E(Z) dz — J‘LZ) go(z)dz . Hence,
1-v(2)

pothesis, we obtain: N = sj 1)
—v(z

H H

& so(z)dz

+ j :
€= H J_EV(Z) , and finally,
j (2 Ydz
2 1-v(2)
) N+ | 1E(2()2) £ (2)dz
z gl—Vv 0
o(z) = &) 7G) . -g(2)]. 8)
J{ 1-vz)

g + o, AT, z € H,,
o AT,z H,,

are the coefficients of linear thermal expansion of the metal and its ox-
ide. After evaluating all the integrals in formula (8), we find the
stresses in the coatings and in the substrate:

We take into account that now &°(z) = { where o, o

E /-
o, = f/( Vf) N+%(as —(X.f)AT +Gresf’
Eh, /(v +2Eh, /[A-v) | 1-v, o
G, = ES /(1_VS) N—%(as_af)AT + Ores,s*
Eh, /(1-v,)+2Eh /A-v) " 1-v, |

This result demonstrates the influence of the mechanical load, heat-
ing, and residual stresses on the stress state of an oxidized plate of
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symmetric structure.

2.4. Effect of Residual Stresses on Strength

We begin with an analysis for the uncoated plate (h, =0, h, = hs0 ). In
this case,

o.=N/h, (10)

while thermal and residual stresses are absent.
From the strength condition

o, <[ocl.,
we find the allowable load for the unoxidized plate:
N < N? =[c).K. (11)

This is the baseline result, with which all subsequent results will be
compared.

We write the strength conditions for the inhomogeneous plate in
terms of the allowable stresses for its components:

[c];, z € H,,

[cl,,ze H.. (12)

o(2) < [cl(2) = {

Integrating inequality (12) through the thickness, we obtain the in-
tegral (global) limit equilibrium criterion:

N < N#™ = [6].h_+2[c],h, , (13)

which is independent of the self-equilibrated thermal components and
residual phenomena.

We now consider the local situation.

The strength condition (12) requires the simultaneous fulfilment of
the inequalities:

{Gf <[ol;, (14)

o, <[oc]..

Since the stresses o,, o; depend linearly on N, AT and on the residual
stresses, set (14) is nothing other than a set of linear inequalities for
the allowable loads and temperatures at a given level of residual stress-
es. Indeed, on the basis of result (9), conditions (14) can be rewritten in
nondimensional form as follow:
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E /Q-v;)
Eh /A-v)+2Eh, /(1-vV,)

[G]f - csres,f

(N +Eh(o, —o;)AT /(1 -vV,))

E /(A-v,)
Eh, /(1-v)+2Eh /(1-v,)

[G]s - Gres., s

(N -2E.h; (0o, —a,)AT /(1 -v,))
<1.

For prescribed residual stresses, set (15) defines a region of safe
thermomechanical loading on the plane (N, AT). In the general case,
the simplex method must be employed to construct the solution of
these inequalities. In analytical form, this is a cumbersome procedure.
Therefore, we shall proceed differently. Taking into account that
Gres, s = —20ys, thi/ B (see Eq. (6)), we shall assume that N = N(AT, 6, ).
Then, from inequalities (15), we obtain the allowable load according to
the local criterion in the form

Eh, | 2Eh,
—-Eh (o, -0 )AT 1-v, 1-v
(o, —0)AT | L (o], — 0.0, 1)»

N < N°* =min

l_vs &
1-v
! (16)
E.h, +2thf
2E.h, 1-v, 1-v, 2h,
—— (o, -~ ) AT+ ——— 2| [o]. +—0C .
1—Vf( s f) ES [ ]s hs res,
1-v

S

3. RESULTS AND DISCUSSION
3.1. Computational Examples

Detailed calculations using formulas (11), (13), and (16) were performed

TABLE 1. Physical and mechanical properties of the materials.

Aluminium Aluminium Titanium Titanium

(6061-T6) oxide Al,O4 (Grade 2) oxide TiO,
hg, by, mm 6 0.3 6 0.03
RPB - 1.28 - 1.73
E, E;, GPa 68.9 370 103 230
Vg Vi 0.33 0.22 0.34 0.27
o, o, 107, deg™ 23.6 8.1 8.6 8.8

[5],, [c];, MPa 276 350 275 140
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Fig. 2. Dependence of the allowable load on temperature at fixed levels of re-
sidual stress in the oxidized aluminium plate.
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Fig. 3. Dependence of the allowable load on residual stress at fixed values of
temperature in the oxidized aluminium plate.

for two materials, whose characteristics are listed in Table 1[7, 58].
In Figs. 2, 3 and in Figs. 4, 5, the results of the computations of al-
lowable loads for the oxidized aluminium-alloy plate and those for the
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oxidized titanium plate are shown, respectively. All plots are com-
pared with the horizontal line N, = N? representing the allowable load
for the uncoated plates.
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3.2. Analysis of the Results

As is evident from the results presented, in the absence of thermal ef-
fects and residual stresses, the load-bearing capacity of the oxidized
plates in tension is approximately three times lower than that of the
uncoated plates: N°* ~ N? /3. This occurs because of the high stress
concentration in the thin, stiff coatings, which, owing to their limited
strength, fail first.

In the presence of an additional temperature field and residual phe-
nomena, the oxidized aluminium and titanium plates behave under
loading in different ways.

Because the thermal expansion of the aluminium alloy is signifi-
cantly greater than that of corundum, when the oxidized plate is heat-
ed, the coating cracks even in the absence of mechanical loading. In
this case, an increase in the magnitude of the compressive residual
stresses raises the allowable load at AT >-50°C (Fig. 2). In the cryogen-
ic temperature range, excessive compressive residual stresses in the
coating are undesirable (Figs. 2 and 3), since, together with the me-
chanical load, they may cause additional tension and failure of the sub-
strate.

The maximum allowable load is N ~ N¥** observed at a sub-zero
temperature linked to the residual stress by the relation:

AT —_ 1 [[G]S + 2hf6res,f / hs _ [G]f - Gres,f ].

o — Oy E /A-v,) E, /(1-vy)

In this case, the oxidized aluminium plate operates as an equal-
strength structure.

By contrast, in the Ti—TiO, composition, the thermal strains of the
coating and the substrate are practically compatible; therefore, the
system responds well to high-temperature heating and, in the presence
of substantial compressive residual stresses, can sustain external ten-
sile loads not significantly lower than those tolerated by the unox-
idized titanium plate (Figs. 4 and 5). The highest load-bearing capacity
according to the local criterion is achieved at an optimal level of resid-
ual stress that depends on temperature:

17\@ [c], - 1-v,
E, E,

res,t 1-v, 2h, +1—vf
Es Eshs Ef

[c]; + (o, —o,)AT

Finally, it should be noted that the proposed analysis does not aim to
describe the mechanisms of delamination of composite structures
along the interface.
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4. CONCLUSION

Thus, a methodology has been developed for investigating the stress—
strain state of metal plates strengthened by plasma electrolytic oxida-
tion of the surface layer. The methodology makes it possible to con-
struct analytical estimates of the load-bearing capacity of oxidized
plates under tensile loading, accounting for the influence of the tem-
perature field and self-equilibrated residual stresses. The capabilities
of the methodology have been illustrated by computational examples
for aluminium- and titanium-based compositions. Levels of residual
stresses and temperatures have been identified, at which an oxidized
plate operates as an equal-strength structure, providing the highest
load-bearing capacity.
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Synthesis and Characterization of a Ti;SiC,—TiC—TiSi,
Composite for High-Temperature Applications
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The influence of sintering conditions (pressure and holding time) on the
structure and mechanical properties of Ti—Si—C-system composites is inves-
tigated. A formation of the Ti;SiC,, TiC, and TiSi, phases in the composite is
confirmed by XRD analysis. Structural parameters of individual phases and
mechanical characteristics of the obtained composites are determined. As
found, samples S2 and S3 have superior compressive strength (c,) of 1445
MPa and 1460 MPa, respectively. At the same time, sample S3 demonstrates
the highest hardness of 210.5 GPa (1072 HV), significantly outperforming
the values obtained for S1 (26.7 GPa, 689 HV) and S2 (z6.5 GPa, 677 HV).

Key words: Ti;SiC,, MAX phase, composite, XRD.

Hocaig:xeHo BIJIMB YMOB CIIiKaHHA (THCKY Ta Yacy BUTPUMKMU) HA CTPYKTYPY
Ta MexaHiuHi BiaacTuBOoCTi KommoauTiB cucremu Ti—Si—C. YTBopenHsa ¢das
TizSiC,, TiC i TiSi, y koMmosuTi niATBepAKEHO 3a LOIIOMOTOI0 PEHTI'€HOCTPYK-
TYypHOI aHaJIi3u. BusHaueHO CTPYKTYPHI mapamMmerpu okpeMux (as i mexamiumi
XapaKTepUCTUKU OHepP:KaHUX KOMIO3UTiB. Bussieno, mjo 3pasku S2 i S3 ma-
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IOTHh BUINY MiInHicTh Ha cTucHeHHA (G,) y 1445 MIla i 1460 MIla BigmosimHo.
Bogmouac, 3pasox S3 meMOHCTPye HaWiBuUIy TBepmicTh y = 10,5TTIa (1072
HYV), 110 3HaYHO IIepeBepIye 3HAUeHHA, oxep:kami maa S1 (26,7TI'Tla, 689
HV)iS2(=6,5T1la, 677 HV).

Karouosi croBa: Ti;SiC,, MAX-dhaza, KOMIIO3UT, PEHTI€HOCTPYKTYPHA aHATi3a.

(Received 23 January, 2026, in final version, 23 July, 2026 )

1. INTRODUCTION

Modern industry requires the creation of materials that are highly re-
sistant to extreme conditions, such as high temperatures, aggressive
environments, and significant mechanical loads. Therefore, research-
ers have recently focused on creating composite materials that will
satisfy these conditions. Composites containing MAX phases open up
new possibilities in the development of such materials. Ternary com-
pounds with a layered hexagonal structure, known as MAX phases can
meet these requirements and become excellent substitutes for high-
temperature metals and ceramics. These materials are described by the
generally accepted formula M, . ;AX, (n=1, 2, 3), where M is a transi-
tion metal, A is the elements of the A-subgroup of the Mendeleev table
and X =C or N [1-4]. The MAX phase of Ti;SiC, has attracted practical
interest for industrial applications. This phase has good physical and
mechanical properties that meet the requirements of modern materials
science. The Ti;SiC, phase is characterized by high electrical (4.5-10°
Q'm™') and thermal conductivities (40-43 W/mK), low density
(p=4.52 g/cm®), high Young’s modulus (E = 320-343 GPa), flexural
strength 2260 MPa and compressive strength =580 MPa [5—8]. The
melting point is 3000°C [4]. Further, the Ti;SiC, MAX phase is char-
acterized by a relatively insignificant coefficient of thermal expansion
=9.1.10 K™ [9]. In addition, the Ti,SiC, MAX phase is easily machin-
able and resistant to high-temperature oxidation. In works [10, 11], it
is reported that the oxidation resistance of the MAX phase of Ti;SiC, is
maintained up to a temperature of 1000 °C. During the oxidation
process of the MAX phase of Ti;SiC,, the formation of two oxide layers
is observed. The outer layer contains anatase-type TiO,. Increasing the
oxidation duration leads to forming an inner layer containing two ox-
ides, TiO, and SiO,. One of the significant disadvantages among the
mechanical properties of the MAX phase of Ti;SiC, is its relatively low
hardness, which is of 4 GPa (HV)[4]. This relatively modest hardness
restricts its applicability in industry fields requiring high resistance
to surface deformation or wear.

