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Detection of structural and transport inhomogeneities in superconducting
thin films using the standard four-probe method requires multiple measure-
ments and may be inaccurate. A new approach to extract the information
about the inhomogeneous transition into the superconducting state using van
der Pauw technique is presented. The proposed method is applied to an elec-
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trochemically-reduced In—Sn-oxide (ITO) films known to be simultaneously
transparent and superconducting. Relationship between the processing pa-
rameters and superconducting characteristics of the ITO films is considered,
and prospects for using such samples in integrated photonic-superconducting
chips for quantum-information processing are discussed.

Key words: transparent superconductivity, doped In—Sn oxide, four-point
resistance, temperature and angular dependences.

Busasienua cTpyKTypHOI Ta TPaHCIOPTHOI HEOZHOPiZHOCTEH Y HAAIPOBIZHMX
TOHKUX IIIBKaX 3a JOMOMOTOI CTAHJAPTHOr'0 YOTUPOTOUYKOBOT'O METOLY BU-
marae 0araTopasoBuxX MipaHBb i Moke OyTu HeTouHuM. IIpencraBieHo HOBUI
migxim momo omepskaHHA iHMOpMAIlil PO HEOAHOPIAHWU Imepexis y HaIIpo-
BifHUI CTaH 3a AOTOMOI'0I0 METOAMKM BaH-Aep-Ilay. 3ampomoHoBaumii MeTO
3aCTOCOBAHO [I0 €JIEKTPOXEeMiUHO BiTHOBJIEHUX IJIiBOK oKcuay Iumito it CraHy-
my (ICO), aki e BogHOUYAC IPO30PMMU Ta HAAUPOBifHUMY. PO3TriIgAHYyTO 3B’ 130K
MiK mapaMmerpaMu OOPOOJIEHHS Ta HAAIPOBiJHMMM XapaKTePUCTUKAMU ILJIi-
BOK ICO i1 00TOBOPEHO MePCIeKTUBY BUKOPUCTAHHSA TAKUX 3Pa3KiB B iHTer'po-
BaHUX (DOTOH-HAAIPOBIAHUX Uimax AJId KBAHTOBOTO 00po0eHHA iH(opMaIlrii.

KarouoBi ciioBa: mposopa HaAIpOBigHICTL, JeroBaHmuii In—Sn-oKcum, 40THUPO-
TOYKOBUH OIIip, TEMIIEPATYPHA Ta KYyTOBA 3aJIE3KHOCTI.

(Received 8 April, 2024, in final version, 6 May, 2024 )

1. INTRODUCTION

The most popular technique for finding resistivity of a homogeneous
material is the four-probe method. When the resistance R of a rectangu-
lar sample with a cross sectional area A and voltage probe separation [ is
measured, the resistivity p can be easily calculated as p = RA/I. In heter-
ogeneous films, the standard four-point procedure requires many meas-
urements and may be hence imprecise due to the difficulty of accurately
measuring the geometric A/l factor [1]. In non-uniform materials, an
additional source of error arises from insufficient number of measure-
ments. Because of this, new methods using planar samples were pro-
posed. One such approach developed by van der Pauw (vdP) [2, 3] can be
applied to films of arbitrary shape and uses four point contacts on the
sample periphery. The most important issue of this technique is that
measurements using the vdP method give a weighted average of local
resistances of the sample, whereas the traditional linear layout of the
four contacts provides knowledge of resistivity only in the probing di-
rection [4].

In the vdP configuration, a current is flowing along one edge of the
sample (for instance, I:2) while the voltage bias is applied across the
opposite edge (in this case, V34). The ratio of the potential drop Vs and
the current I1; has units of resistance and is known as the ‘four-probe
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resistance’ Riz34="Vs4/I12[4, 5]. According to the reciprocity theorem,
when the current I in one branch of a reciprocal network composing of
linear elements produces a voltage drop V in opposite side, the inser-
tion of I into the opposite side must give the same voltage drop V in the
first branch: Riz3: = Rs4,12 [4]. It is clear that this statement is valid on-
ly for electrical circuits without non-reciprocal (e.g., a rectifying di-
ode) and/or nonlinear elements destroying reciprocity.

Therefore, in a network of ordinary impedances, additional infor-
mation within a four-probe method can be obtained only by rotating
the contact system to 90 degrees while current flows between 2 and 3
points and voltage is applied to 4 and 1 contacts. In this case,
Ry3.41 =Vi41/I23. Solving the general problem of potential distribution in
thin conductive layers, van der Pauw showed that the sheet resistance
R of samples with arbitrary shapes can be found from the relation:

exp(-nR,;, / R) +exp(-nR,,, / R)=1. (1)

In general, the van der Pauw’s formula (1) cannot be reformulated
to determine R in terms of conventional functions. The most important
exception to this statement is when Rss41 = Ri2,3¢ = R"; then, the sheet
resistance is given by the simple expression:

R=nR /In2=4.53R". 2)

Although the vdP method seems relatively simple and universal, it
has a number of important limitations. The thickness d of the studied
film, which should not have holes and/or islands of highly conductive
material, has to be uniform and small in relation to the distance be-
tween the probes. Besides, the samples must be homogeneous and iso-
tropic. The authors of the work [4] drew attention to the fact that the
vdP technique can lead to non-physical results in rather inhomogene-
ous samples and, to confirm this, proposed a simplified four-resistor
model that was applied in Ref. [4] to a square sample. Following the
model, where a square thin layer is conditionally divided into four re-
sistive regions, we propose an equivalent circuit with a current source
and four resistors R; (i=1, 2, 3, 4) for the analysis of resistance meas-
urements in superconducting films (see below Fig. 1).

This study focuses on expanding vdP measurements to supercon-
ducting layers at temperatures near the critical temperature T., when
the resistance of the sample abruptly drops from a finite value to zero.
In this regard, local inhomogeneities of the superconducting films,
namely, spatial variations in T. and the widths of the resistance drop
AT. are directly reflected in the measured four-probe characteristics
[6, 7]. The main focus is on the thin layers of indium—tin oxide (ITO), a
degenerate semiconductor material with wide band gap and high con-
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ductivity that is obtained by doping high-mobility semiconductor In20;
with a small amount of Sn [8]. The most important property for our
work is the ability of ITO to exhibit superconductivity under specific
processing conditions [9—11]. Below, we present our method to analyse
the inhomogeneity of the superconducting order parameter that is ap-
plied to In;,Sn,0s_5 (y = 0.2) thin films electrochemically reduced in an
aqueous solution by sodium or magnesium ions. Our main concern is
about the relationship between processing parameters and supercon-
ducting characteristics of the ITO films and prospects for using such
samples in integrated photonic-superconducting chips for quantum
information processing [12].

2. MODELLING

The simplified four-resistor model for analysing the vdP measurement
data is shown in Fig. 1 for two configurations A and B used in the vdP
formalism and discussed above. Below, we use these two contact ar-
rangements in order to analyse near-T. resistance vs. temperature data
for superconducting ITO films. Let us start with the A case. Using
first and second Kirchhoff laws, we obtain the following relationships
for currents in the circuit (see Fig.1l): I=I"+I' and
I'"(Rss + R3s + Ry1) —I'"R12 = 0. Their combination gives us the following
result: I'(Ri2+ Ros + R3s + Ry1) = I Ri2; hence, I= I'(Ri2+ Ros+ Rsa +
+ R41)/Ri12. The ratio of the potential drop V' =I'Rss across the resistor
R34 and the applied current I is the ‘four-probe resistance’ R =V/I [4,

1\ 2
2

I” 1 |_| 2
H
LI R

o[

DRM R34 !
4 I 3
/V\
4 \_/J 3
A B

Fig. 1. Four-resistor equivalent circuits (A and B configurations) for vdP re-
sistive measurements of a square superconducting layer conditionally divided
into four resistive regions. The analysed resistance R(A) is the ratio of the
voltage drop across Rss to the total applied current I1,2 through the network,
while R(B) is the ratio of the voltage drop across R4: to the applied current I2,3.
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5]. Thus, for the configurations A and B, we get:

R(A) — R12R34 , R(B) — R23R41 . (3)
R12 + R23 + R34 + R41 R12 + R23 + R34 + R41

In contrast with previous works, we are dealing with a comparatively
sharp variation of the resistances which will be approximated by identi-
cal formulas R(T)=R'(1 +th((T — T)/AT.)), where R"is identified with a
middle point of the resistive transition usually determined as a value
between 10 and 90% resistivity drop. In the case of superconducting
granularity, different resistors in the equivalent circuit picture are rep-
resenting different sectors of the layer which may have slightly differ-
ent transition temperatures T. and the transition widths AT although in
the normal state, the samples are homogeneous. Figures 2 and 3 demon-
strate how the shape of R®(T) and R®(T) curves can be radically dis-
torted with relatively small local changes in T. and AT values.

In particular, it relates a near-T. resistive peak in R vs. T curves
sometimes associated with such physical effects as the mismatch be-
tween quasiparticle and cooper pair potentials [13], phase-slip events
[14], an interaction between superconducting fluctuations and conduc-
tion electrons [15], proximity-caused effects at the superconduc-
tor/ferromagnetic interface [16]. Figure 3 shows resistance character-
istics imitating re-entrant superconductivity phenomenon [17]. There-

R(T)/R

Fig. 2. Calculated resistance-versus-temperature characteristics for two dif-
ferent scenarios A and B, Ra(T) (dashed curve) and Rs(T) (solid curve), respec-
tively: superconducting transition widths in the film sections ATc12=0.01T.,
ATc23=0.03T., ATc34=0.02T., ATcs1=0.05T., while T. is the same:
Te12=Te23=Tc3s=Tecs1 = T. (a), and the critical temperature in the film sections
differs from each other Tei2=T., Te2s=1.1Tc, Tc34=1.05T¢, Tcs1 =1.2T., while
AT, is the same ATci2=ATc23=AT34=ATcs1=0.02T. (b). The insets show R(T)
curves for the sections 12, 23, 34, and 41 (solid, dashed, dotted, and dashed-
dotted curves, respectively).



522 A.SHAPOVALOV, D. MENESENKO, E. ZHITLUKHINA et al.

p— '
. 1,
. ] -
_:/i 1 .
_ 70 A
- P I ’ vy,
E‘.i‘ i <7 ?’ i
B~ B T
e pa—g rd
49 54 02+ ’.v
”,
‘f
00==2% 7.0
T/T
a b

Fig. 3. Calculated resistance-versus-temperature characteristics for two dif-
ferent scenarios A and B, Ra(T) (dashed curve) and Rs(T) (solid curve), respec-
tively: superconducting transition widths in the film sections
ATc12=ATe34=0.01Tc, ATc23=ATcs1=0.2Tc, while T. is Tei2=Tesa=Te,
Te23=Tes1=1.1T. (a), and the critical temperatures in the film sections differ
from those in the others Te2=Tc, Te2s=Te3a=1.1Tc, Tes1=1.2T., while
ATc12=ATc34=0.2T¢, ATc23=ATc41=0.01T¢ (b). The insets show R(T) curves for
the sections 12, 23, 34, and 41 (solid, dashed, dotted, and dashed-dotted
curves, respectively).

fore, as argued in our previous publications [6, 7], an unusual shape of
the vdP resistance vs. temperature traces and strong difference be-
tween the characteristics for the two configurations A and B can serve
as a qualitative indicator of the presence of superconducting granular-
ity in the sample studied.

3. CHARACTERIZATION OF THE ITO FILMS

The electrochemical processing of thin films is a powerful method for
tuning physical and chemical properties of the base material whose
structural evolution is expected to be more striking than that of bulk
counterparts making it easier to explore new physics in the quantum
limit [18, 19]. It was previously shown that such treatment leads to an
improvement of superconducting characteristics [10, 11]. In our case,
this technique was applied to commercially available ITO layers with
thickness of about 350 nm. The control of charge injection was per-
formed by varying charging times at a fixed current of 0.1 mA/cm? in
an aqueous solution of 2 mol NaCl or MgCl. Such treatment led to the
enhancement of superconducting properties from the critical tempera-
ture T. lower than 0.3 K for the parent compound to T.=4-5 K, at that
the films acquire colour from transparent yellowish to dark brown,
possibly by increasing the electron density.
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X-ray spectra of our ITO films reduced with magnesium chloride
show an increase in the presence of a reduced metal layer on the surface
(Fig. 4). When the charge injection time is less than 1000 s, the trans-
parency of the film allows visual monitoring of inhomogeneity using an
optical microscope. Most often, the colouring turned out to be uneven.

The SEM results in Fig. 5 show that the surface structure of the in-
vestigated ITO films changes significantly with increasing reduction
time. For a shorter time (Fig. 5, a), we see islands or clusters of two
types, with a longitudinal grain boundary and with a rounded bounda-
ry, while all grains are more or less commensurate. In addition, there
are dark areas that look very similar to holes. On the other hand, when
the reduction is shortened by approximately 8000 seconds (Figs. 5, b
and c), the image transforms into a more homogeneous medium with
different sizes of grain boundaries and some regions where the grains
do not seem to be connected to the sample area, as seen in Fig. 5, c.

Structural analysis based on the XRD data shows the appearance of
indium metal peaks and the smoothing of ITO peaks depending on the
increase in the time of electrochemical reduction of the samples. SEM
images reveal strong surface structural variations observed by other
authors using aqueous electrolytes as well [20]. Such changes are ex-
plained by composition deoxidation, which leads to the formation of
metallic indium and tin phases in the material.

*ITO
100F
¥ Indium
80}
v
7 eol* o a T o 10800
PSR W LW \_«_J'\..____M_“H,_mm._'\.,_._ﬁ.ﬁ-»-.ﬂ—’-ﬁgm
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g 40F ”
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Fig. 4. XRD spectra of pristine ITO (G002), 1000 s, 5000 s and 10800 s, reduced
ITO in 2 mol MgCl at a current density of 0.1 A/cm?. Peaks associated with ITO
and metallic indium are marked with asterisks and triangles, respectively.
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4. RESISTIVE MEASUREMENTS AND DISCUSSION

Resistance vs. temperature characteristics of the ITO films Ra(T) and
Ry(T) were measured using the physical property measurements sys-
tem (PPMS, DynaCool, Quantum Design, Inc.) for the two combina-
tions of current-carrying and voltage contacts shown in Fig. 1 in mag-
netic fields from zero to 1 T in 0.2 T increments and the orientations
varied from zero (perpendicular to the layer) to 90° (parallel to the sur-
face of the layer) in 30° increments. The measured curves were ana-
lysed using Egs. (3) with temperature-dependent resistances.

Figures 6 and 7 show representative Ra(T') and Rs(T) traces normal-
ized to the above-T. resistance value Ri1o measured at 10 K for different
reduction time. Figures 8 and 9 demonstrate an impact of the spatial
orientation of a fixed magnetic field on representative Ra(T') and Rg(T)
curves normalized to the resistance value Rio at 10 K for samples with
relatively large reduction times.

The main conclusions following from the dependence of resistance
on temperature and angular dependence are as follows. A near-T. resis-
tive peak in Fig. 6 indicates huge heterogeneity of superconducting
properties of the films reduced in NaCl electrolyte at relatively short
reduction times up to 500 s. At the same time, films reduced in MgCl
(Fig. 7) exhibit rather uniform properties and, at reduction time of
750 s, the resistance vs. temperature curves are practically identical
for two configurations A and B.

SEM HV: 10.0 kv WD: 1.98 mm i SEM HV: 10.0 kV WD:213mm | SEMHV: 10.0kV. WD: 2,13 mm
View fleid: 1.000 ym Det: InBeam 200 nm View field: 1.000 pm Det: InBearn 200 nm View fleld: 0.500 pm Det: InBeam 100 nm
SEM MAG: 160 kx SEM MAG: 190 kx SEM MAG: 370 kx

a b c

Fig. 5. SEM images of two reduced ITO superconducting films in the MgCl wa-
ter electrolyte for reduction times of 500 seconds (a) and 8000 seconds (b, ¢).
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Fig. 6. Representative four-probe R®(T) and R®(T) curves normalized to the
resistance value Rio at 10 K for two different contact arrangements (see Fig.
1) measured on three reduced in NaCl ITO superconducting films with in-
creasing reduction times of 250, 500, and 1500 seconds.

The next issue is the dimensionality of the superconducting state in
studied samples [7] and the effect of the surface scatterings on resis-
tivity of thin films [21].

The angular dependencies of the film resistances (Figs. 8 and 9)
show that the samples with the reduction times of 1000 s and more are
conventional three-dimensional superconductors with a very small
surface-derived effect, see the related discussion in our paper [7]. This
result contradicts the assumption of the authors of the work [22] that the
electrochemical reduction lead to the formation of a dense thin film of
nanoparticles on top of the ITO layer which is the source of the dissipa-

1.0F
= - B
s o
4 8
R 3
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Fig. 7. Representative four-probe R®(T) and R®(T) curves normalized to the
resistance value Rio at 10 K for two different contact arrangements (see Fig.
1) measured on four reduced in MgCl1 ITO superconducting films with increas-
ing reduction times of 250, 500, 750 and 1000 seconds.



526 A.SHAPOVALOV, D. MENESENKO, E. ZHITLUKHINA et al.

1.0 T T . 1.0 T r .
A - :
[=] -
3 AN [
< =
3 A 2
% o
s
051 ‘/' ..' —_
P
,-._. .= 30°
I -.= 60°
AR ceee OO0
n‘.’n"'.. L 1
G 3.0 3.5 4.0
T, K
a

Fig. 8. Angular dependence of four-probe R®(T) and R®(T) characteristics
for reduced in NaCl ITO superconducting film with a 1000 s reduction time in
the field of 0.2 T for different contact arrangements (see Fig. 1). The angles
are formed by the field with a normal to the film surface.

tionless superconducting state. The observed three-dimensional super-
conductivity also indicates that bulk structural changes are occurring.
Let us briefly discuss why ITO samples are transparent. The optical
band gap measured using optical techniques determines the energy re-
quired for excitation of a single electron from the valence band maxi-
mum to the conduction band minimum. To ensure optical transparen-
cy, it should be larger than 3 eV that corresponds to the maximum
wavelength of visible photons. For many materials, the onset of strong
absorption occurs at the direct band gap, when the edge states of the
two bands correspond to the same wave vector k in the reciprocal space.

1.0

R®/R,,

0.5

0.0

Fig.9. Angular dependence of four-probe R®(T) and R®(T) characteristics
for reduced in MgClI ITO superconducting film with a 1000 s reduction time in
the field of 0.2 T for different contact arrangements (see Fig. 1). The angles
are formed by the field with a normal to the film surface.
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Then an incident photon with sufficient energy can cause an electron
to transfer between the states with a momentum of the resulting elec-
tron—hole pair very close to zero. However, some direct transitions can
be forbidden due to specific selection rules governing symmetry, pari-
ty, and spin such that the onset of the absorption edge occurs at higher
energies than the direct gap. For example, it relates the n-type Sn-
doped In;03 (ITO) oxide with a fundamental direct band gap of 2.9eV
where the first strong transitions occur from valence bands 0.81 eV
below the valence-band maximum [23]. In addition to the increase from
the Burstein—Moss effect, it leads to the onset of strong optical absorp-
tion at 3.75eV [23].

As was emphasized by Woods-Robinson et al. [24], the presence of
forbidden optical transitions at gap edges can be an important factor in
enhancing transparency. To address this, the authors computed ab-
sorption spectra across nearly 18.000 inorganic compounds in the Ma-
terials Project database, showing that over half of the selected semi-
conductors exhibit forbidden or weak absorption edges. From this set
of materials, the authors suggested a list of candidates for n- or p-type
transparent conducting materials with forbidden band edge transi-
tions and promising optical and electronic characteristics. Their main
methodological conclusion is that in the search for new materials that
are both transparent and conductive, metrics representing absorption
spectra, not just bandgap, should be used.

We believe that the ITO and similar films can form a basis of novel
hybrid electronics integrating optical and superconducting compo-
nents since the use of transparent superconducting materials provides
a perfect solution to avoid significant losses due to photon absorption
in such on-chip circuits. This also applies to data transmission in a
quantum network formed by quantum computers based on supercon-
ducting qubits [25]. Important application is single-photon detectors
for sensing based on the cooper-pair breaking effect. At last, integra-
tion of photonic components offering few-photon and light-speed
communication with superconducting ones providing fast and energy-
efficient computation in neuromorphic applications ensures synaptic
time constants spanning four orders of magnitude from hundreds of
nanoseconds to milliseconds [26].

5. SUMMARY

In the paper, we have used the van der Pauw contact placement and
four-probe resistance measurements for two configurations in order to
analyse near-T, resistance vs. temperature data for transparent super-
conducting ITO films. As was shown in our previous publications [6, 7],
unusual shape of such nonlocal four-probe resistance characteristics can
serve as a qualitative indicator of the presence of superconducting
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granularity in the sample studied. The angular variations in film resis-
tivity indicate that the samples subjected to a reduction time of 1000
seconds or more exhibit characteristics similar to those of conventional
three-dimensional superconductors with a minimal surface effect. At
last, we hope that this technique applied to transparent conducting ox-
ides will be useful for further progress of the transparent superconduct-
ing electronics, which is currently still in its very early stages.

The research of transparent superconductors is supported by the
NATO Science for Peace and Security Program, project SPS G6082.
This work was supported in part by the Slovak Research and Develop-
ment Agency under contracts no. APVV-19-0365 and APVV-19-0303
as well as under the Operational Program Integrated Infrastructure
for the projects Advancing University Capacity and Competence in Re-
search, Development and Innovation (ACCORD, ITMS2014+:
313021X329) and UpScale of Comenius University Capacities and
Competence in Research, Development and Innovation (USCCCORD,
ITMS 2014+: 313021BUZ3), co-financed by the European Regional
Development Fund. E.Zh. acknowledges the EU NextGenerationEU
financial support through the Recovery and Resilience Plan for Slo-
vakia under the project No. 09103-03-V01-00140.

REFERENCES

1. H. Wang, W. Porter, H. Bottner, J. Konig, L. Chen, S. Bai, T. Tritt,

A. Mayolet, J. Senawiratne, C. Smith, F. Harris, P. Gilbert, J. Sharp, J. Lo,

H. Kleinke, and L. Kiss, J. Electron. Mater., 42: 654 (2013).

L. J. van der Pauw, Philips Res. Rep., 13: 1 (1958).

L. J. van der Pauw, Philips Tech. Rev., 20: 220 (1958).

D. W. Koon and C. J. Knickerbocker, Rev. Sci. Instrum., 63: 207 (1992).

S. B. Kjeldby, O. M. Evenstad, S. P. Cooil, and J. W. Wells, J. Phys.: Condens.

Matter, 29: 394008 (2017).

6. M. Polackova, E. Zhitlukhina, M. Belogolovskii, M. Gregor, T. Plecenik, and
P. Seidel, Eur. Phys.dJ. Plus, 138: 486 (2023).

7. M. Belogolovskii, M. Polackova, E. Zhitlukhina, B. Granci¢, L. Satrapinskyy,
M. Gregor, and T. Plecenik, Sci. Rep., 13: 19450 (2023).

8. H. Ohta, M. Orita, M. Hirano, H. Tanji, H. Kawazoe, and H. Hosono, Appl.
Phys. Lett., 76: 2740 (2000).

9. N. Mori, J. Appl. Phys., 73: 1327 (1993).

10. A.E. Aliev, K. Xiong, K. Cho, and M. B. Salamon, Appl. Phys. Lett., 101:
252603 (2012).

11. A.E. Aliev, M. Jung de Andrade, and M. B. Salamon, J. Supercond. Nov.
Magn., 29: 1793 (2016).

12. X.-B.Xu, W.-T. Wang, L.-Y. Sun, and C.-L. Zou, Chip, 1: 100016 (2022).

13. Y.K.Kwong, K. Lin, P. J. Hakonen, M. S. Isaacson, and J. M. Parpia, Phys.
Rev. B, 44: 462 (1991).

14. E.Rudenko, D. Solomakha, I. Korotash, P. Febvre, E. Zhitlukhina, and

gre Wi


https://doi.org/10.1007/s11664-012-2396-8
https://doi.org/10.1063/1.1142958
https://doi.org/10.1088/1361-648X/aa8296
https://doi.org/10.1088/1361-648X/aa8296
https://doi.org/10.1140/epjp/s13360-023-04123-w
https://doi.org/10.1038/s41598-023-46579-x
https://doi.org/10.1063/1.126461
https://doi.org/10.1063/1.126461
https://doi.org/10.1063/1.353251
https://doi.org/10.1063/1.4772536
https://doi.org/10.1063/1.4772536
https://doi.org/10.1007/s10948-016-3501-7
https://doi.org/10.1007/s10948-016-3501-7
https://doi.org/10.1016/j.chip.2022.100016
https://doi.org/10.1103/PhysRevB.44.462
https://doi.org/10.1103/PhysRevB.44.462

INHOMOGENEOUS RESISTIVITY OF TRANSPARENT SUPERCONDUCTOR FILMS 529

M. Belogolovskii, IEEE Trans. Appl. Supercond., 27: 1800105 (2016).

15. J.M. Gordon and A. M. Goldman, Phys. Rev. B, 34: 1500 (1986).

16. A.K.Singh, U.Kar, M. D. Redell, T. C. Wu, W. H. Peng, B. Das, S. Kumar,
W.-C. Lee, and W. L. Lee, npj Quantum Mater., 5: 45 (2020).

17. S.V.Postolova, A. Yu. Mironov, M. R. Baklanova, V. M. Vinokur, and
T. I. Baturina, Sci. Rep., 7: 1718 (2017).

18. J.Wan,S. D. Lacey, J. Dai, W. Bao, M. S. Fuhrer, and L. Hu, Chem. Soc. Rev.,

45: 6742 (2016).

19. M.S. Stark, K. L. Kuntz, S. J. Martens, and S. C. Warren, Adv. Mater., 31:
1808213 (2019).

20. L.Liu,S. Yellinek, I. Valdinger, A. Donval, and D. Mandler, Electrochim.Acta,
176: 1374 (2015).

21. M. A. Belogolovskii, Y. F. Revenko, A. Y. Gerasimenko, V. M. Svistunov,
E. Hatta, G. Plitnik, V. E. Shaternik, and E. M. Rudenko, Low Temp. Phys., 28:
391 (2002).

22. E.Batson, M. Colangelo, J. Simonaitis, E. Gebremeskel, O. Medeiros,
M. Saravanapavanantham, V. Bulovic, P. D. Keathley, and K. K. Berggren,
Supercond. Sci. Technol., 36: 055009 (2023).

23. A.Walsh, J. L. DaSilva, S.-H. Wei, C. Korber, A. Klein, L. Piper, A. DeMasi,
K. E. Smith, G. Panaccione, P. Torelli, D. J. Payne, A. Bourlange, and
R. G. Egdell, Phys. Rev. Lett., 100: 167402 (2008).

24. R.Woods-Robinson, Y. Xiong, J.-X. Shen, N. Winner, M. K. Horton, M. Asta,
A. M. Ganose, G. Hautier, and K. A. Persson, Matter, 6: 3021 (2023).

25.  E.Zhitlukhina, M. Belogolovskii, and P. Seidel, IEEE Trans. Appl. Supercond.,
28: 1700205 (2018).

26. S.Khan, B. A. Primavera, J. Chiles, A. N. McCaughan, S. M. Buckley,
A. N. Tait, A. Lita, J. Biesecker, A. Fox, D. Olaya, R. P. Mirin, S. W. Nam, and
J. M. Shainline, Nat. Electron., 5: 650 (2022).


https://doi.org/10.1109/TASC.2016.2630033
https://doi.org/10.1103/PhysRevB.34.1500
https://doi.org/10.1038/s41535-020-0242-4
https://doi.org/10.1038/s41598-017-01753-w
https://doi.org/10.1039/C5CS00758E
https://doi.org/10.1039/C5CS00758E
https://doi.org/10.1002/adma.201808213
https://doi.org/10.1002/adma.201808213
https://doi.org/10.1016/j.electacta.2015.07.129
https://doi.org/10.1016/j.electacta.2015.07.129
https://doi.org/10.1063/1.1491178
https://doi.org/10.1063/1.1491178
https://doi.org/10.1088/1361-6668/acc280
https://doi.org/10.1103/PhysRevLett.100.167402
https://doi.org/10.1016/j.matt.2023.06.043
https://doi.org/10.1109/TASC.2018.2807359
https://doi.org/10.1109/TASC.2018.2807359
https://doi.org/10.1038/s41928-022-00840-9




Metallophysics and Advanced Technologies © 2024 G.V.Kurdyumov Institute for Metal Physics,

Memanoi3. HOBIMHI MeXHOL. National Academy of Sciences of Ukraine
Metallofiz. Noveishie Tekhnol. Published by license under
2024, vol. 46, No. 6, pp. 531-547 the G. V. Kurdyumov Institute for Metal Physics—
https://doi.org/10.15407/mfint.46.06.0531 N.A.S. of Ukraine Publishers imprint.
Reprints available directly from the publisher Printed in Ukraine.

PACSnumbers: 63.20.D-, 63.20.kp, 63.22.Np, 65.40.Ba, 65.40.gd, 68.65.-k, 81.05.Zx

Vibration Dynamics of the Ordered Bimetallic Surface Alloy
System Pt(110)—(2x1)Cu
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In the present investigation, we examine systematically the dynamical behav-
iour of the architecturally complex bimetallic surface alloy, namely, Pt(110)—
(2x1)Cu, which is characterized by a half-monolayer (0.5 ML) of copper atoms
deposited on a platinum (110) substrate. By leveraging Newtonian mechanics
within the harmonic approximation, we construct the dynamic matrix perti-
nent to the bulk material. The extraction of eigenvalues and eigenvectors is
pivotal in formulating a robust theoretical framework, anchored in the
Green’s function approach explicitly designed for our model system. Utilizing
this sophisticated theoretical model, we are able to elucidate the phonon dis-
persion relationships traversing the high-symmetry pathways I'Y, YS, SX,
and XT of the surface Brillouin zone, as well as deduce the associated local vi-
brational densities of states. An extensive interpretation of the computational
results reveals a notable phenomenon, namely, the electron redistribution be-
tween the platinum and copper atoms within the alloy interface, which, in
turn, altered the interfacial force constants. This electron redistribution
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prompts significant divergences in the vibrational density of states at the in-
dividual platinum and copper atomic sites at the Cu/Pt(110) juncture, as op-
posed to the undisturbed Pt(110) surface, suggesting potential pathways for
innovative platinum-catalysed surface reactions. Furthermore, our research
delineates the variation of several thermodynamic properties as a function of
surface composition and thermal parameters, which may offer insights into
the stability and reactivity of such bimetallic surfaces.

Key words: alloyed surfaces, phonon surface properties, vibrational density
of states, eigenvalue matching techniques, Green’s function methods.

B craTTi cucTremMaTuuHO DOCTiAMKEHO IMHAMIUHY ITOBEIIHKY CKJIAaAHOTO OiMeTra-
JeBoro mpunoBepxHeBoro cromy Pt(110)—(2x1)Cu, axkuii cKJIagaeThcsa 3 IIiB
monomapy (0,5 ML) mini, Hanecernoro Ha miaatuaoBy (110) migkmaguuary. Ha
OCHOBi BUKODPHCTAHHSA KJIACUYHOI MEXaHiKM B paMKaxX rapMOHiYHOro HaOJIu-
JKeHHs Mo0yZoBaHO AWHAMIUHY MATPUIIO AJA 00’€MHOTO MaTepisay. 3HAXO-
I'KEeHHA BJIACHUX 3HAUEHb i BJACHUX BEKTOPIB € KJIIOYOBUM JAJISA CTBOPEHH
HAIiAHOI TeOpeTMUYHOI OCHOBUW, 3aCHOBAHOI Ha MeTOmi rpiHOBHX GYHKITIH,
3HAWIEHUX SBHO JAJIA HAIOI MOAEJbHOI cucTeMUu. BUKOPUCTOBYIOUHU II€H TEO-
PETUYHUN MOJIeb, MOKHA 3HANTU (POHOHHI AUCIIEePCiiiHi CIIiBBiAHOIIIEHHS 1A
BUCOKOcuMeTpitiHuX HanmpamkiB ['Y, YS, SX i XT BpinxtoenoBoi 3oHu, a Ta-
KOJK po3paxyBaTH BiATIOBiAHI JIOKAJNbHI I'yCTMHU KOJMBHUX CTaHiB. AHamisa
pe3yabTaTiB 00UMCIeHb ITOKAa3aJa, 110 IePepos3moIis eJIeKTPOHIB MisK aToMa-
mu IInatuay Ta Kynpymy Ha inTepderici mpuBoamTs 10 3MiHM MiK(pa3HUX cHU-
JIoOBUX KOHCTAHT. Ileil mepepo3moii eJIeKTPOHIB 3yMOBJIIOE iCTOTHY PisKHUITIO
MiK I'yCTMHaAMU KOJIMBHUX CTaHiB 1ia okpemMux atoMis Ilnatuau Ta Kynpymy
Ha KoHTaKTi Cu/Pt(110) Ta ansa moBepxui Pt(110), 110 BKasye Ha mOTeHITifiHI
IIIAXY OJId peanisanii karasmizoBanol miuaTuHOIO moBepxHeBOi peakmii. Kpim
TOT0, BCTAHOBJIEHO, III0 TEPMOAMHAMIUHI BJIaCTUBOCTI TOCiiKyBaHOI CCTEMU
3aJIelKaTh BiJl CKJIay IIOBEPXHi Ta TEIJIOBUX IIapaMeTpPiB, 110 MOKe IOSCHUTHU
cTabisbHICTE 1 peakifiHy 3aTHiCTh TAKMX OiMeTaIeBUX ITIOBEPXOHb.

Karouosi cioBa: seroBani moBepxHi, (JOHOHHI BJIACTMBOCTI IOBEPXHIi, I'yCTHHA
KOJIIBHUX CTaHiB, MeTOOoUN 3HAXOOKEHHA BJIACHUX 3HAYEeHb, METOL rpiHOBHX
byHKIiA.

(Received 4 December, 2023; in final version, 25 December, 2023 )

1. INTRODUCTION

In recent years, there has been an uptick in both theoretical and exper-
imental studies focusing on the stability and dynamics of both ordered
and disordered alloy surfaces [1-6]. The intrigue surrounding these
surfaces stems from their diverse applications in myriad technological
arenas, from novel catalyst and sensor development to surface corro-
sion protection [7, 8]. One can achieve alloyed surface configurations
by overlaying one metal onto a precisely defined monocrystalline face
of another. Post heat treatment and apt annealing, which facilitate the
dissolution of both metals, various surface alloy configurations
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emerge [9]. It is crucial to highlight that the fabrication and detailed
analysis of these bimetallic interfaces and definitive surface alloys, es-
pecially in rigorous vacuum environments, have become feasible due to
cutting-edge surface diagnostic techniques [10]. Of particular interest
are bimetal pairings that feature platinum. These alloys have garnered
substantial interest given their promise in catalytic applications. Nota-
bly, copper, when interfaced with a Pt substrate, showcases heightened
catalytic prowess in the oxygenation reaction, outperforming the pure
Pt(110) surface [11, 12]. Various alloying schemes involving Pt and Cu
have been commercialized as catalysts in hydrogenation processes [13].

The Pt(110) substrate has also been the focal point of extensive re-
search, indicative of the genesis of the Pt(110)—(2x1)Cu surface recon-
formation alloy upon Cu monolayer deposition, peaking at 830 K, re-
sulting from the substitution of Cu adatoms on the platinum sub-
strate’s exterior layer [14—16]. However, investigations centred on
(110) faces have been scantier, given the more complex growth dynam-
ics associated with copper deposition on this face [17]. Tunnelling elec-
tron microscopy has emerged as a potent modality to probe the deposi-
tion-induced growth dynamics and topological attributes of these sur-
faces[18, 19].

The existence of such interfaces is pivotal in both catalytic activities
and crystalline propagation. Structural anomalies have been identified
as chemically receptive zones, favoured for uptake by various atomic
and molecular species. Depending on the extant conditions, these can
either catalyse or inhibit surface-bound reactions. To decode the ener-
gy interplay in these phenomena, elucidating the vibrational mode
landscape on the interface is paramount. Motivated by this, our study
seeks to determine the vibrational dynamics of the surface alloy
Pt(110)—(2x1)Cu, stemming from varying Cu concentrations on a
Pt(110) substrate.

To our understanding, no prior work has ventured into the vibra-
tional dynamics of the Cu/Pt(110) interface. This alloyed configura-
tion is depicted in Fig. 1. Predominantly, research efforts have been
channelled towards pure platinum (110) surfaces and reconformed
surfaces of other metallic entities.

Our manuscript is structured as follows: Sec. 2 elucidates the
matching formalism tailored for our generalized model, aimed at as-
certaining surface-specific phonons and boundary vibrational spectra;
Subsec. 2.1 operationalizes this theoretical framework to compute sur-
face phonons for the Cu/Pt(110) ordered alloy, termed Pt(110)-
(2x1)Cu; herein, we also furnish our vibrational calculations for Cu,
both in bulk and on the surface, for benchmarking, showcasing a con-
gruence with extant experimental and theoretical findings; Sec. 3 har-
nesses this model to derive the localized vibrational densities of states at
the Pt and Cu sites on the alloyed interface. We conclude with Sec. 4,
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Fig.1. Schematic representation of the ordered surface alloy Pt(110)-
(2x1)Cu: model of Cu atoms deposited on the Pt(110) substrate (a), detailed
view of the first atomic layer highlighting Cu atoms (denoted by heavy shaded
(brown) circles) and Pt atoms (denoted by light shaded (grey) circles) ().

dOl..l.C}lle

offering overarching takeaways.