One of the promising approaches to solving this problem is the crea-
tion of composite materials based on MAX phases or with their con-
tent. Adding hard binary compounds (TiC or SiC) to the MAX phase
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increases the hardness of the material. At the same time, the layered
structure of MAX phases can provide composite materials with a high
modulus of elasticity. All this makes MAX phases promising for many
applications. An additional factor that positively affects the proper-
ties of composites is the introduction of TiSi, compounds into their
composition. This additive helps increase the oxidation stability of the
MAX phase of Ti;SiC,, which is important for applications in high
temperatures and aggressive environments. Combining different
phases in composites allows achieving an optimal balance between
hardness, ductility, oxidation resistance, and other performance char-
acteristics. Such composites are extremely promising for use in mod-
ern technologies that require materials with high mechanical and
chemical properties.

The main purpose of this work was to study the influence of the
phase composition and microstructure features on the mechanical
properties of Ti;SiC,—TiC—-TiSi, composites obtained by sintering the
initial powder mixtures Ti—Si—C system. Special attention was paid to
the relationship between the parameters of the sintering process and
the evolution of the microstructure of composite materials.

2. MATERIALS AND METHODS

To synthesize Ti;SiC,—TiC-TiSi, composites, Ti (99.7%, =70 um), Si
(99.8%, =100 nm), and crystalline spectrally pure graphite (99.99% C,
=~ 50 um) were used as starting materials. The powders were purchased
from the commercial company ‘GrandLada’ (Kyiv, Ukraine). The ini-
tial powders of Ti, Si, and graphite were mixed in an atomic ratio of
3:1.1:2, respectively. Then, the mixture was homogenized on a labora-
tory planetary mill (Retsch PM100) at room temperature for 1 hour in
a steel container. For mixing, 15 steel balls with a diameter of 10 mm
were used. The rotational speed of the grinding container was of 200
rpm, and the balls-to-powder mass ratio was 20:1.

The homogenized powder mixtures were placed in a graphite mould
with an internal diameter of 14 mm. The inner part of the mould and
punch were separated from the sample with graphite foil. This pre-
vented the sample from sintering with the mould parts at high temper-
atures. The all composite were sintered in an inert Ar atmosphere in a
high-temperature furnace with an automated heating system devel-
oped at the G. V. Kurdyumov Institute for Metal Physics of the N.A.S.
of Ukraine. Three types of samples were synthesized. The conditions
for obtaining them are given in Table 1.

The x-ray diffraction (XRD) patterns were recorded using a powder
diffractometer (DRON-4) in the Bragg—Brentano geometry with mon-
ochromatized MoK, radiation (wavelength A=0.71069 A). The x-ray
diffraction patterns were processed by the Rietveld refinement tech-
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TABLE 1. The sintering modes of the studied samples.

Sample Sintering temperature,Heating/ coo'ling rate,|Pressure, Holding time,
°C K/min MPa min
S1 1385 50/150 60 30
S2° 1385 50/150 60 30+ 60
S3 1385 40/150 90 60

“The sample was synthesized by a two-stage sintering technique: holding at a tempera-
ture of 1385°C for 30 minutes and then cooling. Then, it was heated again and held at
the same temperature for 60 minutes.

nique using the MAUD software [12]. Scanning electron microscopy
(SEM) studies of the sintered composite were performed on a VEGAS3
TESCAN microscope. Uniaxial compression tests were performed on
an Instron 8802 universal servohydraulic testing machine. The hard-
ness measurement was done using a Vickers indentation device on the
polished surface of the composite sample with a load of 5000 g.

3. RESULTS AND DISCUSSION

Three samples were obtained for the study according to the conditions
specified in Table 1. The synthesis of all samples took place at a tem-
perature of 1385°C, with only the pressure and holding time at a given
temperature change. Before the study, the samples were polished. The
XRD phase identification of the sintered samples is shown in Fig. 1.

V- TiC *- TiSi, ¢ - TiSiC,

Intensity, a.u
g |

o
rﬂ'

N

10 20 30 40
20, degree

Fig. 1. Typical XRD patterns of the synthesized samples.
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It is established that all synthesized samples mainly consist of three
phases. The identified peaks are attributed for h.c.p. Ti;SiC, (MAX
phase), f.c.c. TiC, and orthorhombic TiSi, phases. The proportion of
each phase in the sample was determined using Rietveld refinement.
The result of the full-profile analysis is presented in Table 2. The sam-
ple S1 sintered at a pressure of 60 MPa with a holding time of 30 min
contains approximately 25 wt.% Ti;SiC, MAX phase, 41 wt.% TiC, and
34 wt.% TiSi,.

The process of obtaining the sample S2 consisted of two stages of
heat treatment. At the first stage, the sample was heated to a tempera-
ture of 1385°C and subjected to sintering under a pressure of 60 MPa
for 30 minutes, which contributed to the initial formation of the phase
composition. After completing this stage, the sample was quickly
cooled to room temperature, which allowed it to reduce residual ther-
mal stresses and stabilize its phase composition typical of sample S1.
The first stage of obtaining S3 corresponds to the conditions for the
synthesis of sample S1. In the second stage, the material was re-
sintered at a similar pressure (60 MPa), but with an extension of the
holding time to 60 minutes, which provided additional diffusion activ-
ity between the components and improved structural density. X-ray
diffraction analysis revealed that the phase composition of sample S2
is similar to that of sample S1 (see Table 2). The absence of newly
formed phases indicates the thermodynamic stability of the initial
components under given conditions.

An increase in the sintering load to 90 MPa and the holding time to
60 min did not result in any changes to the phase composition of the
sample (S3). X-ray phase analysis confirmed the preservation of the
same crystalline phases as at lower sintering parameters. The content
of each phase in S3 is comparable to samples S1 and S2. This indicates
that with a further increase in load or holding time, the probability of

TABLE 2. Crystallographic parameters, phase percentage, and crystallite
sizes acquired by Rietveld fitting from the XRD patterns of sintered samples.

Lattice parameters (A Crystallite | Abundance
Sample | Phase a | b | : 2‘ sis;es (A) (Wt.%)

Ti;SiC,  3.065 - 17.677 570 25

S1 TiC 4.318 - - 640 41
TiSi, 8.281 4.803 8.557 730 34

Ti,SiC,  3.065 - 17.673 540 27

S2 TiC 4.317 - - 730 40
TiSi, 8.279 4.803 8.557 820 33

Ti,SiC,  3.064 - 17.664 480 24

S3 TiC 4.315 - - 650 42

TiSi, 8.284 4.802 8.557 620 34
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phase transformations remains minimal.

For all studied samples, the lattice parameters and crystallite size
for each phase were calculated (Table 2). The results showed that the
values of the lattice parameters for all samples remain practically
identical, indicating the stability of the crystal structure when the
synthesis conditions change. However, slight differences were found
in the crystallite sizes, which may indicate some influence of different
sintering parameters on the microstructure of the material. This may
indicate an inhomogeneous phase distribution or the presence of de-
fects in the material. The results obtained suggest that, although the
lattice parameters are similar, the sintering conditions have an impact
on the crystallite size, which, in turn, may influence the mechanical
properties of the samples.

Figure 2 illustrates the SEM electron images in back-scattering elec-
trons (BSE) mode taken from polished surface cross-section composites
sintering at different conditions. SEM images demonstrate the hetero-
geneous structure of the material, consisting of dark and light areas.
This indicates the presence of several phases with different chemical
compositions in the composite.

A detailed microstructural analysis of the composites is shown in
(Fig. 38). The MAX phase of Ti;SiC, is represented by individual grains
with a lamellar morphology, which can positively affect the mechani-
cal plasticity of the material. The TiS,, phase forms light gray interme-
tallic inclusions of rounded (sample S1, S2) or dendritic (sample S3)
shape. According to the results of x-ray diffraction analysis, about 40
wt.% of the composite consists of titanium carbide (TiC). Thus, based
on XRD data and microstructural studies, it was established that the
composites formed by titanium carbide matrix with uniformly distrib-
uted inclusions of Ti;SiC, and TiSi,.

Energy dispersive x-ray spectral analysis (EDS) was used to perform
a detailed analysis of the microstructure of the Ti;SiC,—TiC-TiSi,

Fig. 2. Microstructure of bulk composite materials obtained after sintering.
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Fig. 3. Typical SEM micrographs of composite and element distribution maps.

composite and determine the distribution of its elemental composition.
The use of EDS helps to identify possible inhomogeneities in the distri-
bution of elements that may affect the performance characteristics of
the composite. It is clear, the titanium and carbon are uniformly dis-
tributed over cross section of the sample.

The distribution of titanium on the elemental maps correlates with
all three phases, while silicon is concentrated in the regions of the
Ti;SiC, and TiSi, phases. Carbon, as can be seen from its map, is mainly
localized in TiC and in small amounts in areas typical of the Ti;SiC,
MAX phase. In the region responsible for the TiSi, phase, carbon is not
observed. The overlap of the map areas with the most pronounced car-
bon and titanium concentrations indicates the dominant role of TiC in



970 I.M.KIRIAN, A. M. LAKHNIK, M. A. SKORYK, S. 0. KOTRECHKO et al.

1600

1400+
1200+
1000+
800+
600+
4004

Compressive stress, MPa

200+

Compressive strain, %

Fig. 4. Compressive stress—strain curves of synthesized composites.

the material structure. It is correlates well with the results of x-ray
structure analysis. This microstructure provides an optimal combina-
tion of mechanical and thermal properties, which makes the material
promising for applications in extreme operating conditions.

The effect of sample synthesis conditions on their mechanical prop-
erties was determined based on the results of uniaxial compression
tests. The samples were brittle fractured without signs of macroplastic
plastic deformation (Fig. 4). The values of compressive strength (c,)
were determined and are given in Table 3. All samples contain a three-
phase structure of Ti;SiC,, TiSi,, and TiC significantly affecting their
mechanical characteristics.

Sample S1 synthesized at a pressure of 60 MPa for 30 minutes
demonstrate a compressive strength (o,) of 1096 MPa. Compared to
other samples, this material has the lowest strength value. Relatively
low strength values may be due to the insufficient duration of the sin-
tering process, which did not ensure the full formation of interfacial
bonds and led to residual porosity. In the case of sample S2, a two-stage
sintering process, including initial heating at 60 MPa for 30 minutes,
subsequent cooling, and repeated heating with a holding time of 60
minutes, contributes to the improvement of the mechanical properties
of the material. For sample S2, the value o, is of 1460 MPa. The in-

TABLE 3. The mechanical properties of the studied samples.

Sample | Compressive strength (), MPa | Hardness, HV/GPa
S1 1096 689/6.7
S2 1460 677/6.5

S3 1445 1072/10.5
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crease in the value o, may be because rapid cooling after the first heat-
ing stage contributed to the relaxation of residual stresses that arose
during sintering. Reheating ensured improved diffusion processes,
reduced the concentration of structural defects, and the formation of a
more homogeneous microstructure, which together led to improved
performance characteristics of the material. Sample S3 sintered at an
elevated pressure of 90 MPa for 60 minutes demonstrated value of
compressive strength c, = 1445 MPa.

Vickers hardness values measured on the sintered samples are pre-
sented in Table 3. The obtained data for compressive strength demon-
strate increased mechanical properties for samples S2 and S3. Howev-
er, in contrast, sample S3 exhibits a higher hardness value of 210.5
GPa (1072 HV) compared to S1 and S2 manifesting 6.7 GPa (689 HV)
and 6.5 GPa (677 HV), respectively.