2. THEORETICAL APPROACH

The imposition of a boundary surface within an infinite semi-solid me-
dium induces a defect, thereby, perturbing the translational symmetry
along the axis orthogonal to this boundary. This perturbation gives
rise to a complex relationship governing the vibrational amplitudes of
constituent atoms along Cartesian axes. Specifically, this relationship
manifests between an atom situated within a discrete crystalline plane
p, and another within a disparate but parallel plane p’, both congruent
with respect to the surface yet embedded in the solid's volumetric con-
fines. The ensuing co-ordination relationship is critical for the math-
ematical description of this system:

u, (', p's0) = u, (I, p, )2 Ve, 1)

Within this framework, the term z denotes a phase factor, which is
predicted to be oriented normal to the metallic interface, subject to the
constraint |z| <1. Concurrently, g represents a wave vector situated
within the confines of the first Brillouin zone. Additionally, a serves
as an identifier for one of the Cartesian coordinates, namely x, y, or z.
Upon integrating Eq. (1) into the equation of motion, a comprehensive
system of linear equations is formulated for the displacement vectors
at the atomic lattice points within the volumetric matrix. These vec-
tors, denoted by u> , encompass the displacement vectors |ua a, (o)> for
each atomic site within the elementary lattice. This system is succinct-
ly expressible in a matrix notation, encapsulating the intricate inter-
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play between the atomic displacements and the lattice dynamics. The
mathematical expression of this relationship can be succinctly cap-
tured as follows:

(@1 - M(9,,9,,5,2) =|0). (2)

In this analytical context, the variables ¢. and ¢, are delineated
through their dependence on ¢. and ¢,, which represent the components
of the wave vector q along the Cartesian co-ordinates x and y within the
reciprocal lattice framework. The scalar A is introduced as a descriptor
of the interatomic force constants, encompassing interactions between
both nearest and next-nearest neighbours within the crystalline array.

The normalized frequency Q is defined as the ratio of the frequency
o to a characteristic frequency wo of the bulk material, where w, is de-
termined by the equation o = K, / M,. Here, K; symbolizes the force
constant governing the interactions among the first neighbours in the
flawless region of the bulk, and M, represents the atomic mass.

The matrix-system compatibility condition unlocks the possibility
of deriving a polynomial equation for each (q, (2) pair, the solutions of
which delineate distinct vibrational modes within the bulk that are
normal to the metallic boundary. Propagative modes are those for
which |z| =1, whereas evanescent modes, which decay from the sur-
face into the bulk, satisfy the condition lz] <1.

The preliminary step in discerning phonon states localized proxi-
mate to a planar metallic interface with imperfections within a semi-
infinite solid mandates the calculation of these evanescent modes in
the (q, Q2) space. Following this, the equations governing vibrational
movements, as stipulated by Eq. (2), are ascertained for atoms situated
at strategic locations within the three delineated regions. This culmi-
nates in the formulation of a non-square matrix equation system, de-
noted by Mg, where the quantity of equations is less than the number of
unknown atomic displacements.

To resolve such an equation system, it is requisite to condense the
number of indeterminatenesses, thereby, fabricating a homogeneous
set of linear equations. For each collected data set (q, Q2), the atomic
displacements are characterized by evanescent modes, which are por-
trayed as a linear superposition of n vibrational modes derived from
the comprehensive bulk dynamics investigation, oriented normally to
the metallic interface. These n modes correspond to the z roots meeting
the criterion |z| < 1. Thus, the displacement at each atomic site is for-
mulated by the ensuing relationship, which is yet to be explicitly de-
fined in the equation

u (l,o) = Zn: zf’P'A(oc, V)R, . (3)

v=1
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In this model, u, denotes the amplitude of vibrational displacement
parallel to the Cartesian axis o, with p being the third spatial co-
ordinate of an atom [, which conforms to the condition p > p, and, here,
represents the third co-ordinate of the planar surface. The index o en-
capsulates the three Cartesian axes: x, y, and z. The symbol n signifies
the count of evanescent modes, which are determined through the
analysis of bulk dynamics. Moreover, R, is a unit vector that character-
izes the v-th evanescent mode within the set {R}, and z, is the phase fac-
tor associated with the v-th evanescent mode as derived from the dy-
namic matrix in the bulk material. The coefficient A(a, v) quantifies the
weighted contribution of the v-th evanescent mode in the direction of a..

The simultaneous resolution of the phase factors z,, which define
the evanescent modes, and the pertinent eigenvectors that emanate
from the bulk dynamic analysis, facilitates the construction of a corre-
sponding matrix, henceforth indicated as M=r as per the elaborations in
Refs. [20, 25]. The product of the matrices M4 and Mg, as previously
defined, culminates in the formation of a square matrix Ms. This ma-
trix characterizes a homogeneous system of equations where non-
trivial solutions can be derived, indicating the presence of non-zero
vibrational states within the system. These solutions are instrumental
in describing the behaviour of evanescent modes and their contribu-
tions to the overall vibrational characteristics of the material, particu-
larly in regions proximate to structural defects or surfaces:

det(Q*I — Mg(o,, 9,,51)=0. 4)

This equation facilitates the identification of vibrational modes local-
ized in proximity to the metallic surface. Consequently, it becomes
feasible to compute the dispersion branches of localized phonons and
other metallic surface properties.

2.1. Localized States of Clean Surface

The manifestation of a surface within a solid medium induces significant
modifications to the interatomic bonding configurations, particularly
within the surface immediate atomic strata. These alterations exert a
profound impact on the vibrational attributes of the atoms in close prox-
imity to the surface, leading to behaviours distinct from those in the ho-
mogenous bulk material. It is therefore of paramount importance to con-
duct a meticulous investigation of the vibrational properties of atoms
within these surface layers, as they play a crucial role in phenomena such
as adsorption, scattering, and crystal growth processes at the surface.
The study of lattice dynamics at the surface is an essential tool for eluci-
dating the physical properties of surfaces and complements other surface
analyses concerning structural and electronic properties.
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Fig. 2. Calculated surface phonon and resonance dispersion for the Pt(110)
clean surface, indicated by the black curves. The shaded regions represent the
projected bulk phonon bands.

The impetus for such studies is derived from the extensive applica-
tions that these surfaces find across various technological fields. This
includes the development of novel catalysts, sensors, and materials de-
signed to mitigate corrosion. The presence of the surface introduces a
disruption in symmetry along the vertical z-axis, leading to the mani-
festation of localized states, which are absent in the bulk. The multi-
plicity of these localized vibrational modes is intrinsically linked to the
nature of the surface irregularity, and is directly influenced by the
size of the defect matrix, which is obtained from the application of
Newton’s equations at the surface inaugural layers.

Advancements in experimental techniques, particularly inelastic
electron tunnelling spectroscopy (IETS), have provided a powerful
means to assay surface phonons with high precision. These methodolo-
gies permit the measurement of surface vibrations across a broad en-
ergy range, encompassing all wave vectors within the Brillouin zone.
Such capabilities have significantly enhanced our ability to derive ac-
curate surface phonon dispersion curves (Fig. 2), thereby, deepening
our understanding of surface dynamics.

2.2. Dynamic Properties of Surface Alloys

In the current analysis, we conduct an in-depth examination of the dy-
namical attributes of the Pt(110)—(2x1)Cu metal alloy surface system,
employing the application of Eq. (4) as the theoretical underpinning.
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Our primary objective is to ascertain the characteristics of surface
phonons pertaining to the pristine Pt(110) surface, which we employ as
a baseline reference. This comparative approach allows us to quantify
rigorously the influence that copper atom incorporation exerts on the
vibrational landscape of the surface. The computed phonon spectra,
designated by dotted lines in our graphical representations, encompass
both the unalloyed Cu(110) surface and the bimetallic Pt(110)—(2x1)Cu
alloy surface. These spectra are mapped along the principal symmetry
vectors of the surface Brillouin zone, specifically along the pathways
I'Y,YS, SX, and XT, as delineated in Fig. 3. This methodology enables a
meticulous delineation of the modifications induced by the copper depo-
sition, thereby enhancing our comprehension of the altered vibrational
dynamics within the bimetallic surface system.

Within this study, the findings are contextualized through the lens
of interatomic bond lengths between specific atomic sites. Precisely,
leveraging the computational framework of our model, we ascertain
the force constants corresponding to the bond lengths of both nearest
neighbour interactions—denominated as (Cu—Cu)!, (Pt—-Pt)!, (Cu—
Pt)!—and next-nearest neighbour interactions—(Cu—Cu)?, (Pt—Pt)?,
(Cu—Pt)2. The determination of these bond lengths is grounded in the
optimized atomic positions at the interfacial boundary of the Cu/Pt
(110) surface alloy. The calculated force constants, which are funda-
mental to the vibrational properties of the surface, are systematically
compiled and presented in Table 1. This data serves as a crucial element
for the in-depth analysis of the mechanical stability and dynamical be-
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Fig. 3. Calculated phonon dispersion curve for bulk Pt following the direc-
tions of high symmetry in the f.c.c. crystal.
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haviour of the surface structure under investigation.

As a fundamental step in our verification process, we conducted cal-
culations of the phonon dispersion curves for bulk platinum, utilizing
the (Pt—Pt)! and (Pt—Pt)? force constants delineated in Table 1. These
calculations traverse the high-symmetry vectors of the platinum Bril-
louin zone (BZ). The graphical depiction of these phonon dispersion
curves is presented in Fig. 4. In the analysis of the A direction within
the BZ, our computations revealed the presence of two distinct acous-
tic phonon branches: transverse (T) and longitudinal (L), a pattern that
is replicated along the A direction. Notably, at the high symmetry
point X, we observe a degeneration of the transverse acoustic phonon
mode, which bifurcates into two separate modes.

TABLE 1. Interatomic distances and transferable force constants for an f.c.c.
bulk copper unit cell: assignment of the nearest and next-nearest neighbours’
distances and empirical determination of force constants as a function of bond
lengths [49].

Pair type ‘ Bond length, A Force constants, J/m?
(Cu—Cu)! 2.566 27.5
(Cu—Cu)? 3.615 1.4

(Pt—Pt)! 3.28 35.24
(Pt—Pt)? 3.77 1.203
(Cu—Pt)! 2.67 28.64
(Cu—-Pt)? 3.77 1.02

7 T T
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|
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Fig. 4. Calculated surface phonon and resonance dispersion for the Pt(110)—
(2x1)Cu surface alloy, indicated by the black curves. The shaded regions rep-
resent the projected bulk phonon bands.
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Further examination along the X direction unveils three acoustic
phonon branches: a single longitudinal (L) and two transverse (T: and
T;) branches. The results from these comprehensive analyses exhibit a
consistent concordance with the spectrum of findings reported in both
experimental and theoretical studies conducted by other researchers,
as referenced in [26—31].

Expanding upon these investigations, the surface phonon spectra
and associated resonances for the structured-surface alloy system
Pt(110)—(2x1)Cu were calculated across the high-symmetry directions
in the two-dimensional BZ. These trajectories include I'Y, YS, SX,
XT , adhering to the comprehensive theoretical framework outlined in
Sec. 2. The outcomes of these intricate computations are illustrated in
Fig. 3. The phonon spectra of the surface alloy superstructure are
characterized by a distinct count and arrangement of surface vibra-
tional modes. These modes embody a fusion of individual branches coa-
lescing surface phonons and resonances both external to and within the
confines of the projected bulk phonon bands, respectively.

3. VIBRATIONAL DENSITY OF STATE OF THE SURFACE AND
SURFACE ALLOY

The spectral densities, along with the state densities related to various
modes proximal to the surface, can be articulated through the follow-
ing generalized equation:

D@ =Y TR0, = -2 Y S limn 6o, Qi) 6)

9, po 9, P

Elastic excitations are known to be the progenitors of a multitude of
intriguing physical properties, which can be elucidated through the
computational analysis of the vibrational state density [32]. It is ob-
served that the state density per atomic layer begins to converge with
the volumetric state density from the fourth layer onwards, presenting
only marginal deviations. The most pronounced differences when com-
pared to the bulk are observed within the inaugural Pt atomic layer and
the subsequent Pt—Cu intermixed layer.

Figure 6, a—f present correspondingly our calculated density of
states (DOS) results for the defined considered surface alloys, namely
Pt(110)—(2x1)Cu. In each of these figures, we also present the normal-
ized spectra (dotted) on the same scale, for the DOS of the equivalent Cu
atomic sites for the Pt(110) surface boundary of the pure Cu crystal.

In our investigations, we have meticulously computed the phonon
state densities for the Cu and Pt atoms within the alloyed layer, treat-
ing each species discretely. The vibrational modes associated with
atomic displacements in the Pt—Cu alloy layer exhibit a widespread
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Fig. 6. Densities of vibrational states of the sites belonging to the interface
Pt—Cu: state density of atoms (a), (b), (¢), (d), (e) and (f) in perturbed zone.

distribution, extending from lower frequency domains to higher ener-
gy thresholds, as evidenced by the multifarious peaks present in the
state density spectra of both atomic types.

A particularly notable feature within the vibrational state density
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spectra for the Pt—Cu alloy is the prevalence of peaks associated with
Cu atom displacements over those associated with Pt atom displace-
ments. This observation corroborates the presence of new phonon
branches within the dispersion curves (illustrated in Fig. 3) for the
structured Pt(110)—(2x1)Cu alloy surface, predominantly originating
from the copper atom vibrations perpendicular to the Pt—Cu interfa-
cial plane. The root of this disparity in vibrational contributions stems
from the significant mass differential between Cu and Pt atoms.

In contrast, a conspicuous aspect of the vibrational state density
spectra for the ordered Pt(110)—(2x1)Cu surface alloy is the manifesta-
tion of Cu-related vibrational peaks at frequencies lower than those of
the bulk state densities, with these Cu peaks occurring at reduced fre-
quencies relative to their Pt counterparts, particularly near the trans-
verse bands in the bulk. The most prominent peaks in the first layer
correlate with vibrations of the outermost platinum layer in a direc-
tion orthogonal to the surface.

The calculated local vibrational DOS for each constituent atom of-
fers distinctive local fingerprints for the surface alloys in question.
These DOS calculations are instrumental for the subsequent derivation
of all pertinent thermodynamic properties for the systems under
study, utilizing the partition function framed within the harmonic ap-
proximation of lattice dynamics. Within this context, the vibrational
contributions to the free energy denoted as F emerge as a focal point of
the investigation, providing insights into the energetic landscape of
the surface alloys.

4. THERMODYNAMIC PROPERTIES

Phonons, rooted in the foundations of quantum mechanics and embod-
ying the principle of wave—particle duality, exert a profound influence
on a plethora of solid-state properties. These include critical thermal
attributes such as vibrational specific heat [1, 2], vibrational free en-
ergy [33, 34], vibrational internal energy [1-3], and vibrational entro-
py [8—5]. Consequently, the theory of lattice vibrations becomes indis-
pensable for the inclusion of phonon contributions in the computation
of thermodynamic properties.

Within the realm of statistical physics, the partition function Z
serves as a cornerstone concept that facilitates the deconvolution of the
composite system into its harmonic oscillators. This leads to a scenario
where the partition function manifests as the product of the individual
partition functions corresponding to each vibrational mode [35, 36]. The
expression for this pivotal function is articulated as follows:

Z =Y exp(-E, / ksT). (6)

Ts(q)
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The density of states is recognized as an exceptionally utilitarian met-
ric in the realm of physics, not only for its direct measurability but also
for its conceptualization as a continuous function in the context of the
thermodynamic limit. This facilitates the calculation of a myriad of
thermodynamic properties, contingent upon the computation of the
vibrational density of states, thus, serving as a vital precursor to fur-
ther thermodynamic inquiry [37, 38].

In the framework of thermodynamics, the total energy of a system,
commonly referred to as the internal energy (U or E), particularly,
within the volume, where the particle count is held constant to pre-
serve unchanged energy levels, is intricately linked to and derivable
from the partition function Z. The relationship between the internal
energy and the partition function is not only fundamental but also
quantifiable, allowing a robust method to compute the internal energy
[837]:

U=0InZ/0p. (M

Considering the density of vibrational states D(w), the internal energy
U is transformed into the form [38]:

ho
kT

Uy = kT :—O;C’Lh[ jD(m)dm. 8)
0 "B

The free energy F of a system can be expressed as:

F,, = kT In@2sh(ko / (2k,T)D(0)do - 9)
0

The cohesive interrelation that seamlessly ties the free energy and in-

ternal energy in a thermodynamic system paves the way to unearth a

pivotal thermodynamic quantity: the vibrational entropy denoted as

Sviv. Mathematically, vibrational entropy is expounded as:

S, = kBTK ho Jcth[ ho j _ ln2sh( ho ﬂD(m)dm. (10)
I 7T kT % T

B B

Vibrational entropy is distinctively defined as a thermodynamic
variable intrinsically associated with a system state of particulate con-
stituents. Its quintessential role is to quantify the level of disorder or
the extent of randomness present within a system. Embracing the pos-
tulate that entropy exists as a tangible attribute, particularly, in the
analysis of a substantial aggregate of particles conceived as a continu-
um, we proceed to its quantification within the thermodynamic limit.
The introduction of the vibrational density of states function D(w)
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Fig. 7. Thermal properties of the material as a function of temperature: varia-
tion of internal energy U (a), changes in vibrational specific heat (b).

permits the establishment of an expression for vibrational entropy,
providing a formulaic representation of this concept [38—41]:

S, = kBTKh—chth[h—m] —1n2sh[ ho ﬂ D(w)do- (11)
I kT k,T 2k, T

Specific heat, another essential material property, involves two
primary forms of energy conduction in a solid: electronic and through
atomic vibrations. Focusing on the phonon contribution (atomic vibra-
tion) and specifically the specific heat at constant volume due to its
fundamental nature for solids, it is defined by [33—49]:

C, =k, ! H :B(’;J sh2 [ZZZ’T)] D(w)do . (12)

It is crucial to note that the vibrational specific heat encompasses the
energy density variation associated with network vibrations as per tem-
perature. The total system energy, encompassing the contributions of
all particles within the system, is derived concerning the temperature T'.

5. GENERAL CONCLUSIONS

This compendium delineates the outcomes from a comprehensive theo-
retical analysis of the vibrational phenomena within Cu/Pt(110) sur-
face alloy systems, synthesized via the deposition of copper atoms upon
a platinum (110) substrate. We have meticulously quantified and illus-
trated the dispersion branches of the surface phonons, resonances, and
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the vibrational density of states for the Pt(110)—(2x1)Cu surface al-
loys. These vibrational features serve as definitive indicators of the
structural order and elucidate the unique elastic properties intrinsic to
these alloys. The resonance of our results with extant theoretical con-
structs and empirical data underscores the efficacy of our methodology
in predicting the thermophysical properties of these alloys.

Phonons are collective excitations representing lattice vibrations,
with surface phonons specifically denoting the vibrational modes that
are localized to surface structures, arising due to the periodicity,
symmetry, and truncation of the bulk crystal lattice at the solid inter-
face. The exploration of surface phonons is imperative for understand-
ing the structural configuration and distinctive properties of surfaces,
which often exhibit significant deviations from bulk characteristics.
Experimental techniques such as neutron inelastic scattering and Ra-
man scattering of x-rays are pivotal in determining the dispersion re-
lations of lattice vibrations within the bulk, while electron-energy loss
spectroscopy and inelastic helium atom scattering are instrumental in
probing the surface phonons.

Thermal neutrons, with energies commensurate with lattice vibra-
tions and wavelengths akin to crystal lattice spacing, are adept at cap-
turing phonon dispersion relations through the analysis of neutron
scattering energy and direction. Owing to their minimal interaction
with matter, they provide deep insights into the bulk phonon-
dispersion patterns.