4. CONCLUSIONS

The composites of the Ti;SiC,—TiC—TiSi, were synthesized by sintering
the initial powder mixtures Ti—Si—C system. The relationship between
the parameters of the sintering process and the mechanical properties
of composite materials was studied. Relatively low strength values of
sample S1 (c,=1096 MPa) may be due to the insufficient duration of
the sintering process, which did not ensure the full formation of inter-
facial bonds and led to residual porosity. As a result, this led to rela-
tively low mechanical-property values. In contrast, sample S2 demon-
strated the best combination of strength and hardness (c,=1460 MPa,
hardness 6.5 GPa). This improvement is attributed to the two-stage
sintering process, where initial heating and cooling helped relax resid-
ual stresses, while re-sintering enhanced diffusion processes, reduced
structural defects, and promoted a more homogeneous microstructure.
It was found that sample S3 has a higher hardness (z10.5 GPa) com-
pared to S1 and S2 due to the increased sintering pressure (90 MPa).
These factors contributed to increased densification of the composite
and enhanced interaction between the matrix and the constituent
phases.
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Mechanism of in situ WC Formation during Mechanical
Alloying of the Medium-Entropy W, ;FeCoNi Alloy
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Mechanical alloying in a high-carbon medium (petroleum) is used to fabricate
a W, ;FeCoNi medium-entropy alloy (MEA) in situ reinforced by tungsten
carbide (WC). During high-energy ball milling of a mixture of elemental met-
al powders (W, Fe, Co and Ni) for 20 hours, a b.c.c. solid solution and dis-
persed WC particles with a grain size from 0.5 pm to 1 ym are formed. The
carbide-phase formation involves the decomposition of petrol, the generation
of carbon radicals, and a subsequent reaction with tungsten that leads to the
formation of WC by both direct reaction with W particles and diffusion into
the b.c.c. lattice. XRD and SEM analyses reveal gradual alloying, crystallite
refinement, and homogenization of a b.c.c. solid-solution matrix. DSC meas-
urements show two endothermic peaks at 885°C and 1040°C, corresponding
to short-range ordering, sintering of the powder, secondary WC precipita-
tion, and randomization of a solid solution with possible b.c.c.—f.c.c. trans-
formations. The in situ carbide reinforcement and uniform microstructure
are expected to enhance significantly the mechanical properties and thermal
stability of the MEA, demonstrating the feasibility of this approach for high-
performance carbide-strengthened alloys.
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Merony MexaHiUYHOTO JIeTyBaHHS ¥ BUCOKOKapOOHOBOMY cepemoBuUIlli (OeH3mHi)
6yJI0O BUKOPHMCTAHO MIJISI OJleP:KaHHsa CTOIIY cepenHboi euTpomii (MEA) ckaany
W, ;FeCoNi, aminaenoro kapb6igom Boasdpamy (WC) 6e3mocepesHBO B IPoIle-
ci cunaresu (in situ). Ilig yac BUCOKOEHEPTETUYHOTO KYJIHLOBOTO ITIOMEJTY CyMirri
ejleMeHTHUX MeTajeBux mopoiikiB (W, Fe, Co i Ni) ynpomos:k 20 rogus yTBo-
puauca TBepauii podunH i3 OIIK-cTpyKTypoio Ta aucnepcHi yacTuaku WC i3
poamipom 3epeH Bix 0,5 o 1 mxMm. IIpomec yrBopenusa xapOigHol ¢asu BKJIIO-
yae po3KJANaHHA OeH3WHY, T'eHepallilo BYIJelleBUX PATUKAJTIB i MOJAJBIIY
peaxiriio 3 Boab(ppaMoM, 1110 IPUBOAUTE A0 hopmyBauua WC, AK IIIIX0M 0e3-
mocepenHbOI B3aeMomii 3 wacTunkamMu W, Tak i BHacaimok audysii B OILTK-
rpatauirio. Meroau peHTrenodasoBoi ananisu (XRD) Ta ckanyBaJIbHOI €JIeKT-
pouHoi Mikpockonii (SEM) BuSBUIM IIOCTYIIOBE JeI'yBaHHSA, IIOAPiOHeHHS
KpucTasiTiB i romorenisariio maTpuili rBepgoro posunny 3 OIIK-cTpykTypoio.
PesynbraTu nudepeniiinoi ckanysanabHoi Kasopumerpii (DSC) nmokasanu Ha-
ABHiCTH ABOX eHpoTepMmiunmx mikiB mpu 885°C i 1040°C, mro BiamoBigaoTh
mpoliecaM 6JIM3bKOTO BIOPANKYBAHHSA, CIIIKAHHS IIOPOIIKY, BTOPUHHOTO BUIi-
geuud WC i po3ynmopAIKyBaHHSA TBEPAOTO PO3UNHY 3 MOMKJINBUMEI (ha30BUMU
neperBopeHHAMu Ty OIIK-TIIK. OuikyeTrbca, 1mo 3milmiHeHHA KapOigamu
(in situ) Ta GopMyBaHHA OMHOPiMHOI MiKPOCTPYKTYPHU 3HAYHO MOJIIIIIATL Me-
XaHiuHi BJIaCTUBOCTi Ta TepMiuHy cTabiJIbHiCTh IILOT'O CTOMY, IO HiATBEPAKYE
IOIJMBHICTL 3aCTOCYBAaHHS TAKOTO IiAXOAY MIJS CTBOPEHHS BUCOKOE(EKTHUB-
HUX CTOIIiB, 3MiITHeHUX KapoOizamu.

KarouoBi coBa: BUCOKOEHTPOIIi fiHI MaTepianu, MexaHiuHe JieTyBaHHA, KapOif
Boasdpamy.

(Received 14 September, 2026, in final version, 18 September, 2026 )

1. INTRODUCTION

High-entropy alloys (HEAs) represent a novel class of metallic materi-
als that exhibit an exceptional balance of high hardness and strength,
along with sufficient ductility and outstanding resistance to wear,
corrosion, and oxidation [1-3]. Due to their high configurational en-
tropy, HEAs typically form single, two-phase, or multiphase solid so-
lutions rather than intermetallic compounds. This distinctive charac-
teristic opens new opportunities for the application of these alloys in
many fields, particularly in environments with high temperatures [4,
5]. The extraordinary properties of HEAs are provided for their appli-
cation as a binder in metal—ceramic composites strengthened with re-
fractory compounds [6—9]. The concept of strengthening high-entropy
alloys through the formation of composite structures can be realized
either ex situ, by adding ceramic reinforcements (oxides, borides, car-
bides) [7, 8, 10], or in situ, during thermal ageing [11] or through
chemical reactions with non-metallic doping such as B[12, 13], [14], C
[15, 16], N [17, 18], and O [19, 20]. Bharat Gwalani et al. [21] found
that ex situ adding of 3 vol.% Y,0; to Al, ;CoCrFeMnNi resulted in a
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significant increase in compressive yield strength from 979 MPa to
1759 MPa. In the study [22], the effect of the amount of SiC) on phase
composition and mechanical properties of f.c.c. CoCrFeNi was shown.
Incorporation of SiC particles led not only to a substantial increase in
the yield strength but also to the preservation of considerable ductili-
ty. The HEA composite with 6 wt.% SiC reached yield strength of
=~ 1200 MPa, over eight times which of the base alloy (200 MPa), while
maintaining an elongation of 37% . Compared to ex situ methods, the
in situ formation of reinforcing phases is preferable because it ensures
a cleaner interface and stronger bonding between the matrix and the
formed phase, leading to improved mechanical and thermal properties.
It is well known that the appropriate addition of interstitial elements
with small atomic radii in traditional alloys, such as steels and superal-
loys, is beneficial to their structure and properties. The interstitial at-
oms cause evident lattice distortion in HEAs, which affects signifi-
cantly the interaction between dislocations and other crystal defects
and in addition, if the solubility of non-metal atoms in the HEA matrix
is exceeded, carbides, nitrides, borides can form, which will lead to
greater microstructure refinement (and dispersion strengthening of
alloys [23—26]. Among known refractory compounds, tungsten carbide
is one of the most promising strengthening phases, because it combines
high hardness and thermal stability with good chemical resistance,
providing effective strengthened of the matrix even at high tempera-
tures and in aggressive environments [27].

In this study, we proposed a new method to fabricate in situ carbide-
strengthened W, ;FeCoNi medium-entropy alloy (MEA) by mechanical
alloying in a high-carbon medium (petrol). The use of iron-group met-
als for MEA preparation is due to the low solubility of carbon, low
price, and solid-solution stabilization.

2. MATERIALS AND METHODS

The initial powders were commercially available, which was W (2—-6
nm, >99.95% purity, Vimaterial), Fe (ASC100.29, 20-45 um,
>99.91% purity, Héganis), Co (2—4 pum, > 99.8% purity, ChemPur),
Ni(2-4 pym, > 99.7% purity ChemPur). A portion of powder was placed
in the cemented carbide jar and mechanically alloyed (MA) at a speed of
400 rpm/min for duration of 20 h. To prevent the oxidation of powders
during high-energy milling, high-purity argon was introduced into the
ball mill jar. The ball-to-powder mass ratio was 10:1. Petrol was used
as a carbon source to form in situ WC-carbide particles and as a pro-
cessing controlling agent to avoid excessive cold welding. The evolu-
tion of phase composition and powder microstructure was investigated
after 1, 2, 10, 15 and 20 h of MA. The structure and phase transfor-
mations were investigated by x-ray diffractometer Ultima IV (Rigaku
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Corp., Tokyo, Japan) at 30 kV and 15/20 mA in the range 26 = 20-90°.
Structural parameters were refined by the Rietveld method using the
PDXL software. A scanning electron microscope (SEM) Axia Chemi-
SEM LoVac was used to obtain basic information concerning micro-
structure of the powder particles. The chemical composition of the al-
loy was determined, using energy dispersive x-ray (EDX) microanaly-
sis in a SEM equipped with an energy-dispersive detector TrueSight X.
Differential scanning calorimeter (DSC, DSC PT 1600 — Linseis, Ger-
many) was used to analyse the thermal stability of W, ;FeCoNi alloy
under flowing argon atmosphere. The scanning ranges were 25—
1250°C at a heating rate of 10°C/min in the Al,O; crucible.

3. RESULTS AND DISCUSSION

The XRD results (Fig. 1, a) indicate that the b.c.c. solid solution and
WC phase and were formed after 20 h of MA. At the initial stage of
MA, after 1-2 h, a clear broadening and a significant decrease in the

W] Te [-hbe
:“J“. COC
1
I N1 u]
. i il Ni w WSJO i
Elon ] Fe | Nig
= ' i o
clen Jot
5 1 !
gRh L fla A
2, h(uoﬂ oo @D (g
=15h . 44 o A \ (110)3
Wl We E1UB_(E20)) A
50 BWC | WO 200BWE A W 20 h
20 a0 40 5 60 70 8 9038 39 40 41 428586878889

208, degree 20, degree
a b

g 0.3192 "0 055 -
=S o

o 0.3184] 170 Slos0°, =
@ 7 & @ ..g E

Lo .

o 0.3176 Slpg5 5N =y
g L5 @ © = X
8 03168 " elpg0E o
;c‘_s, .. L40 5'0.40 % Co CI>J o
) ER:

2 091601 LaoSro.gs 8 o
- = Fe & 4

B 0.3152] 20 5030 % E
= L = Sl -]
5 0.3144] T[0T W ©

T T T T T 0 T T T T
) 5 o 15 20 W Fe Co Ni C
Milling time, h
c d

Fig. 1. XRD patterns of W, ;FeCoNi ball-milled powder vs. milling time (a),
(b). (¢) Lattice parameter, crystallite size and lattice strain of W-based b.c.c.
solid solution of milled W, ;FeCoNi powders. (d) Excessive binary enthalpies
of mixing estimated using Miedema’s model [28—30].
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intensity of the diffraction peaks, can be observed (Fig. 1, b), which is
associated with an increase in microstress level and refinement of the
structure of powder particles (Fig. 1, ¢). The decrease in diffraction
intensity and the disappearance of some diffraction peaks of Co, Ni,
and Fe with the simultaneous slight shift of W peaks towards smaller
20 angles due to the increase in lattice parameters (Fig. 1, c¢) can be
considered as the beginning of alloying, dissolution of components,
and the formation of solid solution. It should be noted that the dissolu-
tion of Fe, Co, and Ni atoms, which radii are smaller than that of W at-
om, should cause a decrease in the lattice parameter and a shift of
peaks to larger angles. Yet, since the opposite is observed, it can be as-
sumed that the dissolution of carbon atoms occurs and causes a slight
increase in the lattice parameter of W.

Increasing the MA time to 10 h promotes the obtaining of b.c.c. solid
solution. The positions of the f-phase peaks are close to those of W
(Fig. 1, a, b), which suggests that the b.c.c. solid solution is formed,
apparently, based on W crystal lattice. A significant shift of the -
phase peaks towards smaller 20 angles and an increase in the lattice pa-
rameter due to the dissolution of carbon atoms are observed.

Further increase in MA time to 15 h does not change the phase com-
position of the alloy, but change the lattice parameter of b.c.c. solid
solution. Compared to the previous MA stage, the lattice parameter
decreased from 0.319 nm to 0.3184 nm (Fig. 1, c¢), which may be due to
the beginning of the interaction of carbon atoms with tungsten. The
significant decrement of diffraction intensity and peak broadening are
observed (Fig. 1, a, b).

After 20 h of MA, significant changes are observed in the x-ray dif-
fraction spectrum (Fig. 1, a). In addition to the reflections of the b.c.c.
solid solution (B-phase), the diffraction lines corresponding to tung-
sten carbide are observed. This indicates that the MA process results in
the in situ formation of WC phase which content in the alloy is 28.7
wt.% . The lattice parameter of b.c.c. solid solution decreases to 0.3169
nm, which is related to its depletion on W and C atoms owing to in situ
formation of WC (Fig. 1, ¢). According to the binary enthalpy of mix-
ing [28—-30], W exhibits the most negative AH ;, values (Fig. 1, d) with
carbon (-84 kJ-mol™), indicating the strongest chemical affinity and
the highest tendency to form carbides. In contrast, the Fe—Co—Ni sub-
system shows relatively small negative enthalpies of mixing, suggest-
ing good mutual solubility and the formation of a homogeneous solid
solution.

The SEM image of the ground and polisher powder surface is shown
in Fig. 2. After 10 h of MA, the W, .FeCoNi alloy consists of a b.c.c.
solid solution and the W particles (Fig. 2, a, e, points 1-2). Tungsten
has one of the largest atomic radii in the W—Fe—Co—Ni system (139
pm) and the highest melting point; due to this, its dissolution can take
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Points Atomic, %

Fe [Co[Ni|W]|]C]|]oO
1 1.1 32 25 77.7 5.4 10.1
2 20.0 20.5 20.1 85.5 1.5 2.4
3 18.5 22.4 22.1 86.1 0.2 0.7
4 34 6.0 54 73.6 3.2 84
5 0.5 0.8 0.2 48.4 50.0 0.1
6 16.7 22.2 21.8 38.0 0.5 0.8

e

Fig. 2. SEM image of cross-section of W, ;FeCoNi powder after mechanical
allying at: (a) 10 h, (b) 15 h, (c) 20 h with (d) elemental mapping analysis for
the in situ reacted W, ;FeCoNi + C and local point analysis for different alloy-
ing time (e).

the longest time. Increasing MA time to 15 h promotes homogenization
of the microstructure and a decrease of quantity the amount and size of
W particles. At final stage of MA (20 h), the powder microstructure
consists of b.c.c. solid solution and WC particles (Fig. 2, c—e) with an
average size of 0.75 pm.

During MA process, carbon atoms contained in the petrol were dis-
solved in the metal powder mixture, which resulting in a high carbon
concentration in W, ;FeCoNi alloy. The carbides were formed by W in-
teracting with the carbon in the petrol after long-time high-energy ball
milling. A similar observation of carbide formation was reported,
when fabricating the AlFeMgTiZn [31] and MoNbTaW [25] alloys by
ball milling, and the carbides were formed due to the presence of stea-
ric acid as processing controlling agent.
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Based on the XRD patterns (Fig. 1) and SEM images (Fig. 2) of MA
powder, the mechanism of WC formation was suggested (Fig. 3). The
initial portion of powder on Stage 1 (near 1-2 hours of MA) undergoes
dynamic solid-state interaction processes under high local deformation
and heating. At this stage, in addition to grinding and reducing the
average size of crystallites (Fig. 1, ¢), the processes of cold welding and
overlapping of powder particles occur [32]. During MA, the organic
components of petrol undergo gradual decomposition due to the in-
tense mechanical energy input. In the initial 1-5 hours of milling, gas-
oline largely retains its molecular structure, with minimal bond break-
age. At Stage 2 (MA, 10h), the powder alloy, in addition to b.c.c.
phase, contains non-reacted W particles. The organic component can
homolytically cleave C—C and C—H bonds, generating free radicals and
small-unsaturated hydrocarbons such as alkenes [33]. The transfor-
mation in petrol associated with the intensive mechanical impact dur-
ing MA, especially by the high-energy collisions between milling media
and powder particles, creates localized extreme conditions (high pres-
sure, shear stress, and transient temperature spikes), which are suffi-
cient to break chemical bonds [34]. Under these conditions, some part
of carbon can be dissolved in the b.c.c. lattice. At Stage 3 (MA, 15 h),
the final phase of breaking the C—C bonds and the formation of graph-
ite nanolayers in the form of coke may occur.

Since during mechanical alloying W particles can remain in a dis-
persed state in the matrix of the b.c.c. solid solution, the in situ for-
mation of WC at Stage 4 can have two paths. First way, it is a reaction
of carbon with a W-based b.c.c. solid solution. The C diffuses into the
b.c.c. lattice and reacts with W, forming dispersed WC particles (less

Overlapping of
powder particles Cold welding W BBC solid solution

o — W LJ @ m e

o — Fe Stage 1 : Stage 2

a —Co Homolytic cleavage
Q —Ni medium Petrol of the C—C hond

A g

Planetary direction of rotation Alkyl radicals
Graphite (Coke) C

Graphite diffusion _ <—| y
......
P @@Stage 3

WwC formmg Stage 4 <
o & (T2

Graphite atoms flow Graphite (Coke)

Fig. 3. The mechanism of WC in situ formation during mechanical alloying of
W, ;FeCoNi in the petrol medium.
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Fig. 4. DSC curves of 20 h mechanically alloyed W, ;FeCoNi alloy.

than 0.5 pm in size). Second, it is the direct reaction between carbon
and the residual W. In this way, the particle size of WC is of around 1
nm.

In order to investigate the phase transformations and melting point
of W, ;FeCoNi alloy, DSC analysis was carried out, and the results are
presented in Fig. 4. During heating, two pairs of endothermic (885°C
and 1040°C) peaks were indicated. At 885°C, the endothermic reaction
is associated with a short-range ordering effect [35], sintering of alloy
powder during heating, and secondary WC precipitation by carbon dis-
solution from the b.c.c. lattice. The next endothermic effect started at
1028°C indicates the randomization of the solid solution, segregation
and particular b.c.c.—f.c.c. transformation. The b.c.c. lattice has more
open structure; the elements, especially with small atomic radii dif-
fused more easily as compared to f.c.c. structure [36]. The melting
point of the W, ;FeCoNi alloy is of 1250°C. Increasing the temperature
promotes the thermal degradation of MEH (T, point, Fig. 4), because
the melt reacts with the crucible and the moisture in argon.

4. CONCLUSIONS

In summary, an in situ WC-reinforced W, ;FeCoNi medium-entropy
alloy was successfully fabricated by mechanical alloying in a high-
carbon (petrol) medium. The process led to the formation of a b.c.c. sol-
id solution matrix and dispersed WC particles, with particle sizes
ranging from 0.5 to 1 ym. The WC formation occurs via two mecha-
nisms: diffusion of carbon into the b.c.c. lattice and reaction with re-
sidual W atoms. XRD and SEM analyses confirmed progressive alloy-
ing, crystallite refinement and homogenization of the structure over
20 h of milling. DSC analysis revealed two endothermic peaks at 885°C
and 1040°C, attributed to short-range atomic ordering, powder sinter-
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ing, secondary WC precipitation, and randomization of the solid solu-
tion including partial b.c.c.—f.c.c. transformations. The study demon-
strates that high-energy mechanical alloying in a carbon-rich envi-
ronment is an effective strategy to produce MEAs multicomponent al-
loys with in situ carbide reinforcement, offering potential for im-
proved mechanical properties and high-temperature performance.
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Characteristic Features of the Selective Dissolution
of the NZ30K Magnesium Alloy in Ringer—Locke Solution
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The paper investigates the characteristic features of the selective dissolution
of the magnesium alloy NZ30K in the Ringer—Locke solution. As found, it is
subjected to pitting corrosion. Metallographic analysis using a scanning elec-
tron microscopy reveals that the pitting surface has a developed relief char-
acteristic of selective dissolution of steels and alloys. The characteristic fea-
tures of the selective dissolution of alloy components in pitting are studied
using the calculated coefficients of selective dissolution of zinc Z,,, zirconi-
um Z,,, and neodymium Z,,. As believed, if these coefficients are less than
one, then, the main component of the alloy, magnesium, dissolves more in-
tensively than a specific alloying element in combination with magnesium.
And, if the coefficients Z;, ;. nq>1, then, it is vice versa. As found, the inten-
sity of selective metal dissolution on the side surface of the pitting increases
in the following sequence: Zr, Mg, Nd, Zn; Zr, Nd, Mg, Zn or Mg, Zr, Nd, Zn.
Under such conditions, the pitting surface is enriched with zirconium or
magnesium and depleted in Mg, Nd, Zn or Zr, Nd, Zn. This contributes to the
solid-phase diffusion of zirconium atoms into the alloy bulk, and magnesium,
neodymium, and zinc in the opposite direction in the first case, and magnesi-
um atoms into the alloy bulk, and Zr, Nd, and Zn in the opposite direction in
the second case. As shown, the processes of solid-phase diffusion of alloy
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components supports the anodic dissolution of metals in pitting, which is
provided by cathodic reactions of oxygen reduction in their vicinity and hy-
drogen on their surface, which is formed as a result of hydration of corrosion
products. As found, under such conditions, the magnesium content on the
side surface of the NZ30K alloy decreases from 95.67 down to 71.84...82.57
wt.%, and it is covered with a passive film with an oxygen content from 10.02
up to 17.18 wt.%. As found, at the bottom of the pitting, the intensity of se-
lective metal dissolution increases in the following sequence: Mg, Zn, Nd, Zr.
Under such conditions, the surface of the pitting is enriched with magnesium
and depleted in Zn, Nd, and Zr. This contributes to the solid-phase diffusion
of magnesium atoms into the alloy bulk, and Zn, Nd, and Zr to the pitting
surface. This supports the anodic processes, which are provided by cathodic
hydrogen reduction reactions on their surface. As found, the oxygen content
on the pitting surface decreases down to 1.92...7.8 wt.%. This shows that the
passive film is denser on the side surface of the pitting than on its bottom. As
proved, the pittings on the surface of the NZ30K alloy are repassivated, and,
therefore, it can be considered as a material for the production of biode-
gradable implants.

Key words: pitting corrosion, NZ30K alloy, Ringer—Locke solution, selective
dissolution of metals in NZ30K alloy pittings, biodegradable NZ30K alloy
implant.