Moreover, the specific heat represents a critical material property
reflecting the capacity for thermal energy storage and conduction
within a solid, occurring predominantly through electronic or phonon
pathways. Our focus is confined to the phonon contributions, which
are crucial for understanding thermal energy management in solids.
Discussions henceforth will centre on the specific heat at constant vol-
ume—a parameter of fundamental importance for solid-state physics.
The vibrational specific heat pertains to the variations in energy densi-
ty correlated with the lattice vibrations as a function of temperature,
encapsulating the aggregate energy contributions of the system’s par-
ticles.
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Correlation between Structural, Morphological and Hydrophobic
Properties of MgO Coating of Aluminium Substrate
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In this work, we investigate how the molarity of the solution affects the phys-
ical characteristics of MgO coatings. By oxidizing simply thermally magne-
sium that had been electrodeposited on aluminium substrates, stable MgO
thin films are produced. The samples are characterized by x-ray diffraction
(XRD), Raman spectroscopy, and scanning electron microscopy (FEG-SEM)
equipped with energy dispersive x-ray analysis (EDX), a profilometer. The
wettability properties of the synthesized films are estimated by measuring
the contact angle between the surface of the films and a deposited water drop
(WCA). The optimal MgO nanostructure coating crystallizes when magnesi-
um layers are electroplated with 0.2 M of the solution for two hours at 500°C.
The MgO-coating crystal orientation is influenced by the molarity of the so-
lution. Data from the XRD analysis are corroborated by Raman-spectroscopy
results. Normal vibrational modes, which are compatible with the MgO struc-
ture, are visible in the acquired spectra. The study findings suggest that the
vibrational mode of the MgO coating described in this work is affected by
changing the solution molarity. This form may be responsible for the MgQOo.2
layer best hydrophobicity, which is caused by air trapping between the nan-
owires (fibres) to prevent water from clinging to the film.

Key words: MgO coating, aluminium substrate, molarity, electroplating, best
hydrophobicity, nanowires.

VY 1iit pobori 6ys0 mocaimKeHo, SK MOJAPHICTL PO3UMHY BIIIMBAE Ha (isuumHi
xapakTepuctuku nokpuTtiBa MgO. IIliaxom mpocToro TepMivHOTO OKMCHEHHA
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MarHiro, AKui OyB eJIEKTPOOCAIKEeHUN Ha aJIOMiHIOBi OCHOBY, OyJI0 OffepiKa-
HO cTabinbui Touki muiBkum MgO. 3pasku 0yau Hocaig:KeHi MeTogaMu PEeHTT'e-
HiBCBbKOI qudpakriii, PamamnoBoi crieKTpocKo1mii Ta cKaHyBaJIbHOI €JIEKTPOHHOT
MiKPOCKOIIil 3 BUKOPUCTAHHAM €HEePTOANCIIEPCIiNHOI PeHTT'eHiBChKO1 aHaIi3H,
npodisomerpa. SMOUYBaHICTh CUHTE30BAHUX ILJIIBOK OI[iHIOBAJIU ITIJISIXOM Mi-
PAHHA KyTa KOHTAKTy Mi’K IIOBEPXHEIO ILUIIBOK i KpamJiero BOAM, II[O OCAKY-
erbea. OnTuManbHe HAHOCTPYKTYypHe HMOKpuTTsa MgO Kpucramisyersesa mifg
yac Ir'aJIbBaHIiYHOTO oOca[KeHHaA miapiB maruiio 0,2 M-po3suymHOM HPOTArOM
IBox roxuH 3a remueparypu y 500°C. Ha xpucraniuny opieHTaIito MOKPUTTA
MgO BusmBae monsapHicTs posunny. [laHi peHTI'€HOCTPYKTYPHOI aHAJII3Y mij-
TBEPAKYIOTHCA PEe3YJIbTATAME CIEKTPOCKOMNil KOMOiHAIIITHOTO PO3CiAHHSA CBi-
Tya. B omep:kanmx creKTpax 0yJio TOMiTHO HOpMAaJIbHI KOJIUBHI MOAU, cyMicHi
3i crpykTypoio MgO. Pe3yabTaTu JOCTiIMKEeHHA YMOMKJINBIIOIOTE ITPUITYCTUTH,
110 OMMHMcaHa B ITiHl poboTi hopma KosruBaHb MOKPUTT MgO 3a1eKuTh Bif 3Mi-
HU MOJSIPHOCTH po3umHy. I1sa dopma Moxxe OyTU BiAIIOBiZaabHOIO 38 HAMJIIII-
mry rigpodoouicTs mapy MgQo.2, 1110 3yMOBJIEHA YTPUMYBAHHAM IIOBITPA MiK
HaHOAPOTaMU (BOJIOKHAMHU), SIKE 3am00irae MpuInIIaHHIO BOAU IO TJIiBKH.

Karouosi cioBa: mokpurtss MgO, amfominifioBa migKJagwHKa, MOJAPHICTD,
raJibBaHiuYHE HOKPUTTH, Hatrinma rizpodobHicTs, HAHOAPOTH.

(Received 7 February, 2024; in final version, 11 April, 2024 )

1. INTRODUCTION

Many inorganic materials have been investigated as effective anticor-
rosive coating components and corrosion inhibitors for a number of
metallic substrates that are susceptible to environmental corrosion
such as NaCl solution, fuel oil, simulated body fluid, and gas turbine
environments [1]. One of the best ways to inhibit corrosion on metal
surfaces is to form a passivation coating [2, 3]. Wettability, or the sur-
face affinity for water, is the most significant property of this coating
material. As a measure of a surface wettability, hydrophobicity is de-
termined by its chemical composition, structure, morphology, and the
contact angle (CA) that a liquid has with the surface. These character-
istics allow surfaces to be categorized into various domains, including
superhydrophilic (CA=5° in 0.5 sec), hydrophilic (CA=90°), hydro-
phobic (CA >90°), and superhydrophobic (CA=150°-180°) [4-14].
Several materials are used in this field of application, such as ZnO
[15-20]. Magnesium oxide (MgO) is chosen in this present work for
deposition as a thin film on aluminium substrate due to its excellent
physical and non-toxicology properties. Magnesium oxide thin films
have significant application features that are generating a lot of inter-
est in science and technology [21]. These films find wide applications
in solar cells, photodetectors, light-emitting diodes, optoelectronic de-
vices, and sensors [22, 23]. MgO exhibits exceptional band gap charac-
teristics with chemical and thermal stability [21, 22].
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In recent years, a number of techniques have been developed for the
fabrication of magnesium oxide (MgO) thin films and coatings. These
techniques include pulsed-laser deposition (PLD), magnetron sputter-
ing, electron beam evaporation, metal organic chemical vapour deposi-
tion (MOCVD), and spray pyrolysis [24—29]. Nonetheless, the choice of
synthesis process is contingent upon the particular demands of the ap-
plication, the intended film thickness, uniformity, and surface states,
in addition to the equipment and resources at hand. By varying the
electrolyte composition and applied voltage, the electrodeposition ap-
proach offers appropriate and controllable methods for generating
composite films on a variety of diverse substrates [30]. Furthermore, it
is the most widely used and reasonably priced method of producing
surface roughness on metal. It has been shown that water-repellent
coatings on aluminium substrates vary in their wetting qualities, du-
rability, roughness, and anti-icing ability [31].

The present work is a new one where we have investigated the impact
of the solution molarity on the structural, morphological, and hydro-
phobic properties of MgO thin films deposited on aluminium substrate
using a low-cost electrodeposition method without adding corrosion
inhibitors or surface modifications, which are expensive and can lead
to toxicity and environmental issues.

2. EXPERIMENTAL DETAILS
2.1. Substrate Preparation and Deposition of Thin Films

In the current work, pure aluminium is utilized as the substrate; to
achieve a flat shape with a thickness of roughly 2 mm, it must be me-
chanically polished using abrasive paper. Preparing for usage, the sub-
strates were cleaned using distilled water and methanol for 15 minutes
each in ultrasonic baths. For the deposition of MgO thin films, an
aqueous solution of O0.1M and 0.2M magnesium nitrate
(Mg (NOs):—6H,0) precursor was dissolved in distilled water. A cleaned
aluminium substrate is used as a cathode and the platinum plate as an
anode; both electrodes were vertically immersed in the as-prepared so-
lution and kept at a distance of 1.5 cm. A voltage of —10V DC was ap-
plied for 15 minutes. In order to guarantee the complete oxidation of
Mg, after deposition, the thin Mg layers were annealed at 500°C for
2 hours.

2.2. Characterization

The structural properties of the as-prepared samples were determined
using a PANALYTICAL empyrean diffractometer (XRD, Ac,=1.540
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A). The data from XRD were examined using X’Pert High Score soft-
ware. The Raman spectra were measured on a HORIBA LabRAM HR
Evolution spectrometer at room temperature with a monochromatic
light source of 473 nm. The morphological and elemental analyses were
executed using a Field Emission Gun Scanning Electron Microscope
(FEG-SEM, JEOL FEG JSM-7100F) equipped with an energy dispersive
x-ray spectrometer (EDS). The measurement of the water contact angle
(WCA (0)) has been used to determine the surface wettability of the elab-
orated MgO thin films. A light source of the LEYBOLD type (6 V, 30 W)
was used for lighting and projecting the drops’ image onto the sample,
together with a projection lens that allowed the image to be magnified
onto a transparent screen of dimensions 30x30 cm?.

3. RESULTS AND DISCUSSIONS
3.1. Structural Studies

The structure of the elaborated MgO coating has been identified by x-
ray diffractometer, using the existing databases in the form of ICSD
cards No.: 96-901-3200. The samples were analysed between 20° and
80° diffraction angles at room temperature. The XRD spectra show the
different diffraction peaks observed at 20 =38.45°, 44.66°, 65.07° and
78.22°, which are attributed respectively to the (111), (020), (022) and
(131) lattice planes of the MgO structure (Fig. 1), and which check the
successful elaboration of MgO thin films. For the MgQ,.: sample, the

I 0.2M
1000 -
500 -
’:%" 0 - JL T T T JL 1 L
_::;1000- 0.1 M
= ]
5 500
+~ ]
S RS I e S
100 g‘ MgO Reference code: 96-901-3200
] =
50 T ’Y—T — -
I} g 5
0 ] el
30 40 50 60 70 80

20 (°)

Fig. 1. X-ray diffraction spectra of elaborated MgO thin films (the molarity of
solution is indicated inside the figures).
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dominant peak is (111) and with varying the solution molarity to
0.2 M, the crystal orientation changes with the (020) peak. The sharp-
est peaks with the greatest intensities sign a good crystallinity and a
larger grain boundary dimension [32, 33]. The migration of molecules
onto a growing surface may provide an explanation for the observed
link between the degree of preferred orientation and the molarity of
the solution. It is believed that when nucleating, MgO will attain a fa-
voured orientation of (020) with a lower energy configuration. A
change in crystallite size can also account for this difference in the an-
alysed sample peak intensities. Scherrer’s formula [34] has been ap-
plied to calculate the crystallite size of the MgO thin film, using the
full width at half maximum (FWHM) of the highly oriented peak (020)
located around 44.65° in the XRD spectrum (Fig. 1):

0.9
BcosO’

(1)

where A =0.1540 nm—x-ray wavelength, 6—Bragg-diffraction angle,
and B—FWHM.

Table 1 summarizes the position of the (020) peak and estimated
crystallite size. The obtained results reveal that the crystallite size is
on the nanometric scale. The crystallite size decreases from 144 nm for
the MgQy.; thin film to 115 nm for the MgQy 2 sample.

Until now, the interpretation of the Raman spectrum of MgO is not
clear, but we will try to base it on some previous results to understand
the origin of the vibration modes appearing on the Raman spectra of
the samples studied in this present work. It was found that the Raman
modes of MgO compounds were dependent on their size and shape,
while other modes were rather constant and identified as surface pho-
non modes [35]. Visweswaran et al. [36] reported that, from group the-
ory, the Raman active modes are as follow:

71lu‘})cjylu = Ala + Ea + 71la + 7-12a * (2)

In this work, the Raman spectra of the elaborated MgO coating are
shown in Fig. 2. For MgOQy .2, six Raman peaks appear around 137, 487,

TABLE 1. Structural parameters of elaborated MgO thin films as a function
of the solution molarity

S le | 200s0 (°) [FWHM (° Crystallite size | Dislocation densi- de g'(') iﬁi:’zon
ample 020 (°) ) D (nm) ty 8x10 (line/m?) (6x10°%)
MgOo.1 44.7087 0.0624 144 0.484 0.252

MgOo.2 44.6421 0.0780 115 0.756 0.315
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Fig. 2. Raman spectra of the MgO thin films on aluminium substrate:
MgOo.1 (a), MgOo.2 (b).

708, 784, and 1128 cm™!. The vibrational modes at 137 cm™ similar to
those of ZnO named E;°" [19, 20], can be associated with the vibration
of the lattice of Mg atoms. The band centred at 487 cm™ is designated
EMeh first-order Raman modes [36]. In the spectrum of MgO, second-
order Raman bands appear around 1088 cm™ [37]. In this work, band
around 708, 784, 1128 and 1300 cm™ may be related to the second-
order Raman modes.

3.2. Morphological and Wettability Studies

Different atomic rearrangement processes involved during the ther-
mal oxidation of MgO thin films obtained with different molarity on
the aluminium substrates are responsible for the different surface



CORRELATION BETWEEN PROPERTIES OF MgO COATING OF Al SUBSTRATE 555

morphologies of these studied layers.

Figure 3 shows the micrographs obtained by the Field Emission Gun
Scanning Electron Microscope (FEG—SEM) of these samples. It is clear-
ly appearances that the MgQy: film morphology is asymmetrical and
flaky (Fig. 3, a). Hence, with the increase of the solution molarity, the
morphology of MgO films changes. The MgQO,.2: sample presents the
nanowires (fibres), which are dispersed homogeneously and all over the
films surface. This morphology may be responsible for the best hydro-
phobicity of the MgQy: layer, where air trapping between the nan-
owires (fibres) prevents water from adhering to the film. Compacted

Fig. 3. FEG-SEM images of MgO thin films: MgQo.1 (inset right image shows
the nanowires with a High-magnification, and left image shows contact angle
of the water drops) (a), MgQo.z (inset right image shows the nanowires with a
High-magnification, and left image shows contact angle of the water drops)

(b).
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fibres that cover the MgQy.» surface lead to a hydrophobic surface with
a WCA of 136.93°.

4. CONCLUSION

In this work, we performed a study on the impact of the solution molar-
ity on the physical properties of MgO coatings. Stable MgO thin films
were obtained by simple thermal oxidation of electrodeposited Mg on
aluminium substrates.

The treatment for 2h at 500°C of electroplating Mg layers with
0.2M of the solution, leads to the best crystallization of the MgO
nanostructure coating. The solution molarity has an effect on the crys-
tal orientation of MgO coating.

Results from Raman spectroscopy support those from the XRD
analysis. The obtained spectra showed normal vibrational modes that
are consistent with the MgO structure. The study results indicate that
increasing the solution molarity has an impact on the vibration mode
of the MgO coating elaborated in this work.

The MgQo.: layer optimal hydrophobicity, which results from air
trapping between the nanowires (fibres) to keep water from sticking to
the film, may be attributed to this shape.
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There are studied the structure formation of the high-strength casting Cu-Al
alloys. Providing high level of properties for such alloys is connected by main-
taining the necessary Cu content and alloying special strengthening additives.
The most effective additives are unfortunately toxic Cd or expensive Ag. It is
proposed to remove such components from the composition of alloys. To pro-
vide the structure dispersion and an increasing of properties, other alloying
and modifying components, in particular, Mn and Zr, should be used. There
are developed the technological bases for obtaining master alloys Al-Mn and
Al-Zr with applying the energy of electromagnetic fields and magnetodynam-
ic equipment. Modes for adding made master alloys into experimental liquid
high-strength casting Cu—Al alloy are worked. As result, it is provided the
substantiate refining of the cast alloy structure. To provide further structural
transformations and to increase the properties of the experimental alloy, as
well as due to a change in its chemical composition, the modes of its heat
treatment are clarified. The proposed mode is similar to T6 and includes two-
stages’ homogenization (annealing) under quenching in water and subsequent
artificial ageing. The further development of research consists in determining
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the new alloying components for such alloys. These components should make a
strengthening effect on the structure, promote properties’ increasing, and, at
the same time, are non-toxic and relatively cheap.

Key words: high-strength casting alloys, Al-Cu, magnetohydrodynamic pro-
cessing, master alloys, refining, structure, heat treatment.

HocaimxeHo CTPYKTYPOYTBOPEHHS BMCOKOMIIHUX JuBapHux cromiB Cu—Al.
3abe3meueHHsT BUCOKOTO PiBHSA BJAACTUBOCTEH TaKUX CTOIIB OB’ sI3aHO 3 IMiAT-
puMKoIo HeobxigHoro BMicTy Cu Ta JeryBaJbHUMU CHEIiAILHUMY 3MiITHIOBA-
JAbHUMU HobaBkamu. HatiepekTuBHIIIIMY 1o00aBKaMM €, HA 3KaJlb, TOKCUUHUNA
Cd a6o moporumit Ag. Taki KOMIIOHEHTHU IPOIMOHYETHCA BUJIYUUTH 3i CKJIALY
cromiB. [{ns 3a0e3meueHHA QUCIIEPI'YBAHHS CTPYKTYPHU Ta MiABUINEHHSA BJjac-
TUBOCTEH IOTPiOHO BUKOPHUCTOBYBATHU iHIII Jier'yBajbHiI Ta Momu(iKyBabHI
KOMIIOHEHTH, 30KpeMa Mn i Zr. Po3pobJieHO TeXHOJIOTiUHiI OCHOBY OflepIKaHHA
airatyp Al-Mn i Al-Zr i3 3acTocyBaHHSM eHepPrii eJIeKTPOMarHeTHUX IOJIiB i
MaTrHeTOAWHAMIUHOTO o0JslagHaHHA. Po3p00JeHo peskuMu JOJaBaHHA BUTOTOB-
JeHUX JITaTyp y eKCIePUMEeHTAIbHUN PiIKWI BUCOKOMIITHUYM JUBAPHUI CTOI
Cu-Al. B peayabraTi 3a6es3neuyeTbcs icToTHe MOgUDIKYBaHHSA CTPYKTYPH JIU-
Toro crony. [[ns 3abesmedueHHA MOJANBIINX CTPYKTYPHUX IIePETBOPEHD i mif-
BUINEHHSA BJACTUBOCTEH MOCJIiTHOTO CTOITy, a TAKOXK 3a PAaXyHOK 3MiHM #10T0
XEeMiUHOT'0 CKJIay YTOYHEHO PEXMMU HOro TEPMiYHOTO 00pobaeHHA. 3ampo-
TMMOHOBAaHUM pekuM aHasoriunmii T6 i BKJouae ABOCTAMiIiHY TOMOTreHi3aIlito
(Bimmau) i3 sarapTyBaHHSAM Yy BOZi Ta MOJAJBIITUM MITyYHUM cTapinaam. [Toxa-
JIBIIIUHM PO3BUTOK [IOCJHIMKEHDb MOJSAra€ y BUSHAYEHHI HOBHUX JIEI'YBAJIbHUX
KOMIIOHEHTIB JJIs TaKUX cTomiB. I1i KOMIIOHeHTH MAlOTh HaJaBaTU 3MillHIOBA-
JbHY Oil0 HA CTPYKTYPY, CIPUATU IIiIBUIIEHHIO BJIACTUBOCTEH i IPU IIHOMY
OyTH HETOKCUUYHUMHY Ta MIOPiBHAHO JeIIIEBUMU.