B crarTi mocaimykyBasu XxapakKTepHi 0COOJIMBOCTI CeJIEKTHUBHOTO PO3UMHEHHSA
marHitoBoro crony NZ30K y posuunni Piarepa—Jlokka. BecranoBieHo, 110 BiH
migmaBes miTTiHTroBii Kopodii. MeTasorpadiuHoio aHAi3010 i3 3aCTOCYBaHHAM
PacTpPOBOTO €JIEKTPOHHOTO MiKPOCKOITY BCTAHOBJIEHO, IO IIOBEPXHA ITITTiHIiB
MaJjia PO3BUHYTHUI MiKpopeabed, MpUTaMaHHUMN CEJIEKTUBHOMY DO3UMHEHHIO
KpuIlhb i cromiB. XapaKTepHi 0COOJIMBOCTI CEJIeKTUBHOTO PO3UMHEHHS KOMIIO-
HEHTIiB CTOIlY B MiTTiHI'aX HOCIiAKyBajil, BUKOPHUCTOBYIOUM PO3PaxoBaHi Koe-
¢inieHTH CeJIeKTUBHOI'O PO3UNHEHHA NUHKY Z;,, IUPKOHIIO Z,, 1 HeoguMy Zyg,.
Beakamm, 1m0, AKINO IIi KoedillieHTH MeHIITi 3a OJWHUIII0, TO OCHOBHUM KOM-
moHeHT crony Maruiii iHTeHCUBHillle PO3UMHABCA, Hi’K KOHKDPETHUN Jier'yBa-
JBbHUM eneMeHT B napi 3 Marriem. A axmo Koedimnientu Z,, ;. yq > 1, TO Ha-
BHaku. BcTaHoBIeHO, 1110 Ha OiuHill IOBepXHi miTTiHI'a iHTEHCUBHICTD CeJIeK-
THBHOIO PO3UYMHEHHSA METAaJIiB 3pocTaJia y Takii mociaigosBHocti: Zr, Mg, Nd,
Zn; Zr, Nd, Mg, Zn a6o Mg, Zr, Nd, Zn. 3a TaKkux yMOB HOBEPXHs IiTTiHr'a
sbarauyBasaca Ilupxkoniem abo Maruiem i s36igmioBamaca Mg, Nd, Zn a6o Zr,
Nd, Zn. ITe cupuano tTBepmodasHiit nudysii aromis Ilupkonito B 06’em cromy,
a Maruio, Heogumy Ta IITuHKY — B IPOTUJIEKHOMY HAIIPAMKY Yy IepPIIOMY
BUIIAIKY, Ta aTroMiB Maruiro B 06’em cromy, a Zr, Nd i Zn — B mpoTuaexHoMy
HanpsaMKy B apyromy. Ilokasamo, mio mpormecu TBepaodasuol audysii kommoo-
HEHTIiB cTONy IiATPUMMYyBaJu aHOLHE PO3UYMHEHHS METaJiB y HiTTiHrax, ke
3abesmeuyBasiocs KaTOAHUMHU peaKIiAM BimHoBiaeHHS OKCUI'eHY B IXHBOMY
okoJii Ta Iinporeny Ha ixHi#l moBepxHi, AKUH yTBOPIOBABCA BHACJIIOK Tifgpa-
ramii mpoAyKTiB Koposii. 3’sgcoBaHo, 1110 3a TaKUX yMOB BMicT Maruito Ha 6iu-
Hilh moBepxHi crony NZ30K mouususcsa 3 95,67 1o 71,84...82,57 mac.%, i BoHa
MOKpHJaacsa IIaCUBHOIO ILTiBKOO 3 BMmicTom Oxcuremy Big 10,02 mo 17,18
mac. %. BeranosieHo, 1Mo Ha AHI MiTTiHra iHTEHCUBHICTH CEJIEKTUBHOTO PO3-
YMHEeHHA MEeTAJiB 3pocTajia y Takiit mocaigosuocti: Mg, Zn, Nd, Zr. 3a Takux
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YMOB IIOBEPXHJ IMiTTiHr'a TyT 306arauysanaca Maruiem i s6igaioBanacsa Zn, Nd,
Zr. Ile cupusno TBepaodasuiit nudysii aromiB Maruito B 06’em cTomy, a Zn,
Nd i Zr — pmo moBepxHi mitrinra. Ile mizTpumyBaJsio aHOAHI Tpolecu, AKi 3a-
GesmeuyBarcad KaTONHUMY peaKI[iaMU BiTHOBJIEHHSA BOSHIO Ha IXHill moBepX-
Hi. BussieHno, 1110 Ha moBepxHi miTTiHra Tyt sMeHIuBcA BMicT OKcureny mo
1,92...7,8 mac.%. Ile mokasaJio, 1o Ha 6iuHiil MOBEepXHi MiTTiHIra HacUBHA ILJTi-
BKAa MIiJbHiIIA, Hi’K Ha iforo nHi. [loBeeHO, 1110 NiTTiHI'M Ha IIOBEPXHi CTOIIY
NZ30K pemacuByBaJamucs, a OT:Ke, HOTO MOXKHA PO3TJIALATH AK KOHCTPYKITii-
HU# MaTepidau Aaa BUPOOHUIITBA 6i0PO3KIATHUX iMIJIaHTIB.

Karouosi caoBa: miTTinrosa xoposia, cron NZ30K, posumn Pinrepa—Jloxka,
CeJIeKTHBHE PO3UMHEHHS MeTaJiB y miTrinrax zHa cromi NZ30K, 6ioposkaas-
Hu iMmmaauT 3i crory NZ30K.

(Received 13 August, 2025; in final version, 12 November, 2026 )

1. INTRODUCTION

Today, magnesium alloys are used to produce biodegradable implants
for surgical treatment in traumatology [1]. However, they often have
poor mechanical and biological properties that can be improved by var-
ious alloying methods [2—5]. In particular, Mg—Ca alloy is produced to
increase bone integration with calcium, which promotes bone for-
mation during implant biodegradation [6—8]. At the same time, it can
form MgCa intermetallic inclusions, which are the focus of local corro-
sion, which is unacceptable in the treatment of broken bones using bio-
degradable implants [9-11]. At the same time, the mechanisms of these
local corrosion processes remain controversial, which ‘slows down’ the
solution of this problem and the use of these alloys in the production of
biodegradable implants [12-17]. At the same time, Al-Ca-doped mag-
nesium alloys can contribute to biological complications in fracture
treatment, including muscle destruction, reduced osteoclastogenesis,
and Alzheimer’s disease [18]. Magnesium alloys alloyed with Zn, Zr,
Nd and Ag do not have these disadvantages [19, 20]. In addition, Zn
and Nd increase their strength and relative elongation, and Zr pro-
motes grain refinement, which increases their specific shock absorp-
tion capacity and resistance to shock loads [19]. The resistance of the
NZ30K alloy to the activating effect of chloride ions in the Ringer-
Locke solution is provided mainly by zinc-containing oxide films on its
surface, which, under certain conditions, can lead to pitting and ulcer
corrosion with the formation of corrosion pores and channels under
them. They are known [21, 22] to be caused by the solid-phase diffusion
of atoms of the main components of steels and alloys.

Therefore, we investigated the characteristic features of the selec-
tive dissolution of NZ30K alloy in Ringer—Locke solution to substanti-
ate the possibility of its use in the production of biodegradable im-
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plants.

2. EXPERIMENTAL/THEORETICAL DETAILS

We studied samples of magnesium alloy NZ30K smelted in an induc-
tion crucible furnace and subjected to ageing [23]. The diameter of the
samples was 12 and the length was 30 mm. Their chemical composition
was determined by the x-ray spectral method using the JNKA ENER-
GY 350. The chemical composition of the studied samples is shown in
Table 1.

Corrosion tests of the samples were carried out in a Ringer—Locke
solution (an aqueous solution of undissociated water with the follow-
ing chemical reagents, in [mg/1]: NaCl—9; NaHCO;, CaCl,, KC1—0.2
for each reagents; C4H,,04—1) at a temperature of 20 + 1°C. The sur-
face of corrosion damage on the samples after their testing in Ringer—
Locke’s solution was examined using an optical microscope MMR-2P
and a scanning electron microscope INKA ENERGY 350 with an ener-
gy dispersive microanalyser to determine the chemical composition of
the alloy in local characteristic damage. The features of selective disso-
lution of the alloy components were evaluated by their selective disso-
lution coefficients Z,,, Z,,, and Z,, which have been determined by the
formula:

A(Zn,Zr,Nd) x Mg
(Zn,Zr,Nd) AMg < C ’

(Zn,Zr,Nd)

where Z gy, 7, na) are the coefficients of selective dissolution of Zn, Zr
and Nd, A(Zn, Zr, Nd) is the difference between the content of the cor-
responding alloying element in the alloy in the initial state and after
corrosion tests in Ringer—Locke solution, wt.%; Mg—magnesium con-
tent in the alloy in the initial state, wt.% (Table 1); AMg is the differ-
ence between the content of Mg in the alloy in the initial state and after
corrosion tests in Ringer—Locke solution, wt.%; C,, 7. ~q) is the con-
tent of Zn, Zr and Nd in the alloy in the initial state, wt.% (Table 1).

The chemical composition of the NZ30K alloy in pittings is present-
ed in Table 2.

The calculated coefficients of selective dissolution of NZ30K alloy
components are given in Table 3.

TABLE 1. Chemical composition of the studied samples.

Alloy Content of chemical elements, wt.%

Mg Zn Zr Nd

NZ30K 95.67 0.67 0.89 2.77
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TABLE 2. Chemical composition of characteristic places on the surface of
NZ30K alloy in pitting after corrosion tests in Ringer—Locke solution.

N Location Content of chemical elements, wt.%
" | on the alloy surface Mg 7n 7r Nd 0
1 Fig. 2a, spectrum 1 78.08 1.70 0.67 0.00 17.18
Cl=+0.88 wt.%, Ca=1.49 wt.%

2 Fig. 2b, spectrum 3 71.84 1.40 - (1)38;9 Wt.%1.57 10.02
3 Fig. 2c, spectrum4 82.57 0.00 0.26 0.00 17.17
4 Fig. 3a, spectrum 1l 90.41 0.58 0.64 5.69 2.68
5 Fig. 3b, spectrum 2 96.81 0.05 1.79 0.00 1.92
6 Fig. 3c, spectrum 3 89.00 1.00 0.00 2.20 7.80
7 Fig.3d,spectrum4 62.54 1.11 0.00 0.00 36.35

TABLE 3. Coefficients of selective dissolution of NZ30K alloy in characteris-
tic places.

Coefficients of selective dissolution of metals

Ne Local corrosion damage in local corrosion damage

of the sample

Zyn Zy Zya
1 Fig. 2a, spectrum 1 8.38 0.30 5.45
2 Fig. 2b, spectrum 3 4.69 0.09 0.29
3 Fig. 2¢, spectrum 4 7.33 5.19 7.33
4 Fig. 3a, spectrum 1 2.49 7.20 19.29
5 Fig. 3b, spectrum 2 73.73 80.58 79.68
6 Fig. 3c, spectrum 3 6.47 14.46 2.98
7 Fig. 3d, spectrum 4 1.90 2.89 2.89

3. RESULTS AND DISCUSSION

Previously, the corrosion behaviour of magnesium alloy NZ30K in
Ringer—Locke solution has been studied in paper [5]. It has been found
that it underwent pitting corrosion (Fig. 1).

On the surface of the pitting 0.5 mm to the left of spectrum 1 (Fig.
2a), a scanning electron microscope was used to record etched metal in
the vicinity of irregularly shaped intermetallic inclusions.

This is most likely due to the increased corrosion activity of the met-
al on structural imperfections near inclusions in an aggressive corro-
sive media formed from hydrated corrosion products in pitting [24]. At
the same time, as established in Refs. [25, 26], the nature, volume, and
size of inclusions significantly affect the probability of metal activa-
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Fig. 1. Cylindrical surface of the NZ30K alloy sample subjected to pitting
corrosion in Ringer—Locke solution.

1 mm OnexTponnoe usobpakenue 1

1 mm DIeKTpPOHHOE H3o6parkeHue 1

Fig. 2. Pitting surface on a sample of NZ30K alloy after testing in Ringer—
Locke solution: a—spectrum 1, b—spectrum 3, c—spectrum 4.

tion in their vicinity, which is characterized by the peculiarities of se-
lective alloy dissolution.

The selective nature of the alloy dissolution in pitting is confirmed
by the developed microrelief of its surface, which was recorded using a
scanning electron microscope (Figs. 2, 3) and the results of the analysis
of the calculated coefficients of selective dissolution of Z,, ;. g metals
on their surface (Table 3).

In particular, from the analysis of item 1 of Table 3, it has been
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found that the coefficients of selective dissolution of Zn (Z,= 8.38)
and Nd (Zyy = 5.45) are greater than one. This indicates that, in this
area of the pitting (Fig. 2a), Zn and Nd dissolved more intensively than
Mg.

Under such conditions, its surface was enriched in Mg and depleted
in Zn and Nd. At the same time, it has been calculated that the coeffi-
cient Z,,. <1, which indicates a more intense dissolution of Mg than Zr.
This led to the fact that the pitting surface (Fig. 2a) was enriched in Zr
and depleted in Mg. In general, it should be noted that according to the
data in item 1 of Table 3, the intensity of metal dissolution in this area
of the pitting increased in the following order: Zr, Mg, Nd, Zn. This
tendency was supported by the solid-phase diffusion of Mg, Nd, and Zn
atoms in the alloy volume to the pitting surface, and Zr in the opposite
direction. The solid-phase diffusion of Mg atoms, which is the main
component of the alloy, to the surface of the pitting can cause the for-
mation of corrosion pores, channels, etc. under their surface. It is
known [27] that the ionization of a chemical element with a negative

Fig. 3. Microphotography of the bottom of the pitting on the surface of the
NZ30K alloy sample after testing in Ringer—Locke solution: a—spectrum 1;
b—spectrum 2; c—spectrum 3; d—spectrum 4.
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electrode potential on the alloy surface promotes the formation of
nonequilibrium vacancies that diffuse into the alloy volume, where
they coagulate and form pores. Such defects in the structure of the
NZ30K alloy, alloyed with silver and clad with a layer of silver, were
recorded by the authors of Ref. [20] in pitting. However, no micro-
structural defects associated with the solid-phase diffusion of atoms of
its components in the vicinity of the pittings were observed in the pit-
tings on the surface of the alloy under study (Figs. 2, 3). This is most
likely due to the fact that the solid-phase diffusion of Mg atoms, which
is the main component of the NZ30K alloy, is much slower than that of
Zn and Nd atoms. At the same time, the counter-solid-phase diffusion
of atoms of these chemical elements and oxygen to the pitting surface
contributes to the formation of a passive film of Zn oxides. Indeed,
here (Fig. 2a, spectrum 1), the zinc content increased to up 1.7 and
oxygen up to 17.18 wt. Zinc, like chromium, is a ‘valve’ metal, which
means that it forms passive films with semiconducting properties. The
pitting resistance of steels and alloys depends on the properties of pas-
sive films [28]. It is characterized by the pitting potential [29, 30] or
critical pitting temperatures [21, 22], which depend on the tempera-
ture of chloride-containing media, pH, chloride concentration, etc.[25,
31, 32]. At the same time, studies [21, 22, 25, 26] have established that
the protective properties of passive films on the surface of passivated
steels and alloys depend on the content of chromium, which is a ‘valve’
metal.

Most likely, the Zn content in NZ30K alloy also affects the charac-
teristics of the passive film on its surface, which consists of Zn, Zr, and
Nd oxides. Obviously, the content of these oxides in the passive film
depends on the characteristics of the selective dissolution of the com-
ponents of this magnesium alloy. In particular, on the surface of the
pitting (Fig. 2a), the content of zinc oxides is maximum, and zirconi-
um is minimal (see item 1, Table 3). The same trend was found in place
(Fig. 2b). However, the analysis of the coefficients of selective dissolu-
tion Z,,, Z,,., and Zy, (item 2 of Table 3) revealed that Mg dissolved
much more intensively from the alloy surface than Zr and Nd. After
all, their selective dissolution coefficients are much less than one. It
should be noted that the passive film on this alloy surface consisted
mainly of Zn oxides, since the coefficient Z,, >> 1. Under such condi-
tions, zinc dissolved more intensively than magnesium, and the coun-
ter-solid-phase diffusion of its atoms and oxygen on the pitting surface
contributed to the formation of a passive film of zinc oxides with a
slightly lower oxygen content (up to 10.02 wt.%, item 2 of Table 2). In
general, from the analysis of the coefficients Z,,, Z,,, and Z, (item 2 of
Table 3), it turns out that the intensity of selective dissolution of metal
atoms in the pitting (Fig. 2b) increased in the following order: Zr, Nd,
Mg, Zn. Thus, it turns out that its surface was enriched in Zr and de-
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pleted in Nd, Mg, and Zn. This contributed to the solid-phase diffusion
of Zr atoms into the volume of alloy on the surface of the pitting, and
Nd, Mg, and Zn atoms in the opposite direction. This nature of solid-
phase diffusion usually contributes to the formation of corrosion
pores, channels and tunnels, etc. [5, 20, 27]. After all, the dissolution
of solid solutions with a high content of a component with a negative
electrode potential is accompanied by surface reorganization due to
solid-phase diffusion. (Standard electrode potentials: Mg =-2.37; Zn =
-0.763; Zr =—1.45; Nd =-2.443 V). However, they were not found here
(Fig. 2b). This may be due to the fact that only at potentials that exceed
the critical ones, reorganization of surface layers with the formation
of the above-mentioned structural defects is observed [33-35]. Such a
condition for the formation of corrosion pores due to the solid-phase
diffusion of the main component of the Mg alloy to the surface of the
pitting is more important than the nature of the selective dissolution
of metals in them. Indeed, these structural defects were not found on
the studied areas of the pitting surface (Fig. 2). It should be noted that
a common feature for the studied pitting areas is more intense dissolu-
tion of magnesium than zinc. Under such conditions, its surface is cov-
ered with a zinc-containing dense oxide film, which is indirectly con-
firmed by the consistently high oxygen content in these pitting areas
(Fig. 2). This correlates with the coefficients of selective dissolution
Zy, and Zy,, which are much greater than one (Fig. 2a, c¢) and their val-
ue in place (Fig. 2b) (items 1-3 of Table 2). At the same time, it should
be noted that at the base of the pitting (Fig. 2¢), its surface was rapidly
repassivated, since a passive film of complex oxides of Zn, Zr, and Nd
on it has been formed. This is evidenced by the coefficients Z,,, Z,,., and
Zna> Which are much greater than one (item 3 of Table 3). From their
analysis, it follows that the alloying elements of the alloy in the pitting
were selectively dissolved in the following series: Mg, Zn, Zr, Nd. This
process was supported by the solid-phase diffusion of magnesium at-
oms into the alloy volume, and Zn, Zr, and Nd in the opposite direction.
It is known [5, 20] that such a character of solid-phase diffusion of
magnesium atoms in the vicinity of pitting does not lead to the for-
mation of the above-mentioned defects in the structure of the NZ30K
alloy. At the same time, a general trend should be noted, in particular,
the more intense the selective dissolution of Zn, Zr, and Nd on the pit-
ting surface (Fig. 2) (items 1-3, Table 3), the lower the corrosion loss
of magnesium in them (items 1-3, Table 2). This makes it impossible to
form corrosion pores, channels, etc.

The selective dissolution of magnesium in pitting on the surface of
NZ30K alloy in Ringer—Locke solution proceeded in stages in pairs
Mg-Zn, Mg-Zr, and Mg—-Nd and depended on the intensity of neodym-
ium dissolution relative to magnesium. It has been found that the
higher the value of the coefficient Z,, the lower the corrosion loss of
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Mg on the pitting surface (items 1-3 of Tables 2, 3). This is due to the
fact that the standard electrode potential of Nd (-2.443 V) is more
negative than that of Mg (-2.37 V). According to Refs. [27, 36-38],
this is due to the fact that the less thermodynamically stable Nd dis-
solved selectively, accelerating the dissolution of magnesium.

The analysis of the microphotography of the bottom of the pitting
(Fig. 3) showed that its surface has a developed character inherent in
the selective dissolution of metals. The peculiarities of selective disso-
lution of the alloy are associated with the thermodynamic properties of
the set of metal atoms that are in their composition [33, 39].

This is consistent with the information presented in [30, 40], since it
was found that corrosion losses of steel type 18-10 decrease, and those
of alloy 23—-28 increase with an increase in their specific paramagnetic
susceptibility y,. This tendency is explained by the Tammann’s limit
conditions, which are determined, as mentioned in [33, 39], by the
thermodynamic properties of the set of metal atoms in the alloy. That
is why, at the bottom of the pitting in the presence of an acidic corro-
sive media [41-44], more intensive dissolution of alloying elements
than the main component of the NZ30K magnesium alloy has been
found. Indeed, the coefficients of selective dissolution Z,, varied from
1.9 (Fig. 3.2, item 7 of Table 3) up to 73.73 (Fig. 3b, item 5 Table 3), Z,,
from 2.89 (Fig. 3d, item 7 of Table 3) to 80.58 (Fig. 3b, item 5 of Table
3), Zyq from 2.89 (Fig. 3d, item 7 of Table 3) up to 79.68 (Fig. 3b, item
5 of Table 3). Under such conditions, the surface of the pitting bottom
was mainly enriched with magnesium (Fig. 3a, b; items 4, 5 of Table 2),
but it was depleted in oxygen down to 2.68 and 1.92 wt.% (items 4, 5 of
Table 2). At the same time, it should be noted that the lateral surface of
the pitting (Fig. 2a—c, items 1-3 of Table 2) is much more depleted in
Mg than the surface at its bottom (Fig. 3a—c, items 4—6 of Table 2).
This is most likely due to the lower access of oxygen to it (see items 1-6
of Table 2), which made cathodic depolarization by oxygen impossible
and reduced the anodic processes of metal dissolution in the pitting,
which were supported almost exclusively by cathodic processes with
hydrogen depolarization. It should be noted that the anodic processes
of metal dissolution in the pitting (Fig. 3), even in a small area of
500x500 nm, proceeded with different intensities. Indeed, from the
analysis of the coefficients of selective dissolution of Zn, Zr, and Nd in
the pitting (Fig. 3, items 4-7 of Table 3), it turns out that in the area
(Fig. 3a) the intensity of metal dissolution in the pitting increased in
the following sequence: Mg, Zn, Zr, Nd. Almost the same trend was
recorded at the points (Fig. 3b, d), but at the point (Fig. 3c) the intensi-
ty of metal dissolution in the pitting increased in the following order:
Mg, Nd, Zn, Zr. Thus, summarizing the above, it can be noted that on
the entire surface at the bottom of the pitting, magnesium dissolved
the slowest, which is typical for metastable pittings that are repassiv-
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ated [45], and Nd and Zr mostly dissolved the most intensively. This,
taking into account the information from [33, 39], could contribute to
the slowdown of selective dissolution of zinc in the Mg—Zn pair and the
formation of a zinc-containing oxide film on the pitting surface and its
repassivation. It should be noted that at the location of spectrum 4
(Fig. 3d), the lowest magnesium content (62.54 wt.%) and the highest
oxygen content (36.35 wt.%) were found on the pitting surface (item 7
of Table 2), which is associated with the accumulation of corrosion
products here, but this did not affect the overall nature of the selective
dissolution of metals.