Karouoni croBa: Bucokominui smuBapui cronu, Al-Cu, margerorigpoagmuamiy-
He 00po0JIeHHs, Jirarypa, Moau@ikyBaHHsa, CTPYKTypa, TepMiute 00pobIeHH.

(Received 11 January, 2024, in final version, 11 March, 2024 )

1. INTRODUCTION

As known, high-strength casting Al-Cu alloys are dispersion-
hardening alloys. Their operational properties are determined mainly
by the structure, morphology, volume fraction, and surface energy of
the strengthening particles formed at aging of the supersaturated sol-
id solution [1-4]. The basis of the structure of such alloys is a-solid so-
lution of Cu in Al and a eutectic consisting of Al and CuAl:. The de-
composition of the supersaturated solid solution during the aging
leads to the formation of a strengthening nanoscale metastable 0’-
phase. At the same time, for the majority of such industrial alloys, the
optimal Cu content is considered to be in the range of 4.5-5% by weight
[6—11]. This is due to the fact that decreasing Cu content in the alloy
below 4% by weight leads to a decrease in its strength at room tempera-
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tures. Excessively high Cu content (more than 5.5% by weight) pro-
vokes excessive release of the CuAl: phase, which embrittles the alloy
not only at 20°C, but also at elevated temperatures due to the develop-
ment of diffusion ductility, which sharply reduces its heat resistance.

Additional alloying and microalloying of the Al-Cu alloys with ele-
ments with a low diffusion coefficient in aluminium helps to reduce
the rate of development of diffusion processes, increases the stability
of the finely dispersed 6’-phase at room and high temperatures and the
stability of the fine structure at elevated temperatures, which leads to
an increase in the tensile strength [1-4].

The most effective alloying additives are Cd and Ag. However, due
to its extreme toxicity and danger to human health, the use of Cd in the
production of alloys, as well as the operation of products made of such
materials, is currently prohibited in almost all developed countries of
the world, and the use of Ag significantly increases the cost of the alloy
[12,13].

Therefore, from a practical and economic point of view, it is more
promising to use already known, more readily available and cheaper
components of the alloy, primarily low-soluble transition elements
(Mn, Zr, Ti)[2, 3, 14-18]. They form refractory intermetallides, which
affect the nature of liquations in the alloy and prevent the migration of
grain boundaries during the homogenization process [3]. At the same
time, Zr performs not only a modifying function (as part of the inter-
metallide AlsZr), but also acts as a microalloying additive that is part
of the solid solution, i.e., it helps to improve both the strength and
plastic properties of the alloy [3, 8,9, 15-18]. Moreover, zirconium
improves the casting and technological properties of Al-Cu alloys in
the solid—liquid state and in the pre-crystallization period, in particu-
lar, by reducing the tendency of the alloy to form hot cracks [15].

In the course of earlier studies [19], the specialists of the Physico-
Technological Institute of Metals and Alloys of the National Academy
of Sciences of Ukraine, taking into account the trends in the use of
high-strength casting Al-Cu alloys, modern environmental and eco-
nomic requirements for their production [7—9], based on the use of en-
ergy of electromagnetic fields, proposed solutions to the main prob-
lems of technological processes for the preparation and casting of such
alloys, in particular, as follow.

e Complex refining and magnetohydrodynamic (MHD) processing of
the experimental alloy in liquid state in casting magnetodynamic in-
stallation made it possible to ensure a sufficiently high level of basic
mechanical properties. Thus, the tensile strength of the experimental
Al-Cu alloy was on average 80%, and the elongation was 2.5 times
higher than the values required by the standards for such alloys con-
taining strengthening additives—toxic Cd, which is prohibited for use
in almost all industrial developed countries of the world, or expensive



562 0. M. SMIRNOV, A. L. BEREZINA, T. O. MONASTYRSKA et al.

Ag[19].

e At the same time, the level of the main technological properties of
the experimental alloy—fluidity and propensity to form hot
cracks—was ensured in accordance with the standards. This indicates
the possibility of manufacturing from such alloys not only ingots and
cast billets, but also thin-walled parts of complex configuration, ob-
tained by various casting methods.

Priority areas for further research were also formulated, which are
intended to ensure the development of the proposed solutions:

e to further increase the strength properties, it is necessary to con-
sider the possibility of using strengthening additives—alloying (mi-
croalloying) and modifying components that can ensure the formation
of the necessary alloy structure and achieve a high set of properties;

e it is necessary to study the peculiarities of introducing components
into the initial melt (both in pure form and master alloys), including
under conditions of electromagnetic influences;

e in connection with a possible change in the chemical composition of
high-strength alloys, special attention should be paid to the issues of
clarifying the modes of heat treatment of cast products in order to en-
sure the maximum strengthening effect.

2. EXPERIMENT PROCEDURE
2.1. Obtaining Experimental Master Alloys

It is known that the macro- and microstructure of modified alloys
strongly depends on the microstructure of master alloys & ligature
modifiers [15, 18]. In order to avoid the influence on the quality of ex-
perimental alloys of the used master alloys (having different chemical
composition, obtained by different methods of smelting from different
charge materials from different manufacturers, etc.), it was decided to
manufacture the main master alloys (Al-Mn and Al-Zr) independent-
ly.

The Al-Mn master alloy was prepared in the magnetodynamic cast-
ing installation MDN-6A for aluminium alloys [19]. Al of technical pu-
rity and metallic Mn were used as the initial charge materials. The Mn
content in the experimental master alloy was chosen for the following
reasons:

¢ to eliminate the saturation of the melt with H; and its accelerated
oxidation, excessive overheating of Al (more than 10% of its melting
point, which is about 660°C) should not be allowed when Mn is added;

e since the Mn content in the most popular high-strength casting
Al-Cu alloys is in the range of 0.35-0.80% by weight [10, 11], the Mn
content of the master alloy should ensure that such values are relative-
ly easy to achieve with relatively low weight and convenient for insert-
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ing ligature portions into the alloy.

Therefore, it was decided to ensure that the Mn content in the exper-
imental master alloy was about 4% by weight. In this case, according to
the state diagram of Al-Mn [3, 4], the liquid ligature temperature will
be no more than 710°C, which is about 50°C (or 7-8%) higher than the
melting point of Al. In order to ensure the required residual content of
Mn in the final alloy, it is necessary to add 0.12-0.25 kg of such master
alloy per 1 kg of initial melt.

In the production of the Al-Mn master alloy, the main task was to
ensure the rapid dissolution of manganese in aluminium with a slight
overheating over the liquidus temperature, as well as the uniform dis-
tribution of Mn in Al. The magnetodynamic installation MDN-6A has
wide range of capabilities to create various modes of melt circulation in
its crucible and channels [19, 20]. To control the process of dissolution
and stirring, it was necessary to develop a special device installed on
the central mouth of the W-shaped induction channel of the magneto-
dynamic installation MDN-6A (Fig. 1).

For example, at the channel mouth, a graphite insert is installed un-
der the melt level, inside which ceramic foam filter is installed, and Mn
is placed on its surface in the form of pieces of 10—-20 mm in size. It
then passes through the filter, enters the central branch of the MDN-
6A channel, exits through the lateral mouths of the W-shaped channel,

Fig. 1. Diagram of the introduction of metal Mn into Al when obtaining the
Al-Mn master alloy: the mouth of the channel central branch (1), graphite
body (2), ceramic foam filter (3), manganese pieces (fraction 10-20 mm) (4),
aluminium melt (5), direction of melt movement (6).
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mixes with the bath melt and passes through the device again. In this
way, the melt is repeatedly circulated through the graphite insert with
Mn along the ‘liquid metal bath—channel’ circuit. After complete dis-
solution of Mn, the master alloy was poured into ingots and further
used for the preparation of experimental alloys.

As for the Al-Zr master alloy, in order to provide a strengthening
effect on the structure of the processed alloy, it must contain zirconi-
um in a solid solution with aluminium, and to modify effectively the
structure, it must contain a sufficient amount of dispersed particles of
Als;Zr intermetallic compound. At the same time, the residual content
of Zr in the Al-Cu alloys ranges from 0.10 to 0.40% by weight [8-11].
In industrial master alloys, the zirconium content reaches 85% by
weight, but under normal conditions of melting and crystallization,
the resulting intermetallides acquire a needle-like shape and a length
of up to 150 ym (Fig. 2) [20]. In this form, they are not able to exert
any effective modifying effect on the structure. In addition, the liga-
ture oxidizes strongly at a temperature of about 400°C.

Therefore, in order to ensure intensive effect on liquid state of the
Al-Zr master alloy, its preparation was carried out in a special crucible
with a capacity of about 2kg of aluminium melt. The crucible is
equipped with a resistance-heating element (nichrome coil) with a max-
imum heating power of up to 2 kW. It is mounted on the pole of an elec-
tromagnetic stirrer to produce a master alloy under intense electro-
magnetic exposure (Fig. 3).

The preparation of the Al-master alloy was carried out as follows. In
a crucible (see Fig. 3), technical purity Al was melted, overheated, and

Fig. 2. Microstructure of standard (Al-85% wt. Zr) master alloy [18].
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Fig. 3. Diagram (a) and appearance (b) of the Al-Zr master alloy device: elec-
tromagnetic core (1), EMF winding (2), crucible (3), heating electro-resistance
element (4), thermal insulation (5), sealing gasket (6), cover (7), direction of
melt mixing (8), aluminium melt (9).

then an (Al-85% wt. Zr) master alloy was added. The choice of this
fraction is due to the fact that the finer material is poorly immersed in
liquid Al, floats on its surface and burns. Next, the electromagnetic
stirrer was switched on and the intensity of melt stirring was substan-
tially increased. After the complete dissolution of the solid pieces, the
resulting melt was poured into metal moulds heated to a temperature
of 200°C. Heating of the moulds is necessary to obtain a cast surface
without irregularities. At the same time, the cooling rate of the cast
billets was no more than 50 K/s. Thus, batches of master alloys with a
Zr content of 3%, 5% and 6% by weight, respectively, were obtained.

2.2. Features of the Heat Treatment for High-Strength Casting Al-Cu
Alloys

At present, the main methods of obtaining castings for machine-
building purposes from high-strength casting Al-Cu alloys are die
casting and sand moulds, while additional physical effects (centrifugal
forces, electromagnetic fields, ultrasound, vibration, vacuuming of
the mould itself, etc.) can be used to improve the filling of the mould,
affect the casting structure during crystallization, etc.[8, 9, 21, 22].
After obtaining castings, depending on the required level of proper-
ties, they must be subjected to heat treatment according to various
modes: T4—homogenization for hardening; T5—homogenization for
hardening and short-term (incomplete) artificial ageing;
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T6—homogenization for hardening and complete artificial aging;
T7—homogenization for ¢ hardening and stabilizing tempering
[2,10, 11, 18, 22]. The goals of such heat treatment are to eliminate
intracrystalline liquation that occurs during dendritic crystallization,
to control the processes of dissolution of components and separation of
phases, to disperse the structure, etc.[23].

Standardized homogenization temperature values within
(5627-547°C) are based on the following considerations. The upper limit
shall not exceed the melting point of the eutectic of 547°C to prevent
contact reflow, and the lower temperature shall be above the tempera-
ture of 527°C, at which the ultimate solubility of Cu in a solid solution
of aluminium is 5% by weight.

However, taking into account the changes in the chemical composi-
tion of the experimental high-strength casting Al-Cu alloy in compari-
son with standard alloys, the issue of refinement, development and
possible adjustment of heat treatment modes becomes important and
requires separate studies.

2.3. Research Methods

The studies were carried out using metallographic, x-ray, calorimet-
ric, resistometric and durometric analyses. Phase transformations in
alloys were evaluated using durometric, resistometric and calorimetric
methods. Vickers hardness was measured with TP-2 at a load of 5 kg.
Calorimetric analysis was carried out differential scanning calorime-
try (DSC) method using NETZSCH 404 F1 Pegasus®, in dynamic mode
at heating rate of 20 K/s in temperature range of 20-780°C. Tempera-
ture intervals of aging were determined by changes in the reduced
temperature coefficient of electrical resistance ar=R'dR/dT at con-
tinuous heating at a rate of 3 K/min in the temperature range of
20-600°C.

Metallographic studies were carried out on the Neophot-2 optical
microscope. For etching thin sections, Keller’s reagent was used:
HNO;—2.5ml, HCl1—1.5 ml, HF—1 ml, HO—95 ml. The phase com-
position and structural state of the alloys were studied by x-ray dif-
fraction analysis on the DRON-4 standard diffractometer with CuK,-
radiation.

3. RESULTS AND DISCUSSION
3.1. Structure of Produced Al-Zr Master Alloy

Metallographic studies of the obtained master alloy showed the follow-
ing. In its structure, Als;Zr intermetallides are observed, which have a
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Fig. 4. Microstructure (a) and x-ray diagram (b) of the Al-5% wt. Zr master alloy.

compact shape and dimensions of predominantly 2-5 um (Fig. 4, a), in
contrast to needle-like intermetallides of standard master alloys up to
150 uym long (see Fig. 2). In general, the inclusions of intermetallides
are evenly distributed over the volume of the sample. The diffracto-
gram (Fig. 4, b) shows the presence of two phases—Al (64%) and AlsZr
(36%). No peaks of other phases (e.g., Zr, Zrs;Al, etc.) were detected.

It is important to emphasize that the resulting intermetallic com-
pound is not a metastable phase, which is known to have a strong modi-
fying effect. However, the stable phase obtained in the experiments
should also be a good modifier, since it has the form of compact poly-
hedron with a predominant size of up to 5 uym. It is known from the
theory of crystallization [5, 7] that coherent crystallization of an alloy
containing a modifying particle in the form of a polyhedron occurs as
follows. The addition of alloy atoms occurs first at the vertices of the
polyhedron, then at its edges, and then at its faces. Since a single par-
ticle of intermetallide has many of these geometric elements, each of
them creates many centres of crystallization (on average, their number
is equal to the sum of the number of their vertices, edges, and faces).

3.2. Specification of Heat Treatment Modes for the Experimental Alloy

The previously obtained Al-Cu alloy [19] was used in further experi-
ments. At the initial stage, in order to avoid metal losses and excessive
energy consumption, as well as to test the efficiency of various options
for MHD-processing, a scheme for small portions of the alloy was used
(Fig. 3). In the alloy, which does not contain harmful (Cd) and expen-
sive (Ag) strengthening additives, Zr was added with previously manu-
factured Al-Zr master alloy in modes without MHD-effects and with
their application. As a result, an experimental high-strength casting
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Fig. 5. Structure of the experimental high-strength casting Al-Cu alloy (in
cast state): without external actions (a, b); under MHD-processing (¢, d).

Al-Cu alloy was obtained with the following chemical composition, %
by weight: Al—base; Cu—4.65; Mn—0.43; Ti—0.19; Zr—0.17; Si—
0.18; Fe—0.06; Mg—0.01; Ni—< 0.01; Zn—< 0.01.

The microstructure of the alloy is shown in Fig. 5. It is absolutely
identical to the structure of the initial casting alloy Al-Cu of a similar
chemical composition (but without Zr) obtained in the magnetodynam-
ic casting installation MDN-6A using electromagnetic actions and
MHD-effects [19].

For example, in the absence of processing, the alloy in the cast state
has a dendritic structure, and after MHD-processing, the dendrites
acquire an almost globular cellular structure. This unequivocally testi-
fies to the effectiveness of such an impact on the liquid alloy in order to
control its structure and properties in the solid state, confirms the cor-
rectness of theoretical prerequisites and technical solutions, as well as
the technological reproducibility of the results.

To eliminate the intracrystalline liquation that occurs during den-
dritic crystallization, the alloy was subjected to high-temperature an-
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Fig. 6. DSC scans of experimental high-strength casting Al-Cu alloy regis-
tered during two heating and cooling cycles of the alloy in temperature range
of 20-780°C.

nealing (homogenization for hardening). Studies of the structural
state of the experimental alloy during homogenization under standard
modes showed the presence of melting along the grain boundaries. In
order to refine the homogenization modes using the differential scan-
ning calorimetry (DSC) method, an analysis of changes in thermal ef-
fects over two periods of two years was carried out. Cycles of continu-
ous heating and cooling of the alloy in the temperature range from
20°C to 780°C, and a low-temperature reflow peak at a temperature of
538.7°C was detected (Fig. 6).

As follows from metallographic studies (Fig. 7, a, b), after homoge-
nization (annealing) for hardening according to the standard mode
(5635°C for 5 hours) the hereditary crystallization structure is pre-
served: the excess phase of Al,Cu at the grain boundaries does not dis-
solve, the grain size does not increase, but melting is observed at the
grain joints (black areas in Fig. 7, b). Transition to two-stage mode
with an initial temperature increase to 545°C (Fig. 7, ¢) is accompa-
nied by the dissolution of the Al,Cu phase and the migration of grain
boundaries. A new two-stage homogenization at low temperatures was
proposed: annealing 510°C, 2 hours + 530°C, 10 hours, which made it
possible to prevent melting along the grain boundaries (Fig. 7, d).

After homogenization, the samples were quenched into water. To
characterize the degree of homogeneity of the solid solution and its
ability to age in different annealing temperature ranges, the tempera-
ture coefficient of electrical resistance ar at continuous heating at a
rate of 3 K/min in the temperature range from 20°C to 500°C was
measured. Resulting dependencies are given at Fig. 8, a.
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Fig. 7. Microstructure of experimental alloy: initial alloy (a); standard ho-
mogenization (annealing) at T'=535°C, 5 hours (b); two-stage standard ho-
mogenization (annealing) at 535°C, 5 hours + 545°C, 5 hours (c); proposed
mode—two-stage homogenization (annealing) 510°C, 2 hours+ 530°C, 10
hours (d).

After homogenization (at 510°C, 2 hours + 530°C, 10 hours), a min-
imum appears on the curve, which indicates supersaturation of the Cu
matrix. The parameters of the peak, the temperature of the minimum,
its width and amplitude characterize the kinetics of the release of
phases of the Al.Cu type during dynamic aging in the process of con-
tinuous heating.

For the selection of isothermal aging modes, isochrones were con-
structed in the temperature range of 100-230°C for 5 and 10 hours of
aging (Fig. 8, b). The ascending branch characterizes coalescence pro-
cesses, which are accompanied by a decrease in the density of Al:Cu
particles and, accordingly, a drop in strength.

Based on the analysis of the above data, the following heat treat-
ment mode was proposed for further studies of experimental high-
strength casting Al-Cu alloys: two-stage homogenization (annealing)
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Fig. 8. Change in the temperature coefficient of electrical resistance of exper-
imental high-strength alloy in cast and hardened states after homogenization
(a) and hardness at isochronal ageing (b).

for hardening (510°C, 2 hours+ 530°C, 10 hours), hardening into wa-
ter from the homogenization temperature and subsequent aging at
190°C for 10 hours.

4. CONCLUSIONS

Thus, in the development of the initiated research, the technological
foundations for the preparation of master alloys for the production of
high-strength casting Al-Cu alloys, which do not contain harmful (Cd)
and expensive (Ag) additives, were developed.

Due to some changes in the phase composition of such alloys, the
modes of their heat treatment have been specified.

The purpose of further research is to select strengthening additives
instead of Cd and Ag, which will significantly increase the strength
properties of such alloys. It should be based on an approach that meets
the following requirements: 1) the dispersed structure of the alloy al-
ready in the cast state; 2) high volume fraction of aluminides; 3) ten-
dency to spheroidize (without coarsening) the structure during anneal-
ing.

Among the possible strengthening additives, based on world experi-
ence, the most interesting are transition metals, primarily rare earth
metals (Sc, Y, La and lanthanides), as well as elements that are includ-
ed along with Cd in the so-called ‘triad’ of low-melting and low-soluble
elements in Al, namely Sn and In, which are able to modify the process-
es of nucleation and coalescence of the strengthening metastable 0'-
phase.

The work was carried out within the framework of projects of com-
petitive research programs of the National Academy of Sciences of
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Ukraine. The authors are grateful to Prof. A. M. Verkhovlyuk, Head of
the Department of Physical Chemistry of Alloys of the PTIMA, N.A.S.
of Ukraine, for his assistance in conducting the DSC analysis of the ex-
perimental alloy.
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CTBOpeHHSA PiBHIHHSA I[0/I0 BUSHAYECHHA BTPAT MOTEHI[i HHO1
Pe3UCTHUBHOCTH 0€e3IePePBHO JIUTOI 3aTOTOBKHU BIIPOIOBIK ITNKJILY

0. M. XopormuioB

Vkpaiucvra inxceneprno-nedazoziuna axademis,
8y.l. Ynieepcumemcovka, 16,
61003 Xapxis, Yikpaina

PoboTa cTocyeThcsa BUBHAUEHHS CKJIAJOBUX YACTUH YIIOPAAKOBAHOTO Ta HEY-
TMOPAIKOBAHOTO IIPOIIECiB, 1110 BiA0OyBAIOTHC Mif Yac ITUKJIIYHOTO PYXY 3ar0To-
BKH Ta 3a IXHBOIO JOTIOMOT'0I0 TOCTiINTY AK BILIMBAIOTH TEXHOJIOTiIUHI mapame-
Tpu 0e3IMEePEPBHOIO JIUTTS Ha BTPATY IOTEHIIIHOI PEBUCTUBHOCTU 3aT'OTOBKU.
PospobiieHo MeTOIUKY, 3a AKOI0 OYJI0 CTBOPEHO BEKTOPH MiMl yHOPAAKOBAHUX i
HeYIOpAAKOBAHUX IIPOIECiB, IO JAJ0 3MOTY CTBODPUTH PiBHAHHSA IMOAO BU-
3HAUEHHA BTPATU MOTEHITiNHOI peducTuBHOCTU AR:: 3aTOTOBKY BIIPOJOBIK ITH-
KJIy 3a JOIIOMOTOIO IIiICYMYBaHHS CKAJAPHUX BEJIMUNH IPOEKI[iNl BEKTOPiB HA
oci 3aTOTOBKY HEYIIOPAIKOBAHUX L‘syx i yImopAaIKoBaHUX IPOIIECiB <§1]§ IJIST TO-
yKu B, 3a JOITOMOT0I0 CHiBBiIHOIIIEHHA MIPOEKITIHA CKATAPHUX BEJIUYNH T'OJIOB-
HUX BEKTOPiB HEYyIOPATKOBAHUX L‘syx i ynopankoBaHUX ‘:1:13 IIPOILeCiB AJis TO-
yKy B BusHaueHo KoedilieHT KOpUCHOI Aii ymopaaKkoBanux mporeciB. Takum
YUHOM, B POOOTiI BU3HAUEHO CKJIAOBi YaCTKM SK YIOPAIKOBAHUX, TaK i Hey-
MOPAAKOBAHUX IIPOIECiB i BIIJIMB HA HUX TEXHOJIOTIYHUX ITapaMeTpiB mpoIiiecy
6e3IepepPBHOTO JIUTTS, 110 JAJI0 3MOT'Y: BUSHAUUTH, 34 AKUX YMOB Ta IKUM Y-
HOM TEeXHOJIOTiUHi ITPoIlecy BILIMBAIOTh HA MOKA3HUK BTPATHU IIOTEHITiMHOI pe-
3UCTUBHOCTU AR.;, BUSHAUNTH 3a AKUX YMOB MAaeMO 3MOTY 3MEHIIIUTH ITOKAa3-
HUK AR:: 860 3p00UTH H0T0 CTAJIOI0 BeINUYNHOIO. B pobOTi TaKOK HaBeZeHO, K
BILIMBAIOTh TeXHOJIOTiUHI mapameTpu mpolecy 0e3lepepBHOrO JUTTS Ha TaKi
CKJIaZIOBI TBePAiHHSA 3arOTOBKM AK INBUAKICTh KpucTastisamii £ 3a HOpMAasb-
HOTO Iepediry uacy, Ha KoedillieHT TBepAiHHA kw1 Ha BTPATy AR::.
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KarouoBi croBa: BTpaTa pe3vCTUBHOCTY 3aTOTOBKHY, YIIOPAAKOBAHiI Ta HEYIIO-
PAIKOBaHI mpoIiecw, MBUAKICTH, TBEPAIHHSA TOBII ITTapy OTBEPAijiol 3aT0TOB-
KU, KoedilieHT TBEepAiHHSA 3aTOTOBKH.

The work is concerned with determining the constituent parts of the ordered
and disordered processes, which occur during the cyclic movement of the bil-
let, and with their use, investigating how the technological parameters of
continuous casting affect the loss of the potential resistivity of the billet. A
technique is developed, according to which action vectors of the ordered and
disordered processes are created that made it possible to create the equation
to determine the loss of potential resistivity AR.: of the billet during the cycle
by summing the scalar values Lﬁyx of vector projections on the billet axis of
the disordered and ordered processes <§1]§ for point B; using the ratio of the
projections of the scalar values L’ of the main vectors of the disordered and
ordered processes & for point B, the efficiency coefficient of ordered pro-
cesses is determined. Thus, the work defines the constituent parts of both
ordered and disordered processes and the influence on them of the technolog-
ical parameters of the continuous casting process that made it possible to de-
termine under which conditions and how technological processes affect the
indicator of loss of potential resistivity AR.:, to determine under which condi-
tions we can reduce the AR.: indicator or make its value constant. The paper
also shows how the technological parameters of the continuous casting pro-
cess affect such components of the billet hardening as the crystallization rate
& during the normal course of time, the hardening coefficient £.- and the loss
Of Ath-

Key words: loss of resistivity of the billet, ordered and disordered processes,
rate of hardening of the thick of the hardened billet layer, coefficient of
hardening of the billet.

(Ompumano 5 zpydusa 2023 p.; ocmamouna eepcis — 11 6epesus 2024 p.)

1. BCTYII

Jia BudHaueHHA idoTepMu (DPOHTY KpHcTaJgidallil HUKJIIYHOTO PyXy
0e3IIepepBHO JINTOI 3aTOTOBK Y 3aCTOCYEMO Bigome piBHAHHA [1]:

&=kt s 1)

e & — TOBIIIWHA IIapy TBePZAO0i (hasdy 3aTOTOBKYU B MOMEHT YacCy ty [M], Brs
— KoedimienT TBepAinHa (Kpucramisarii) meraxis i cromis [m/cl/?], t,
— TpUBAJiCTb NUKJIY [C].

B po6ori [2] HaBemeHo piBHAHHS 100 BUBHAUECHHSA IITBUAKOCTHU KPU-
cTajisalrii 3aroToBKY BIIPOJOBIK UacCy t:
¢ é K

a kTB
St 24t

N (2)

60&:
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e & Ta i — TOBIIWHA IIapy, IO 3aTBEPAiB (BaKPHCTATIiZyBaBCA) BIPO-
IOBXK ITUKJIy, Ta IMIBUIKICTL KPUCTaIidaIlii 3aroToBKM, t — Yac KpucTa-
Jisarrii (Zsa HaIMX MOCJimKeHb BiH JOPiBHIOBATHMME TPUBAJIOCTI ITUK-
ay: t=ty), K — Koedimieur, axuii 3rigHo 3 piaauuam (1) opuitmemo 3a
B, TOOTO K = By,

B po6Gori [3] 6ys10 3acToCcOBaHO eKCIIEpUMEHTAJIbHI JaHi CTOCOBHO BU-
3HAUEHHs TPAEeKTOpPii TBipHUMX JiHi#l TBepAiHHA 3aroToBKU 3 OPOH3U
mapku BpO5I115C5, akux OyJio omep:kaHO MEeTOAOM BHJIMBAHHSA PigKoi
(da3u 3 TYHKU 3arOTOBKIU.

B pobori [4] 6y10 po3pobieHO MaTeMaTUUYHNI MOZENb I PO3PaxyH-
Ky IIOJIOYKEHHS BepITuHYU A nmapabosiu TpacKTopii TBipHUX JiHiil y Kpuc-
Tajai3aTopi rOPM30HTAJILHOI MAITMHU 0e3IIePEepPBHOTO JUTTA 3aTOTOBOK
(T'MBJI3) (puc. 1). B pobori [4] 6yso 3aBranHa BusHaunTU Biggans AX
Bim BepmimHM A mapabosu 7 IO BUXiZHOTO TOPIA KpucTaxizaTtopa 6 i
OiATPUMYBATH AEeAKY 3aJaHy BiIgaJjb B 3aJI€KHOCTI BiJl TeXHOJIOTIYHUX
rmapaMeTpiB mIpoIiecy 6e31epepBHOTO JUTTA.

3 iHmroro 60Ky € mpobJieMa 1040 IOHMKEeHHA MeXaHiYHNX BJIACTHUBO-
cTeit Oe3mepepBHO JUTUX 3aTOTOBOK 3 AeAKHX MarepianiB. Tak, B pobo-

\Y

RS K KKK KK
A C PSS
&% PLETATATAT S ””

Puc. 1. Byson TBepainna (kpucranizanii) 'MBJI3 i3 migaux cromis [3]: I —
Kopmoyc MeTajonpuiiMmaua, 2 — pigkuii posron, 3 — rpadiToBa BTyJIKa KPUC-
TajgizaTopa, 4 — KOXKYX 3 BOAAHUM OXOJIOMKEHHAM JIJIA IPUMYCOBOTO Bimbopy
TemJia BiJi 3aTOTOBKY, 5 — 3aroTOBKa, IO 3aTBepmisa, 6 — BUXiAHUI TOpPEIb
KpucTagizaTopa, 7 — TPAEKTOPidA TBipHUX JiHiNA.

Fig. 1. Hardening (crystallization) unit of HCCM for copper alloys [3]: 1 is
body of the metal receiver, 2 is liquid melt, 3 is graphite sleeve of the crystal-
lizer, 4 is casing with water cooling for forced removal of heat from the hard-
ening node, 5 is hardened billet, 6 is the outlet end of the crystallizer, 7 is the
trajectory of the creative lines.
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rTax [5—8] moKasaHo HOCTiAKEeHHs PidHUX BapisdHTIB pPe3MCTUBHOCTH 3a-
roToBok. A B po6orax [9—-12] maBemeno pisHi MeTOoaM BIOCKOHAJIEHHS
mmporiecy 6e3mepepBHOTO JIUTTS OO0 IOJIIIIIIIeHH SKOCTH 3aTOTOBOK.
MeTo0 JaHOI CTATTi € PO3B’A3aHHA HACTYIHUX 3a1a4. 1. Busmaunrn,
110 SABJSAIOTH CO0OI0 YIIOPAAKOBAHI Ta HEYHOPAAKOBAaHI mpollecH, AKi
BigOyBaoThCA ITig uac opmoyTBOpeHHs 3aroToBKku Ha 'MBJI3, i 3 akux
CKJIAMOBUX UACTHUH CKJAJAlOThCA IIi mporecu. 2. CTBOPUTU PiBHAHHS
IJISI PO3PaxyHKY BTPATH IMOTEHITIITHOI PE3UCTUBHOCTH 3aroToBKM AR,; Ha
OCHOBi NOPiIBHAHHS Pe3yJIbTATy Oill YIOPAIKOBAHUX i HEYIOPSIIKOBA-
HUX IIpoIeciB. 3. 3a JOIOMOTr00 PiBHAHHS BU3HAUNTH BILJINB OKPEMHUX
CKJIAJOBUX YACTUH HeymopaakoBamoro mpoiecy (HII) mix wac 6esmepep-
BHOT'O JIUTTA MiJJHMX CTOIIiB Ha IIBUAKICTh BTPATHU IIOTEHIIIMHOI pe3uc-
THUBHOCTU 3aroTOBKHU AR,;. 4. BusHaunT; yMoBHu Ipoiiecy 6e31mepepBHOro
JUTTS IJIs IePeTBOPeHHA KoedilieuTa TBepaAiHHA k. 31 cTaa0i BeImnun-
HU Ha 3MiHHY (TOOTO IIepEeTBOPEHHSA y IIIBUAKICTL TBEPAiHHSA 3aTOTOBKU
B uaci, 1o migKopseThca 3aKOHY KBaJIpaTHOro KopeHs). 5. Ha ocHoBIi
CIIiBBiTHOMIEHHS IIPOEKITIN CKAJIPHUX BeJIMUNH BEKTOPiB HEYIIOPAIKO-
BAaHUX Ta YIOPAAKOBAHUX IPOIECiB CTBOPEHHS PiBHAHHS II[OJ0 BU3HA-
yeHHS Koe(illieHTa KOPHUCHOI il TBepAiHHA 3arOTOBKY BIPOJIOBIK ITUK-

ay.

2. EKCITEPUMEHTAJIBHI TA TEOPETUYHI METOJUKH

3asHaunMo NPUIIYIIeHHA, 3p00JIeHi B cTaTTi.

1. PegyasTaToM Aii yIOpPAZKOBaHOTO IIporecy (POPMOYTBOPEHHS 3a-
TOTOBKH € KpUCTAJi3allisd po3ToIry 3a piBHaAuHAM (1).

2.7V pesyabrari mii HII BuHuKae eHTpomiss 3a paXyHOK HOIMTUPEHHS
TerJja B 3arOTOBIli, AKe BUHUKAE Uepe3 MOA0JaHHA CUJIN TEPTA KOB3aH-
ua (CTR).

3. Ilokasuukamu HII € mBuaKicTb Viyx, TPUBAIICTE tpyx 1 BeIMUMHA
IIPOCYBAHHSA 3aTOTOBKY B ITUKJII Lyyx, AKi 3B’ A3aHi piBHAHHIM:

prx = prxtpyx, (3)

e Lyyx — TIpocyBaHHS (3a HAIIPSIMOM) 3arOTOBKHY B ITUKJIL [M], Viyx [M/C]
i tpyx [c] — cKasApHI BeIWUYMHU MIBUJKOCTU Ta TPUBAJOCTU PYXY 3aro-
TOBKUY B ITUKJIi (puc. 2).

4. IToxkaszaukamu yunopankoBaHoro mporecy (YII) e BesuunHa oTBep-
Iijoro mapy 3aroToBKU & (1), KoedimienT TBepainHA k. 1 TpuBaIicTh
UKJIY ¢y, AKA MiTKOPAECTHCA 3aK0HY KBaApaTHOro Kopers ([¢!/2]).

5. BinbHa eHeprisa, gKa 3aJUIINJIACA B 3aTOTOBIIL Hicasa (GOPMOYTBO-
PeHHs B mporieci 6e3mepepBHOrO JUTTA IIOTEHITINHO MOXKe OyTHu BUTpA-
YeHOIO Ha ONip PYHHYBaHHIO (PEe3UCTUBHICTE) 3arOTOBK Y IIiJl Uac BUIIPO-
OyBaHHS Ha PO3TAT TOII10. TOMY BiJIbHY eHepriio B JaHOMY BUIIaIKY MO-
JKeMO YMOBHO Ha3BaTU €HepTri€io MOTeHIIiHOI pe3uCcTUBHOCTH. A BTpa-



CTBOPEHHSA PIBHAHHA OO0 BUSHAYEHHS BTPAT PESUCTUBHOCTI 579

T Iiei eHeprii BIPOMOBIK IIMKJIY OyaeMo iZeHTH(iKyBaTH SK BTPATY
HOTEeHIiTHOI Pe3NCTUBHOCTY 3arOTOBKHU BIIPOJOBIK ITUKJY Ta IIO3HAYa-
TMEMO i1 AK R.;.

6. 3Bigcu BuUIINBAE, 10 AR, 3aTOTOBKY BIPOAOBIK ITUKJIY MOKe OyTH
BU3HAUEHO Yy BUTJIAAL PiBHAHHA 3a Pe3yJIbTAaTOM IIi/ICYMOBYBaHHSA CKaJIA-
PHUX BeJIMYUH IIPOEKITiN pi3HOCIIPAMOBAHNX BEKTOPiB YIOPAIKOBAHOI'O
Ta HeYIIOPAAKOBAHOIO IPOIECiB Ha TOPU3OHTAJBHY BiCh 3aTOTOBKH.

2.1. Hacaigku, sKi BimOyBarOThCA B Pe3yJIbTATI il yIOPSITKOBAHUX i
HeYNOPATKOBAHUX MPOIlECiB i yac (pOpMOYTBOPEHHST 3aTOTOBKY B
KPHCTAJi3aTOPi MAamnHu 6e€31ePePBHOTO JIUTTS

Bysoa xpwucramizsamnii (BK) ropusonrambHoi MamumHM 6e3mepepBHOTO
autta 3aroroBok ('MBJI3) moxxeMo HasBaTu CUCTEMOIO, B AKil 3maiiic-
HIoI0ThCA Ak Y1I, trax i HII. 3araapry KoHcTpyKiito BK I'MBJI3 mase-
IeHo B poboTi [3 ].

3 Tabuaumni 1 sBumanBae HacTymnHe: Y11 BusHauaeThCs 3a eKCIIepUMEeH-
TAJbHUMU JaHUMHU 34 HAABHOCTH TOBIIMHM OTBEPAiJI0I KOPKHU 3aroTOB-
Ku (pumc. 2); mig yac IMUKJIIYHOTO PyXy 3aroTOBKM B KpuCTaJIizaTopi
I'MBJI3 3a ymoB nogonauusa CTK sunukae HII earponii — HeobopoTHE
TIONINPEHHS TeILJIA 3 JJAHOK TePT II0 00’ €My 3aTrOTOBKIH.

B mamomy BMmazkry OyaeMo HocJimsKyBaTu B3aeMmomnoB’asami YII Ta
HII, aki MoKy Th MaT! PiSHOCTIPAMOBAaHI BEKTOPMU.

TABJINIIA 1. IlprunHHO-HACTiIKOBI 3B’ A3KM y IIpoOIiecax, AKi BigOyBaioTbCsa B
3aTOTOBIIi, 1110 TBepie B KpucTtamizaTopi TMBJI3.

TABLE 1. Cause-and-effect relations in processes, which are found in billet
that solidifies in the crystallizer of HCCM.