Summarizing the above-mentioned, it can be noted that the NZ30K
alloy dissolved selectively in the pitting formed during the testing of
the sample in the Ringer—Locke solution. The most intense dissolution
of magnesium on the side surfaces of the pitting has been recorded.
This is due to the fact that here the anodic processes of selective disso-
lution of metals were supported by cathodic reactions of oxygen dis-
solved in the solution and hydrogen formed as a result of hydration of
corrosion products. At the bottom of the pitting, anodic dissolution of
metals was supported only by cathodic reactions of hydrogen reduc-
tion. Under such conditions, much less oxidation of the pitting surface
was recorded with the formation of a passive film, which mainly con-
sisted of zinc oxides. It has been found that the intensity of metal dis-
solution in the pitting increased in the following sequence: Mg, Zn,
Nd, Zr. This process was supported by the solid-phase diffusion of
magnesium atoms into the alloy volume, and Zn, Nd, and Zr in the op-
posite direction. This nature of solid-phase diffusion of the atoms of
the main component of the alloy did not contribute to the formation of
corrosion pores and channels, which makes it possible to consider the
NZ30K alloy as a material for the production of biodegradable im-
plants.

4. CONCLUSION

The results of corrosion tests of NZ30K alloy samples in a chloride-
containing Ringer—Locke solution showed that they were subjected to
pitting corrosion. It has been found that the alloy components dis-
solved selectively in the pitting. Energy dispersive analysis of the alloy
surfaces showed that the intensity of selective dissolution of metals on
the side surface of the pitting increased in the following sequence: Mg,
Zr, Nd, Zn or Zr, Mg, Nd, Zn and Zr, Nd, Mg, Zn. These processes were
supported by the solid-phase diffusion of zirconium atoms into the al-
loy volume and magnesium, neodymium, and zinc in the opposite di-
rection, or magnesium atoms into the alloy volume and Zr, Nd, and Zn
to the pitting surface. Under such conditions, a decrease in the magne-
sium content on the pitting surface from 95.67 down to 71.84...82.57
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wt.% and its oxidation with an oxygen content of 10.02 to 17.18 wt.%.
This is due to the fact that anodic processes were supported by cathodic
reactions of hydrogen and oxygen reduction. It has been found that the
intensity of selective dissolution of metals on the surface of the pitting
bottom mainly increased in the following order: Mg, Zn, Nd, Zr. These
processes were supported by the solid-phase diffusion of magnesium
atoms into the alloy volume, and Zn, Nd, Zr in the opposite direction.
Under such conditions, we recorded lower corrosion losses of magnesi-
um at the bottom of the pitting (Mg content: 89.00...90.48 wt.%) than
on its lateral surface and a lower degree of its oxidation (oxygen con-
tent from 1.92 to 7.8 wt.%). This is due to the fact that here the anodic
processes were supported only by cathodic reactions of hydrogen re-
duction. Analysis of the characteristics of the selective dissolution of
metals in pitting showed that they were repassivated without the for-
mation of corrosion pores and channels, which makes it possible to con-
sider this alloy for the production of biodegradable implants.
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In this work, CuO and Cu,O thin-film heterostructures are fabricated on
Si/ZnO substrates using the magnetron sputtering technique under varying
substrate preparation conditions. The deposition process is performed in
three modes: without substrate heating, with heating at 600°C, and with
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heating at 600—-800°C followed by glow discharge ion cleaning. Comprehen-
sive characterization is carried out to investigate the crystallinity, phase
composition, surface morphology, and optical properties of the films. X-ray
diffraction (XRD) analysis reveals that high-temperature heating combined
with ion cleaning results in well-crystallized, dense, and smooth films with a
pure-phase composition. Particularly, Cu,O films grown on ion-cleaned sub-
strates at 800°C exhibited 100% crystalline-phase formation. Scanning elec-
tron microscopy (SEM) and energy-dispersive spectroscopy (EDS) confirmed
the uniform distribution of nanosize grains, while Raman spectroscopy vali-
dated the phase identification of CuO and Cu,0. The results indicate that
optimizing substrate temperature and surface pretreatment significantly
enhances the structural and optical quality of copper-oxide semiconductor
layers. The fabricated CuO/Cu,0 heterostructures demonstrate strong poten-
tial for use in efficient and environmentally friendly solar-cell devices.

Key words: CuO, Cu,0, thin films, magnetron sputtering, heterostructures,
crystallinity, SEM, Raman spectroscopy, solar cells.

¥ it pobori TorKomaiBKoBi rerepocTpyKTypu CuO i Cu,0 6yau BurorosiaeHi
Ha migkaaguEKax Si/Zn0O 3a JOIIOMOI00 METONM MATHETPOHHOTO HATIOPOIIIeH-
H 3a PiSHUX YMOB IiAATOTOBKY IMigKJIaguHKM. IIpoiec ocamkeHHS TPOBOAUBCA
Yy TPBOX peKuMax: 0e3 HarpiBaHHA MiAKJagUHKY, 3 HarpiBauHaM 10 600°C Ta
3 HarpiBaraaM 10 600—-800°C i3 moga bIIINM OUNIITEeHHAM HOHAMU KeBPiAHOTO
pospany. Byso mpoBeneso BcebiuHy XxapaKTepusalliio IJaa JOCTiKeHHI KPUC-
TaJiuHOCTH, ()a30BOTO CKJIAAY, MOP(OJIOrii IOBEPXHi I ONTUUYHUX BJIACTHUBOC-
Tel maiBok. PeHTreHiBCchbKa nudpakmiiina anaxiza (XRD) nmokasaJia, 1110 BUCO-
KOoTeMIlepaTypHUil HarpiB y MOEAHAHHI 3 HOHHUM OUYHUIIEHHAM IPUBOAUTH IO
dopMyBaHHS qJ0OOpPe KPUCTANi30BaHUX, IIJABHUX i TIaJKUX MJIiBOK i3 YMCTHUM
dasoBuM cKIagOM. 30KpeMa, miaiBKku Cu,0, BUPOIEHi HA OUUIIIEHNX HOHAMU
migkaaguakax 3a 800°C, mpogemoncTpyBaiu popmyBanua 100% wkpucramiy-
Hol dhasu. CKkaHyBaJbHa ejeKTpoHHA MiKkpockomis (CEM) Ta emepromguciep-
cifina cmexkTpockonia (EDS) migTBepauin piBHOMipHUH po3moAij HAHOPO3Mi-
PHUX 3epeH, a PamaHoBa CIEKTPOCKOIIiA BepudikyBasa (pasoBy imeHTH(iKa-
rifo CuO Ta Cu,0. PesyabraTu cBiguaTh, 110 ONTHUMi3allisd TeMIepaTypu TigK-
JaIuHKU Ta IolepeaHe 00po0IeHHS MOBEePXHi iCTOTHO IMiABUINYE CTPYKTYPHY
1 OONTUYHY AKiCTh HamiBIPOBiZHMKOBHUX ImIapiB okcuay Kympymy. CtBopeHi
rerepocTpyKkTypu CuO/Cu,O 1eMOHCTPYIOTH BUCOKUH TMTOTEHITiSA JJIsd BUKOPU-
CTaHHSA Y BUCOKOE(PEeKTUBHUX Ta €KOJOTiUYHO UYNCTUX COHAUYHUX eJIeMeHTaX.

Karouori cmopa: CuO, Cu,0, ToOHKiI mIiBKM, MarHeTpOHHE PO3IOPOIIEHHA,
reTepoCTPYKTypH, Kpuctaaiunicts, CEM, PamManoBa CIeKTPOCKOMisd, COHAYHI
€JIeMEeHTH.

(Received 16 August, 2025; in final version, 16 June, 2026 )

1. INTRODUCTION

In the modern era, the generation, storage, and efficient transmission
of energy remain among the most critical global challenges. Research
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efforts in this domain are largely focused on the development of cost-
effective and high-performance materials for energy producing, stor-
ing, and delivery systems.

Over the past several decades, copper (Cu) has been extensively em-
ployed in semiconductor technology as a contact metal. Replacing alu-
minium, which was previously dominant, copper has become an essen-
tial component in high-temperature-resistant semiconductor devices.
Notably, copper atoms possess a significantly higher diffusion coeffi-
cient in materials such as silicon and germanium [1].

Copper (I) oxide (CuO) has emerged as a promising candidate for so-
lar cell applications. This is attributed to its high optical absorption
coefficient, excellent chemical and thermal stability, nontoxic nature,
lower production cost compared to materials like Ni, Ag, and Au, nat-
ural abundance, and outstanding optical, electrical, magnetic, and
catalytic properties [2—5].

Although magnetron sputtering has previously been used to fabri-
cate CuO and Cu,O thin films [6—8], the present work reports, for the
first time, the growth of such films on Si substrates preheated to 600°C
and subjected to glow discharge ion cleaning prior to deposition. Cop-
per oxide thin films can be synthesized using various techniques, in-
cluding sol—gel, pulsed laser deposition, pyrolysis, chemical vapour
deposition, and magnetron sputtering (the latter being particularly
advantageous for achieving uniform surface morphology)[11-18].

In this study, CuO/Zn0O/Si and Cu,0/Zn0/Si heterostructures were
fabricated via magnetron sputtering, with the ZnO/Si substrates pre-
heated to 600°C and cleaned by glow-discharge ion bombardment. The
effects of thermal treatment and gamma irradiation on the structural
and morphological characteristics of the heterostructures were exam-
ined using x-ray diffraction phase analysis, scanning electron micros-
copy, and complementary characterization techniques.

2. EXPERIMENTAL/THEORETICAL DETAILS

The effect of thermal treatment on the electronic properties of
Cu,0/Zn0 heterostructures grown by the magnetron sputtering meth-
od was investigated. In the heterojunction, ZnO was employed as a p-
type and Cu,0O as an n-type semiconductor. To achieve surface uni-
formity and smoothness, an optimal regime was developed for heating
the Si substrate to 600°C followed by cleaning under glow-discharge
ion bombardment. The samples were deposited using a direct-current
magnetron sputtering system, with a copper (Cu) target in an Ar-0,
inert gas mixture (Fig. 1).

In this study, CuO and Cu,O thin films were deposited onto Si/ZnO
substrates under three different experimental conditions in an Ar-0,
inert gas atmosphere using a Cu target:
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Fig.1l. Schematic diagram of the magnetron sputtering system: 1—
magnetron, 2—target, 3—ionizer, 4—solenoid valve, 5—fore pump, 6—gas
cylinder, 7—diffusion pump, 8—cooling system, 9—vacuum chamber.

Condition 1—direct deposition without any pre-treatment of the sub-
strate;

Condition 2—deposition after heating the substrate to 600°C;
Condition 3—deposition after heating the substrate to 600°C and per-
forming glow discharge ion cleaning.

The crystallographic structure of the thin films prepared under
these three conditions was examined using x-ray diffraction (Rigaku),
while the degree of crystallinity and crystallite size were determined
by x-ray phase analysis. Surface morphology, layer formation, and
emission characteristics were studied using scanning electron micros-
copy (SEM). Structural changes and material characteristics were fur-
ther analysed via Raman spectroscopy [19]. In addition, the electrical
and optical properties of the films were systematically evaluated.