Hacuigkn nii
BKA3aHUX IIPO-
mecis

ITpomecu, Ha AKi
BUTPAYAETHCSA eHe-
pria cucremu

Hii, axi nepeny-
IOTH IIPOIIECaM

ITpomecu, aki Big0Oy-
BaIOTHCA B 3aTOTOBIIL

IIpotecy TBep- . .. Big0yBaeThcsa mpoiiec
airr)IHL;{ HZ [ pe Hacruna BiaLHOL TSegaiHHﬂ 3aBIE)${IIjI/I
peny eHeprii cucremu
OpUPOIHiN i IPUMYyCOBOMY BUA-
. .  IIePeTBOPIOETHLCH B
IIPUMYCOBUI Biji- . . JIGHHIO TEeILJIOTH 3 34-
: . €Hepriio TBepIiHHA
6ip Terma Bix 3a- . TOTOBKH 34 JJOIIOMOI'OO0
(xkpucramisanii) Exp )
TOTOBKH KpucTaisaTopa

ITosuTuBHi Hac-
JiTKU: HApoCTae
TOBIIIA IIADY
TBepzol hasu
3arOTOBKY &

B maciigox go-
JaTKOBOTO IIOT-
PALIAHHS TeIjIa
y 3aroTOBKY IIO-

ITpomecy eunrpomii Yactmua Bimbuoi BimbyBaeThca Heyto-
Iepenye TEPTA B eHeprii cucreMu  PAIKOBAHUI IIPOIEC
Tmapi 3aroTOBKa— MEPEeTBOPIOETHCI B (HEOOOPOTHHOTO TIO-

KPHCTATi3aTOP TEIJIOTy Ta Heobo- MIVPEeHHSA Terjia—
- HUKYETHCS
i yac mojoJiaH- POTHBO HOIMMPIO-  eHTpomii Ers) B 3aro- . -
. : MBUAKICTE & Ii
Ha CTK €ThCSA B 3aTOTOBITL TOBITL

TBEPAiHHA
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2.2, CTBOpeHHA eHePreTUYHOTO PiBHAHHS, 10 ONINCYE pe3yabTar Ail ¥ 11
ta HII mig yac mMKIiYHOTO pyXy 3aroTOBKM B KPHCTAJIi3aTOPi MAaIIHHA
0e3ImepepBHOTO JIUTTA

s mporiecy 6e3mepepBHOrO JUTTSA OyIAeMO BimcTe:kyBaTu 3MiHY eHep-
riti cucremu BK I'MBJI3 B 3a71eXHOCTI BiJf 3MiHM TeXHOJOTIiUHUX IIapa-
MeTpiB IIpolecy 6e3mepepBHOTO JUTTA. ¥ ABiMO, IO BijibHA eHeprid cuc-
TeMH! BUTPAUYAE€ThCA HA HACTYIIHI IIPOIIECH:

E*=E.-TS, (4)

ne E™ — BinbpHa emepria cuctremu B, E,., — JacTKa eHeprii cucremu,
BHUTpaveHa Ha KpucTajisariio saroroBku Y1, T — abcoJrioTHa TeMIiepa-
rypa [K], T'S — «eHepria eHTpotmii», aka Burpauaerbca Ha HII, To6To
CTBOPEHHSA Ta HeOO0POTHE MOITUPEHHA TeIlja ¥ 3ar0TOBIII.

TenJio B 3aroToBIli BUHUKAE B Pe3yJbTaTi TEPTA IIOBEPXOHDb 3ar'0TOB-
KU Ta KpHcTaJisaTopa.

Binbuy enepriio cucremu E™ gaini 6ymemo ifteHTu@iKyBaTH AK IOTEH-
IMifHY eHepriio pe3snuCcTUBHOCTHU A0 IIOBHOIO PYHHYBAaHHA 3arOTOBKHU, KA
MOJKe BUTPavYaTHCS ITi T Yac BUTPOOYBaHHS 3pas3KiB 3a pO3TATaHHI:

E” = E(R.), (5)

ne E(R.)) — eHeprisa pesucTUBHOCTH.

3po0MMO IIPUIYINEHHA, [0 PEIITy BiJbHOI eHeprii cuctemu E* MOX-
Ha ifeHTHU(QiKyBaTU AK NOTEHIiIHY PE3UCTUBHICTH 3aroToBKU R,:, 110
MOsKe OyTu BUTpadeHa Ha OMip 3aTOTOBKH I vac il BUIPOOYBaHHS IO
pyliHYBaHHA.

B KoHTHHYaJBbHiT TEOpii IMOMIKOMKYBAaHOCTH HaBEJIEHO, IO BEJINYM-
Ha (1 - ®) € ePeKTUBHUM NOKA3HUKOM /[AJIA BU3HAYEHHA PEOJIOTIUHOTO
CTaHy KOHCTPYKIIifiHOTO MaTepisany [10]. B mamomy Bunmaaky 6e3po3mi-
puuii mokasuuk (1 —®) € 6e3po3MipHUM IIapaMeTpPoOM Pe3UCTUBHOCTH,
TOOTO MOTEHITiTHOIO MipOI0 OIIOPY IIiJ Uac pyHHYBAHHSA 3aTOTOBKU R,::

1-0=R.., (6)

Ie ® — 0e3po3MipHUII TapaMeTep MOIIKOAKYBaHOCTH, R, — mapameTep
PEe3uCTUBHOCTH, AKWI B HAINIOMY BUIIAAKY BU3HAUMMO CKJIAJOBUM IIO-
KasdHUKOM MipHu BTPaTH HOTEHI[iITHOI pe3MCTUBHOCTH 3aroTOBKH IIiJ Uac
i1 hpopMOyTBODPEHHA.

Buxogauu 3 piBHaHb (3) Ta (4) BUBHAYNMO YAaCTKOBY BTPATY HOTEH-
IilfiHOI eHeprii pe3suCTUBHOCTH 3a OAUH ITUKJ B cucteMi BK:

AE(th) ZEKp_ TS, (7)

me AE(R.) — YacTKOBa BTpaTa HOTEHITiHOI eHeprii pe3sucTUBHOCTU B
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3arOTOBIIi BIPOIOBIK ITUKJIY.

B gawmiit craTTi B eHepreruuniii cucremi BK BusHaumMo Tpu eHepre-
TUUYHNX CKJIAIOBUX, 3MiHN AKMX OymZeMO JOCJiIKyBaTHU: BibHAa eHep-
risg, AKa BUHMKAE B 3arOTOBII Big mouaTKy ii (JopMOyTBOpPEHHS Ta BU-
TpauaeTbcsa Ha Y11 ra HII, vacTuHa BimbHOI eHeprii, AKa BUTPAUYAEThCS
Ha mpoiec Kpucraiaisdarii (YII), wactuHa BinbHOI eHeprii, sKa BUTpaya-
€ThCSA Ha TeILIOo, 110 BUHuKae uepes nmomosauus CTK.

Kpim Toro, Ha OCHOBi momyIeHHA OyJI0 CTBOPEHO PiBHAHHA (5), AKe
CBiIUMTEL PO Te, IO PeIlNTa BiJIbHOI eHeprii € IOTeHI[iIHOI eHepricio
OIIOPY PYHHYBAHHIO (TOOTO ITIOTEHITi THOI0 €eHEPTi€l0 Pe3UCTUBHOCTH).

Haimi R,; 6ymeMo BU3HAYATH ITOKA3HUKOM BTPATHU IIOTEHITiITHOI pe3ucTu-

Puc. 2. Cxema mii YII Ta HII B 3aroToBIIi Ha mgiiaHIi Kpucrasaisarii: I — TBepaa
yacTWHAa 3arOTOBKM, 2 — pimkumit cron 6pousu mapku BpObII5C5, 3 Ta 4 —
BEpXHA Ta HYKHA TBipHI siHil ¢ppoHTY Kpucramisarii TBepmoro meraury, 5 —
LIEHTPAJIbHA BiCh 3arOTOBKH, AKY CIPAMOBAHO B TOPH3OHTAILHOMY HAIDAMKY,
o — KyT, posTamOBaHHH MiK BeKTOpamu Y; Ta IPOEKI[I€I0 CKAIAPHOI BeJIU-
YMHUA &F » B — TouKa KOHTAKTY KpHucTaiidaTopa Ta 3aroTOBKH (IiIsSHKA 3 AKOI
BUMipIOEMO BEeJIUYNHU F;TB i Fﬂ, B KiHITI MUKJIiYHOTO PyXy 3arOTOBKH), Zj,fB
BEKTOp mepiroro (i3 30BHi) oTBepAiIoro mapy 3aroroBku B Touni B, 0—0 — re-
IJI0Ba Bick 3aroToBKu, O1—01 — Bich, mapaJjeabHa TeILIOBi# oci 3aTOTOBKU.

Fig. 2. Scheme of action of OP and DP in the billet at the crystallization site: I
is solid part of the billet, 2 is liquid bronze alloy of the BpO5II5C5 brand, 3
and 4 are upper and lower generating lines of the solid-metal crystallization
front, 5 is the central axis of the billet, which is directed along the horizontal
direction, o is the angle between the vectors &° and the projection of the sca-
lar & value, B is the point of contact between the crystalhzer and the billet
(the area, from which we measure the values & and & at the end of the cy-
clic movement of the billet), O—0 is the thermal axis of the billet, O1—0; is the
axis parallel to the thermal axis of the billet.



582 0. M. XOPOIIINJIOB

BHOCTH 3arOTOBKHU BIIPOJIOBXK OMHOTO ITMKJY PYXYy 3arOTOBKM 3a PiBHSH-
Ham (7).

TaxkuM UYMHOM, Ha OCHOBi BU3HAUeHHS KOHKpeTHux ¥II Ta HII 6yao
CTBOPEHO PiBHAHHS (4) 1010 PO3TOAiNy BiIbHOI eHeprii cucTemMu Ha mii
X IIPOIEeCiB.

2.3. MeToguka po3TaniyBaHHSA CKAJISAPHUX BeJINYUH PiSHOCIIPAMOBAHUX
BekTopiB YII ta HII Ha TennoBiii (a00 meHTpa bHiiT) 0Ci 3aTOTOBKH

Ilig yac MUKJIiYHOTO PyXy 3aroTOBKHU Y KPHCTAJIi3aTOPi 34iHCHIOIOTHCS
HacTymnHi nponecu: YII — 1ie TBepaiHHA 3aroTOBKU, AKEe YTBOPIOETHCS
3a paxyHOK IIPUMYCOBOTO BimGopy Tellia Bif moBepXHi 3aroTOBKH 3a 3a-
KOHOM TBepAiHHA, ImI0 Big0yBaeThcAa 3a piBHanmam (1); HII
moB’a3yeThesa 3 mogoaanuaaM CTK, 1o mpuBoAUTL 10 BUAIJIEHHS Ta He-
000POTHHLOTO IIOIIMPEHHS TeIlsla B 3aTrOTOBIN, 10 BILIUBae Ha YII mida-
XOM 3MEHIIIeHHS IITBUAKOCTH IIPOoIlecy Kpucraisarii (tabs. 1).

Pobumo mpumyIeHHs, 10 AJIS PO3PaxyHKY BTPATU IIOTEHITiNHOI pe-
3ucTuBHOCTU AR,; 3aTOTOBKM HEOOXiTHO: CTBOPUTH CUCTEMY OI[iHKHU Be-
anunH BeKTOpiB YII Ta HII B ogHaxkoBiii podaMipHOCTI Ta Ha OmHIHN oci
KoopauHAT (HampuKJal Ha TOpu3OHTaJbHi# oci saroroBkm) I'MBJI3,
mificyMyBaTU CKaJIAPHI BeJIMUMHU BEKTOPiB Ha I'OPMBOHTAJIbHIM oci; a
pesyabTaToM OymIe BTpaTa MOKasHUKA AR, BOPOJOBXK OIHOTO IMTUKJIY PY-
Xy 3aTOTOBKH.

T'onosuwmit pesyasrar YII £ 6yne BumiproBaTucs JiHIiHHUM pPo3Mipom
3a piBHaHHAM (1) a00 3a piBHAHHAM:

E=¢t, . (8)

Ie E_> — IIBUAKICTH 3POCTaHHA BeJIUUYNHU OTBEPAiJIoro miapy (CKJamoBa
yactuHa ¥II) 3aroroBku, HaBemena B poborax [2, 3], [M/c].

T'onoBuuit pesyabrar gii HII izenTudikyemo npocyBaHHSIM 3aroTOB-
Ku B KpucTtanisdatopi (Lpyx). PiBHAHHEA (3) HOCUTH NTUCUTIATUBHUIN Xapa-
KTep, AKUHM IIPOSABISAETHCA B HACTYIHOMY: HiJi Yac PyXy 3aroTOBKHU B
KpucTaJjidaTopi BUHUKAE TEPTA B Iapi «3aroToBKa—KpucTajgidaTop» i
BUiISETHCA TEILJIOTA, IKa IOTiM He0OOPOTHLO HMOIMUPIOETHCSI B 3ar0TO-
BIli, HIOHMKYIOUM BOAHOYAC ITBUAKICTE KPHCTAaJIi3aIlrii.

3rigHo 3 PUCYHKOM 2, BeKTOP TBepAiHHA B TouIli B &fB CIIPAMOBAHUI
NepneHANKYJIAPHO 0 TBipHOI JiHil B Toulli B, a mpoekIiisa BeKTopa TBe-
PIiHHA Ha FOPUBOHTAJIBHY Bich Oyle MaTH CKAaJAPHY BeIUUYWHY &) Ha
oci, AKa mapaJjiesibHA TeIJaoBiit oci 3arotoBrku O—0. AKIo BuKopucrae-
MO KyT o0 Mi’k BekTopamu £ i &7, TO CKauApHA BEeJIMUYMHA TBEPAiHHS
3arOTOBKM B T'OPU3OHTAJIbHOMY HAIPAMKY IJa TouKu B (puc. 2) Oynme
BU3HAUATUCH TaK:

Ep =E° cosa. (9)
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3 puUCYHKY 2 BUILINBAE, IO 3a JOIOMOI'0I0 PiBHAHHA (3) MOKeMO BU-
3HAUNTH BEJUUYMHY IPOCYBAHHSA 3arOTOBKU L‘;y BIIPOJOBIK IMUKJY IJIs
TouKM B.

3a momoMoroi piBHAHHA (1) BU3HAUMMO BEJIMYMHY TOBIIIMHU OTBEP-
Ai0T0 mIapy 3aroTOBKY . BIPOZOBK LUKJIY (fy), & 38 ZOIIOMOIO0 PiB-
HAHHA (9) Aua Touku B pospaxyeMo CKalsSpHY BeJn4uHy &F BEKTOpa
TBEPIiHHA Ha TEIJIOBi# oci 3aroroBKu. To6TO 3a 3HAUeHHA KyTa o (puc.
2), AKe B JaHOMY BUIIaAKy mopiBHIoe 30°, BUIIMBaE, 10 BHECOK eHepTil
CHUCTEMHU B TOPH30HTAJBbHY CKJIAJOBY IIPOIECY TBEPIiHHSA TOPiBHIOE
mpubausuo 50% .

X

2.4, CTBopeHHS PiBHAHHA BU3HAYECHHS BTPATH MOTEHI[IHHOI Pe3UCTUBHOCTH
3aroToBkH (AR.;) B mporieci 6e3mepepBHOTO JTUTTS

ITimcymyemo ropusoHTaNbHI MpoeKIrii Ha Bick O—0 3aTOTOBKY KPYTJIOTO
IONIePevHOoro Iepepisy AJid BU3HAUEHHA BTpPATU NOKasHUKa AR,; BIpo-
IoB:K IMuKJy (puc. 2). BizaocHo Touku B Ha oci O—0O posTamryemo cKa-
JApHi BeauumHYT IPoekItii (moxkasuuk HIT L‘;yx ) Ta nmpoekuio VII +£7 .

3a aHaJjorieio 3 piBHaAHHAM (6) TpoBeAeMO MiCyMOBYBAaHHA BeJIUUYNH
npoekItii ckanapaux BenuunH YII ta HII i ogep:XuMo BTpaTy MOTEH-
IMiITHOI PE3UCTUBHOCTH BIPOIOBK IIUKJIY AR,; 3a PIBHAHHIM

AR, = K(& cosa— L (10)

oyx) 2

ne K — xoedinienT [1/m], & = kTB\/Z.

Taxum unHOM, BU3HAUEHO, 110 pedyabTaTu ail ¥YII ta HII maroTs ox-
HAKOBY po3MipHicTh (MeTpu). B TakoMy Bumagky moKasHuK AR MOKHA
BU3HAUUTU AK Pe3yJbTaT IMiICYMOBYBAaHHA CKAJIAPHUX BeJIMUYUH IIPOEK-
it pisHocnpsimoBanux BekTopiB YII & ra HII L,y Ha rOpH3OHTANBHIN
oci 3aroToBKH  (puc. 2).

2.5. Postb IPOEKIIiii CKAJAPHNX BeJIMIWH BEKTOPiB HAa TOPU30HTAJIBHY BiCh
3aroTOBKH y BU3HaUYeHHI KoedimienTra kopucHoi nii Y11 6e3nepepsHOTO
JUTTA

SIK1110 BeKTOP PyXy 3aroToBKM L,yx 8 Touku B cripaMoBaHuit nmapajaeabHO
OCi 3aroToBKHU, TO BEKTOP TBEPAiHHS 3aTrOTOBKU ng CIIPAMOBAHUH 3 Tiel
K Touku mig KyToMm 90° mo TpaeKTopiii TBipHOI JgiHii (3 Ha puc. 2). TobTo
CKaJIpHA BeJIMUYUHA BeKTOpa £° Ha OCi 3arOTOBKYU Ma€ FOPU3OHTAJIBHY
CKJIAZOBY & .

3 pucyHKY 2 BUILINBAa€E, M0 Touka B Ha TBipHi# aiuii (3 Ha puc. 2) aB-
Jsie coboro criBBigHoIenua Y11 Ta HII mig uac TBepAiHHS 3aTOTOBKHU IJIS
KOHKPETHOI TPUBAJIOCTU TBEPAiHHA (OJHOTO ITMKJIUYHOTO PYXy 3aroToB-
KH).
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3Bificu BUIIIMBAE, IO BiSHOIIEHHS cKaJapHuX Benmunu YII ta HII
IJIA TOUKY B MOKJIMBO IIepeTBOPUTH B Koe(illieHT KopucHOI il 3a Jo-
IIOMOT'0OIO CIIiBBiJHOIIIEHHS

E_,B
My = —5-100%, (11)

pyx

e ng — Koedimient kopucHoi xii YII (TBepainHA 3aroToBKM B TouIli B) B
nopiBHaHHI 3 HII (erTpomii) 3a ymMoB, 1110 Ha IIi IPOITECH BUIiIAIOCT O~
HaAKOBY Ta JOCTATHIO KiJIbKiCTh eHeprii 3 BiabHOI eHeprii cucremu, &,fB
— pesyabrat maii YII (mpocyBamusa GpoHTY TBEepAiHHS 3aTOTOBKU) BIIPO-
moB:x muiray [m], L® — pesyabrar mii HII (mpocyBaHHA 3arOTOBKH

pyx . .
BIIPOJOB:K ITNKJIY) 38 BUiJIEHHS Ta IO PEHHA TeIljIa B 3aTOTOBII [M].