3. RESULTS AND DISCUSSION

In this study, a single-layer epitaxial structure KDP 0.5-1bk 2(III)
standard silicon substrate was used. The x-ray phase analysis of this
substrate is shown in Fig. 2, where characteristic diffraction peaks
corresponding to silicon were observed at diffraction angles 20 = 28.5°,
48.2°, 57.3°, 69.8°, and 76.7°, with interplanar spacings d,;,,;=3.13 A,
1.91A,1.63A, 1.85A, and 1.24 A, respectively, corresponding to Mil-
ler indices (hkl) of (111), (202), (311), (400), and (313).

From these results, it can be concluded that the absence of addition-
al phase peaks confirms the high purity of the silicon substrate. Initial-
ly, the Si substrate was heated to 300°C, and under identical deposition
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Fig. 2. X-ray phase analysis of the Si substrate sample.

conditions, three identical thin ZnO layers were grown on its surface
using the magnetron sputtering method. The x-ray phase analysis of
the ZnO-coated sample is shown in Fig. 3, while the SEM images are
presented in Fig. 4 (a—c), and the EDS analysis in Fig. 5.

The x-ray phase analysis in Fig. 3 shows that in the Si/ZnO sample,
the diffraction peaks of the Si phase were observed at 20 =~ 28.5° and
69.2°, corresponding to interplanar spacings d,,;=~3.13 A and 1.36 A,
with Miller indices (111) and (400), respectively. The ZnO phase exhib-
ited diffraction peaks at 26 =31.8°, 34.4°, 36.3°, 47.5°, 56.6°, 62.8°,
66.4°, 68.0°, 69.1°, and 77.0°, corresponding to d,,, = 2.81 A, 2.60 A,
2.47A,1.91A,1.24A,1.48A,1.41A,1.38A, 1.24 A, and Miller indi-
ces (100), (002), (101), (012), (110), (013), (200), (112), and (202), re-

1000

I. imp.

1000 1

1000 {
10.00 20.00 30.00 40.00 50.00 60.00 70.00
20

Fig. 3. X-ray phase analysis of the ZnO thin film grown on the Si substrate
under identical deposition conditions by magnetron sputtering.
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Fig. 4. SEM micrographs: a—=Si substrate; b—Si/Zn0O grown at 300°C; c—
Si/ZnO grown at 600°C.

spectively.

Figure 4 (a—c) presents the SEM images of Si/ZnO samples grown
under three different conditions: without heating, heated to 300°C,
and heated to 600°C prior to ZnO deposition. In Figure 4a, correspond-
ing to the unheated Si substrate with a ZnO thin film, the surface ap-
pears smooth and uniformly arranged. In Figure 4b, representing the
sample grown at 300°C, the SEM image shows that ZnO nanoparticles
are irregularly shaped and unevenly distributed over the surface. In
contrast, Fig. 4c, corresponding to growth at 600°C, reveals a well-
ordered surface morphology with good adhesion, where dense, spheri-
cal structures are formed. The surface is fully covered with uniformly
distributed, pure-phase ZnO nanoparticles of similar size.

This observation is further supported by the EDS analysis in Fig. 5,
which shows that the surface composition for ZnO is approximately: 35
at.% O and 65 at.% Zn, corresponding to mass percentages of 11.6% O

| Dsplynsme | Standarddata | Quantfication method  ResultType | |

Zn  spc 015 |Standardless | ZAF | Metal |

L Uemert _ Une Mass% Atorm% ]

7 ° K 1158:006 34861019
50.000— n 3 £342:029 65121021
R Z Total 10000 10000 |

Spec 015 Fitzing ratio 00203 |

Intensity [Counts]

0 1 2 3 4 5 6 7 8 9 10
Energy [keV]

Fig. 5. EDS spectrum of the ZnO thin film grown on the Si substrate.
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and 88.4% Zn.

The x-ray quantitative phase analysis of the Si/ZnO structure
(Fig. 6a) revealed elemental contents of 74.6% Zn, 18.2% O, and
7.2% Si. As shown in Table 1, the average crystallite size, calculated
using the Debye—Scherrer equation, was found to be approximately
28-35 nm. These results indicate that heating the substrate to 600°C
prior to ZnO nanolayer deposition via magnetron sputtering is the
most favourable condition. Under this regime, the substrate surface
becomes well ordered, exhibits strong adhesion, and develops dense
spherical structures, leading to complete coverage by a pure-phase ZnO
thin film.
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Fig. 6. XRD patterns of CuO and Cu,0 thin films grown on Si/ZnO substrates

under different conditions: (a) without heating, (b) heated to 500°C, and (c)
heated to 800°C with pre-cleaning by glow discharge ions.

TABLE 1. Quantitative phase and elemental composition of thin films grown
on Si/ZnO under different conditions.

" Elemental composi- . o, y| Crystallite
Sample/Condition tion (%) Phase composition (%) size (nm)
Si/ZnO (sub- Zn — 74.6,0 — 18.2, B
strate) Si—-17.2 Zn0 —100 28-35
Si/Zn0O/CuO0, Cu—4.5,Zn — 56.9, CuO —1, Cu,0 —4.6, ~14
no heating 0—14.9,81i —23.6 ZnO — 70.9,Si — 23.6 -
Si/Zn0O/CuO0, ~
800°C Cu—179.9,0 — 20.1 CuO — 100 ~14
Si/Zn0/Cu0, ¢, _g88.8,0—11.2 Cu,0 — 100 ~14

800°C
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The main objective of this study was to deposit a thin copper oxide
layer on the Si/ZnO surface prepared under the above conditions and to
investigate its potential application in solar cells. To achieve this goal,
the following experiments were conducted: CuO and Cu,O thin films
were grown on Si/ZnO samples under three different conditions, as
shown in Fig.6: a—without heating, b—heated to 500°C, and c—
heated to 800°C. The x-ray phase analysis of the CuO and Cu,0 samples
was used to determine their interplanar spacings, Miller indices, aver-
age crystallite sizes, quantitative and qualitative phase compositions,
and degrees of crystallinity and amorphousness.

When CuO and Cu,O thin layers were deposited on the Si/ZnO film
surface without heating (Fig. 6a), the resulting layers were weakly
bonded to the substrate, and numerous ZnO peaks were still visible in
the XRD pattern. For the CuO sample grown at 800°C (Fig. 6b), the
diffraction peaks were observed at 20=32.5°, 35.5°, 38.7°, 48.8°,
53.4°, 58.2°, and 61.6°, corresponding to interplanar spacings
d,,=2.75A,2.52A,2.832A,1.86A,1.71A,1.58 A, and 1.50 A, respec-
tively. For Cu,0O (Fig.6c), the diffraction peaks were found at
20=29.6°, 36.2°, 42.4°, 52.6°, 61.5°, and 69.8°, with d,,, values of ap-
proximately 3.01 A, 2.46 A, 2.13 A, 1.74A, 1.50 A, and 1.85 A, respec-
tively. In addition to peak identification, the amorphous—crystalline
phases, quantitative phase composition, and qualitative phase analysis
of CuO and Cu,0 are presented in Fig. 7.

Figure 7 shows the quantitative and qualitative phase analyses for:
a—the Si/ZnO substrate, b—CuO and Cu,0 films deposited on Si/ZnO
without heating, ¢c—CuO films grown at 800°C, and d—Cu,O films
grown at 800°C. When CuO and Cu,O were deposited without substrate
heating (Fig. 7b), the quantitative analysis revealed elemental compo-
sitions of 4.5% Cu, 23.6% Si, 56.9% Zn, and 14.9% O. The qualitative
phase analysis showed 1% CuO, 4.55% Cu,0, 70.9% ZnO, and 23.6% Si.
In contrast, when the substrate was heated to 800°C, the CuO sample
(Fig. 7c) had a quantitative composition of 79.9% Cu and 20.1% O,
with 100% CuO phase purity. Similarly, the Cu,0 sample (Fig. 7d) had
a quantitative composition of 88.8% Cu and 11% O, with 100% Cu,O
phase purity (Table 1).

For the CuO thin films grown on Si/ZnO, the crystallite size was
found to be approximately 14 nm, indicating the formation of
nanostructured layers. When the samples were heated to 500°C and
600°C, the surface roughness gradually decreased, resulting in a
smoother morphology. At 600°C, a uniformly ordered thin film com-
posed of homogeneously distributed nanoparticles was successfully
obtained.

Analysis of the spectrum in Fig. 9 obtained using the Raman spec-
troscopy method reveals three peaks corresponding to CuO at vibra-
tional frequencies of 301, 363, and 623 cm™. In addition, peaks char-
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Fig. 7. Quantitative phase composition analysis of (a) Si/ZnO, (b) Si/Zn0O/CuO
and Si/Zn0/Cu,0, (¢) CuO, and (d) Cu,0.

a

Fig. 8. SEM micrographs of: (a) CuO grown without substrate heating, (b)
CuO grown at 500°C, and (¢) Cu,0 grown at 800°C after glow-discharge ion
cleaning of the substrate.

acteristic of Cu,O at vibrational frequencies of 114, 141, 165, and 218
cm ! are observed, which are associated with changes in microstruc-
ture or phase transitions induced by heating. The maximum positions
of these peaks correspond to reported values for CuO [16], confirming
that the chemical composition of the investigated element matches
CuO. The peaks appearing after heating copper oxide to 800°C may be
related to modifications in the crystal structure of CuO and Cu,O, and
indicate the coexistence of crystalline and amorphous-crystalline
phases, as also shown in Fig. 10 and Table 2.

When the grown thin films of CuO and Cu,O were examined sepa-
rately using a Rigaku Oxford diffraction system (XtaLLAB Synergy-i),
the crystallographic structures and lattice parameters were deter-
mined as follows: for CuO, monoclinic C12/c1 with a=4.6832A,
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Fig.9. Raman spectrum of copper oxide grown on the Si/ZnO surface via

magnetron sputtering.

Fig. 10. X-ray structural analysis of CuO and Cu,0O thin films grown on the

Si/ZnO surface.

TABLE 2. Crystallographic parameters of CuO and Cu,O thin films grown on

Si/ZnoO.
Material Crystal | Space |Lattice param-|Main diffraction |Raman active
system | group eters (A) peaks (26, °) modes (cm™?)
a=146832,  oo>3>%
CuO Monoclinic C12/¢1 b=3.4288, G 301, 363, 623
c—5.1297 53.4, 58.2,
o 61.6
29.6, 36.2,
Cu,0 Cubic Pn-3m a=4.2580 424,526, G000
61.5,69.8 ’
Pn-3m with

b=3.4288A, and ¢=5.1297A; for Cu,0, -cubic
a=

4.2580 A.
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4. CONCLUSION

In this study, CuO and Cu,O thin-film heterostructures were fabricat-
ed on Si/ZnO substrates using the magnetron sputtering method. Ex-
periments were carried out under three different conditions: without
heating, with substrate heating at 600°C, and with heating at 600—
800°C followed by surface cleaning using glow discharge ions. The
crystallinity, phase composition, morphology, as well as the electro-
physical and optical properties of the obtained layers were thoroughly
investigated. The analyses revealed that substrate preheating at high
temperatures combined with ion cleaning significantly enhanced crys-
tallinity, resulting in smooth, dense structures with a pure phase com-
position. In particular, for Cu,0 layers grown on ion-cleaned surfaces
at 800°C, a 100% crystalline phase was achieved. SEM and EDS anal-
yses, along with Raman spectroscopy, confirmed these findings. The
results demonstrate that appropriate temperature control and surface
pretreatment can substantially improve the quality of copper oxide
semiconductor layers. Consequently, the fabricated CuO/Cu,0 hetero-
structures can be proposed as promising materials for the development
of efficient and environmentally friendly solar cells.
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