2.6. PoJis rOpU30HTAJIBHUX MPOEKIIii CKAJAPHUX BEJINIUH BEKTOPIB y
BU3HAYEHHi BTPATH NOTEHIiiTHOI PE3UCTUBHOCTH 3aTOTOBKHU BIIPOTOBIK
UKy

B piBaauua (10) samicTs };{? mizcTaBIMO HOro 3HaUEeHHSA AJIs TOYKU B 3
4
10

(1) & =k, ./t, il omepoxuMO
AR, = K(k,Jt, cosa— L, ). (12)
I3 3acTocyBamuaM piBHAHHS (8) 0mep:KUMO
AR, = K(2&t, cosa—L, ). (13)

TakuM YMHOM, B METOAMYHOMY PO3mijai: 0yio imenTudikonamo YII i
HII (ra ixHi cxagamoBi) 3a xapakTepoM iXHBOI mii mig yac popmoyTBO-
penHsa 3aroroBku Ha 'MBJI3; kpim Toro, ma ocHoBi piBHAHHS () CTBO-
PeHO PiBHSHHSA [IJIsI BU3HAUYEHHS BTPATHU HOTEHIIIMHOI PEe3UCTUBHOCTU
3arotoBku (R;:) 3a yMOB, ITI0

E"=R.; (14)

CTBOPEHO IBa PiBHAHHSA HA OCHOBi CKAJAPHUX BEJIUYMNH ITPOEKIIINA BEK-
TOPiB HEYNOPAAKOBAaHUX Ta YIOPAIKOBAHUX IIPOIECiB: 3a JOIIOMOTOIO
OicyMyBaHHS CKAJSIPHUX BEJUYNH NPOEKIil TOJIOBHUX BEKTOPiB HEy-
IOPAAKOBAHUX L]s . Ta YIOPAAKOBAHUX QFB IPOIeCciB OJsI TOUKHU B cTBO-
peno piBuanHs (11)—(13) momo inerTudikarii BTpaTu moreHmiiuoi pe-
3ucTuBHOCTU AR,; 3arOTOBKM; 3a JOIIOMOI'OIO CIIiBBiJHOIIIEHHS ITPOEKITiHA
CKaJIAPHUX BeJNYUH I'OJJOBHUX BEKTOPiB HEYIIOPAAKOBAHUX Ta YIIOPA-
KOBaHUX IIPOIECiB AJIf JOBiJIBHOTO Yacy IIPOIlecy TBEPAiHHSA 3arOTOBKU
crBopeno piBHauHA (10) naa BusHaueHHS KoedilieHTa KopumcHOI mii
TBEPAiHHA 3aTOTOBKY BIPOAOBK ITUKJIY.
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3. OBI'OBOPEHHJ BIIJINBY CKJIAOBUX YACTHUH YII TA HII
HA BTPATY IIOTEHIINMHOI PESUCTUBHOCTH SATOTOBRH

BusHaueHHA NMOKa3HUKIB MIPOIlECiB, 1[0 MMPOXOAATH B KpHUCTAaJisaTopi
MaIInHY 0e3mepepBHOrO0 JIUTTA IIiJ Yac IUKJIIYHOTO PYyXy 3aroTOBOK,
OymeMo OIiHIOBATH OKPEMO IJIA KOXKHOTO BUIIAIKY 3a YMOB Vyyx = const,
Lyyx =const i tpyx = const.

3.1. BuznauenHa 3ajie;kHocTel ckiaamosux yactuH Y I1 ta HII
BiJ TPUBAJOCTH HUKJIIYHOTO PYXYy 3aTOTOBKH t, 3a yMOB V i = const

Busnauumo siK 3MiHIOIOTECA TOKAa3HUKY & 1073 M, kuw, 1073-m/c1/2, &-10’3,
M/C, Lyyx Ta AR;;-1078 3aJ1€3XHO BiJi TPUBAIOCTHU IUKIY ¢, 3aTOTOBKMU.

_ BusHauMMO BILIMB TEXHOJIOTIYHOrO IapaMeTpa iy Ha MOKA3HUKHU K.s,
& Ta AR.; B mpo1ieci 6e311epepBHOTO JIUTTA 38 YMOB Vyyy = const.

Busuaueno, 11o mig uac popmMoyTBoperHua 3arotoBKku B I'MBJI3 3miii-
cuioioTbcsa HactynHi YII Ta HII: 1) VII xapakTepusyeTbCcsa TUM, IO 3a
BUJAJI€HHS TeILIa BiJl 3arOTOBKHM (POPMYIOThCA TBipHI JiHii (2 Ta 3 Ha
puc. 2), Axi nmepemimyoorses 3a BekTopoM & 3i mBuakicrio £ (8) abo
k. (1); 2) 3a ymoB mporiecy 6esmnepepsaoro quTta HII Bunukae B Haci-
IOK TepTs ABOX IOBepXOHb uepes momonamua CTK, 1o mpuBOIUTEL IO
HACTYIHUX Oili: mO-IIepIie, eHepris, sadpaHa 3 BiJIbHOI cucTeMu, IIepeT-
BOPIOETHLCS B TEILIO, IKe HeOOOPOTHHLO PO3CitoeTheA B 06’eMi 3arOTOBKH,
[O-Ipyre, JOJaBAHHS TEILJIOTH B CHCTEMY «3arOTOBKAa—KPHCTAJII3aTop»
MMOHMKYE IMBUAKICTh KpUCTaAJisallii cToIy, mo-Tpere, Ha puc. 3 (4) 30i-
JbIIeHHS Lyyx B 3,0 pasu IpUBOIUTL IO 3MEHINEHHS MOKa3HUKA &fB
rissKy B 1,73 pasu (To6To BiH 3MeHImyeThesa B 3/2= 1,73 pasu , 110 cTa-
HOBUTL 57,7% ), 3 woro BuiLIuBae, 1o 3i 100% BinbpHOI eHeprii, BuTpa-
4eHOl 3 cucTeMu, TinbKU 57,7% BUTpayaeThCA HA TBEPAIHHSA 3ar0TOBKU
£° , a pemrra 42,3% eHeprii BUTpa4aeThCs Ha AUCUIIATHBHUMN IIPOIEC
He00OPOTHHOIO IIOIIMPEHHS TeIljIa B 3ar0TOBIII.

3 pucyuKy 3 mpocre:xkyeThbca 3B’ sa30K mokasHukiB HII Tta VII. Tax,
IMOKAas3aHo, o IJd Vyyx = const (HII) xoedimient k., (YII) € cTamoio Be-
auunHaoo. KpiM Toro, 3 pucyHKY 3 BUILINBAE, IO OJHOUYACHE 3POCTAHHSA
noKas3HUKiB HII (Lyyy) i tpyx IPUBOAUTE, 3 OAHOIO OOKY, 10 MOHMMKEHHS
nokasHuKiB YII, Takux AK MBUIKiCTE TBepAiHHSA 3arotoBku (&, 3 Ha
puc. 3), a 3 iHIIOTO GOKY, IPUBOAUTE A0 30iJMBLIITEeHHA TOBIIMHU KOPKU
3aroToBKM & 13 OAHOYACHUM 30iJIbIIEHHSIM IOKA3HUKIB TEXHOJOIid-
noro (HII) opotecy: ¢, Ta Lyyx (4).

Taxoskx HeoOXimTHO HJomaTH, 110 IOKA3HUK R, B JaHMX YMOBax Maec 0i-
JBINTy iHTeHCUBHiCTL cBoei BTpatu (B 4,27 pasu), HiK iHTEHCHUBHICTH
3MiHM MoKasHuKa Ly, (B 3,0 pasu).

3amexxuocTi 3 Ta 5 (puc. 3) 3a yMOB V,yx = const MaioTh IPSIMO IPOIIO-
puifiny sanexHicTs — AR,: = [(Lpyx).

Kpim Toro, gocaig:KeHHsI TOKAal3aJH, 10 Loy i t; € He TiIbKU TeXHOJIO-
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Puc. 3. BB TpuBasoCcTH PyXy 3arOTOBKHU fpyx Ha CKJIaA0Bi wactunu YII Ta
HII i Ha yvacTKOBY BTpaTy noTeHIiTHOI pe3ucTuBHOCTU AR, 32 yMOB, IT10 IITBU/I-
KicTb MuKIiYHOTO PYyXy Viyx =const: I — TOBIIMHA OTBEPiIOl KOPKY 3aTOTOB-
KU IIPOJOBIXK ITUKJIY &f’s , 2 — Koe(iIlieHT TBepAiHHSA 3aTOTOBKH k1073, 3 —
IMBUAKICTH KpucTamiszarii 3arorosxu & -1073, 4 — BeinumHAa IPOCYBAHHS 3aT0-
TOBKH YIIPOAOB IUKIY Lpyx1073, 5 — BTpaTu moTeHmi#iHOI pPe3UCTUBHOCTH
3aroToBKu AR.+-1073,

Fig. 3. The influence of the duration of the movement of the billet #pyx on the
components of OP and DP and on the partial loss of potential resistivity AR.:
under the conditions that the speed of cyclic movement Vyoyx =const: I is the
thickness of the hardened crust of the billet during the cycle &, , 2 is harden-
ing coefficient of the billet kw1073, 3 is velocity of crystallization of the billet

£-1073, 4 is the size of the advance of the billet during the cycle Lpyx-1073, 5 is
partial loss of the potential resistivity of the billet AR;;-1073.

rivHMMU MapaMeTpaMu IpoIiecy 0e3mepepBHOro JUTTS, ajie i TOKa3HU-
kamu HII B cucTemi «KpucTagizaTop—3aroToBKa».

3.2. BuznaueHnHsa 3ajieskHOCTe ckiaamoBux yactul ¥ 11 ra HIT
BiJ TPUBAJOCTH HUKJIIYHOTO PYXy 3aroToBKH t, 3a yMOB L, = const

BusnauumMo BIIMB T€XHOJOTIYHOTO IapaMerpa Viyx 38 YMOB Lyyx = const
Ha IIOKa3HUKHU k. 1 § B mpo1ieci 6e311epepBHOIO JIUTTA.

3 pucyuky 4 3a yMOBH, IO L,yx = const Ta 3i 36inbieraam Vi B 3,0
pasu i ofHOYaACHM 3MEeHIITeHHIM TPUBAJOCTH ITUKJIY ¢y B 3,0 pasu, oxe-
psKayii HaCTYIIHI pe3yJIibTaTu.

1. Koedimienr k., mepeitnos 3i crasoro crany (k.. = const) y sMinHMi
(ks =var), 3i 3mMiHOI0O TpuBaJIOCTU MUKJIY ¢y B 3,0 pasu 30iabIIIUBCA B
1,73 pasu i moKasye 3aJeKHICTh k. 32 3aKOHOM KBaAPaTHOTO KOPEHJ.
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Puc. 4. BoauB mBUIKOCTH PYXy 3arOTOBKU Vyyx Ha cKJagoBi wactunm YII Ta
HII i mHa yacTKOBY BTpaTy HOTEHIiNTHOI pesucTuBHOCTU AR.; 32 YMOB, II[0 TPU-
BaJIiCTh MUKJIIYHOTO PYyXY Lpyx =const: 1 — TOBIIWHA OTBEPAijI0l KOPKU 3aro-
TOBKHU IIPOJOB IMUKJIY &, 2 — Koe(DiIlieHT TBepAiHHA 3aTOTOBKH k1073, 3 —
MBUAKICTh KpucTamizamii &-1073, 4 — BeawumHA TPOCYBAHHS 3aTOTOBKU YII-
POROBM IUKJIY Lyyx-1073, 5 — BTpaTn noTenniinoi pesuctusaocTr AR+ 1073,

Fig. 4. The influence of the speed of movement of the billet V;yx on the compo-
nents of OP and DP and on the partial loss of potential resistivity AR.: under
the conditions that the duration of the cyclic movement Lpyx =const: 1 is the
thickness of the hardened crust of the billet during the cycle &, 2 is hardening
coefficient of the billet k1073, 3 is speed of crystallization &-1073, 4 is the
size of the advance of the billet during the cycle Lpyx-1073, 5 is partial loss of
potential resistivity AR.»-1073,

2. IlokasHuk § TaKO0XK 3aJIeKUTH Bifl TpuBasgocTu mukiIy (8), moxa-
3y[ouu, IO IMBUIKICTb KpUcTaJisallii, AKy po3paxoBYIOTh 3a PiBHAH-
HaM (2), 3BMiHIOETbCA i3 HOPpMAJLHUM Iepebirom gacy.

3. 3a ym0BU Ly« = const uiTKko BucCBiT/INBCA 3B’ A30K MOKasHUKa AR, 3
MMOKA3HUKOM Ly, OCKiTBbKHM AR, =const. Kpim Toro, maemo, 1110 Lyyx €
rosioBHUM unHHUKOM HII B cucTemi «3aroroBka—KpucTaridaTop» , AKUHI
BILIMBa€e Ha MOoKasHUK AR.. Ile Mae HacTyIlHe MOACHEHHA: 3a CTAJIOrO
MMOKa3HUKA Lyyx B 3aTOTOBKY IOTpAILIAE cTabiJibHA KiBKiCTh Tera, 1o
1 06yMOBJIIOE cTabibHe 3HaUeHH ITIOKasHuKa AR;.

3.3. BusnaueHHud 3aj1e:KHOCTeH CKiaagoBux yactuH Y11 ra HII
BiJ IIBUIKOCTH PYXY 3aTOTOBKH V,yx 32 YMOB 1,yx = const

BusHaunMo BIIJIMB TeXHOJOTiYHOTO mmapameTpa Vioyx 3a YyMOBHU f; = const
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Puc. 5. Brius mBUIKOCTH PYXy 3aroTOBKU Viyyx Ha CKJIamoBi wactuum YII Ta
HII i mHa yacTKOBY BTpaTy HOTEHIilTHOI pesucTuBHOCTU AR.; 32 YMOB, II[0 TPU-
BaJIiCTh MUKJIYHOTO PyXy ¢y =const: 1 — TOBIIMHA OTBEPAiIOI KOPKU 3aTOTOB-
KU YIPOZOBXK IUKIY &, 2 — Koe(illieHT TBepAiHHA 3arOTOBKH kw1072, 3 —
MBUAKiCTE KpucTamisanii &-1073, 4 — BeanumHA TPOCYBaHHSA 3aTOTOBKU IIPO-
OB MUKIY Lpyx- 1073, 5 — BrpaTu norenniinoi pesuctusaocT AR, 1073,

Fig. 5. The influence of the speed of movement of the billet V,yx on the components
of OP and DP and on the partial loss of potential resistivity AR.: under the condi-
tions that the duration of cyclic movement ¢;=const: 1 is the thickness of the
hardened crust of the billet during the cycle &, 2 is hardening coefficient of the
billet £ 1073, 3 is speed of crystallization £ -1073, 4 is the size of the advance of the
billet during the cycle Lyyx- 1073, 5 is partial loss of potential resistivity AR.+1073,

Ha MOKa3HUKHU Lyyx i AR B Iporieci 6e311epepBHOTO JIUTTA.

Ha pucynky 5 Tako:x mokasaHo 3B’a30k mokasHukiB HII ta VII. 3a
crajsioro nmoxkasuuka HII (,yx = const) mokasuuk YII k., TaKOXK € cTaIOIO
BE€JINYMHOIO.

4. BUICHOBRKH

1. B cTarTi BusHaueHo, 10 ABJAIOTL coboro YII ta HII, axi sgificuio-
IOThCA IIiA yac (opMOyTBOpeHHA 3aroToBoK Ha I'MBJI3, B Tomy umei
3aroTOBOK 3 MimHmMX cTomiB: go YII BimHOCUTBCS IIpoOIlec KPUCTaIi3aIrii,
SAKUU BU3HAUYAEThCcA 3a piBHAHHAM (1) i Mae cKIamoBi wacTUHU — Koe-
dimieHT TBePAiHHA ks i TPUBAJIICTD IIPOIIECY TBEPAIHHA, AKUH ITiTKOPS-
€ThCS 3aKOHY KBaJApaTHOro Kopeus; o HII BigHOCHTBCSA IIpoliec TepTs
Oig uYac IUKJIIYHOTO PyXy B3aroToBKM B IIapi «KpHcTaidaTop—
3arOTOBKA», 1[0 IPUBOIUTE JO BUAIJIEHHSA Ta HEOOOPOTHLOTO IO PEH-
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HS TEIJIOTH B 00’€Mi 3arOTOBKH, 10 IPUBOAMUTE N0 3MEHIICHHSA IIBU/-
koctu & TBepmimHA (Kpucraiisarii). B pobori inenTrdikoBaHO TEXHO-
JIOTiUHi IIapaMeTpu mpoliecy 0e3IIepepBHOrO JUTTA CTOCOBHO YNHHUKIB
HII, aki maioTh HaCTyOHY iepapxiio: TOJJOBHUM UYMHHUKOM IIPOIECY
0e31epepPBHOIO JIUTTA € BeJIWYWHA TPOCYBAHHA 3aroTOBKU Ly Ta Ii
ckJ1anoBi 3a piBHAHHAM (3) Viyx 1 tyyx; 10 TOIOBHOTO unHHUKA ¥ 11 BigHO-
CUTBHCA BeJIMUMHA OTBEPAIJIOTO IMIapy 3aroToBKU § 3a piBHaHHEAM (1), a 10
Ipyropagaux YMHHUKIB YII BiTHOCATHCS Bus 1 1.

2. CrBopeno piBHaHHa (11)—(13) gn1a BUsHAUeHHA BTPATU IIOTEHITil-
HOI Pe3uCTHUBHOCTH IIiJl YaC PYXY 3arOTOBKY BIIPOIOBIK OTHOTO ITUKJY SIK
pes3yJIbTaT Aii IBOX Pi3HOCIPAMOBAHNX BEKTOPIB.

3. Pospaxyuku 3a ¢opmysamu (12) a6o (13) mokasasu HaCTYIHI II0-
Ka3HUKU BTPATHU MNOTEHI[iAHOI Pe3MCTUBHOCTHU 3arOTOBKU AR;; B 3aJIeXK-
HOCTi BiJ 3MiH TeXHOJOTIUHMX IIapaMeTpiB 0e3lmepepBHOrO JIUTTA: 3a
yMOB Vyoyx = const (puc. 3) i3 30iabITeHHAM MOKA3HUKIB fpyx i Lpyx B 3,0
pasu oxmep:xaau 301IbIMEHH BTPATH IIoOKasHuKa AR,; B 4,27 pa3u; oqHaK
3a yMOB Ly« = const (puc. 4) pesysbraToMm craso AR;; =const, To6TO oze-
p:Kajau, 10 IOKasHUK AR, IPsaMO IIPOIIOPIIIMHO 3aJIeKUTh Bil mOKas-
HUKA Lyyx; 32 YMOB 30iJbIIIeHHA BEJIUYNH MOKA3HUKIB Viyx 1 Lyyx B 3,0
pasu omep:kaiy 30iJbITTeHHA BTpaTu mokasuuka AR, B 5,23 pasu (puc.
5); B3araJi BimzMiTHMO, 1110 BIPOJOBIK OMHOTO ITMKJY BeJIHNUYMHA ITOKA3-
HUKa AR, 3HaX0IUTHCA B IPONOPILiMiHiN 3ayiesKHOCTi Big Ly, aje Ba-
piabenbHa mapa «Vyyx 1 Lpyx» cXuJIbHA 70 0inbItux BTpaT AR.:, aHiK Imapa
«tpyx 1 Lpyx» .

4. BuzHaueHO YMOBH [IJIs IIEPETBOPEHHA KoedillieHnTa TBepaiHHS 3a-
TOTOBKHU kK.; 3i crasol BeawmuuHu k., B 3MiHHY BeJUYNHY; 3a YMOB
Voyx = const i t,yx = const KoeditieHT k.; € cTaI00 BeIUUYNHOIO; Koedilri-
€HT k.; 32 YMOB Ly« = const i 36iabmrenusa Vyyx B 3,0 pasu craB 3MiHHOIO
BeJIMYMHOIO Ta 36iabIiuBea B 1,73 pasu, ToOTO k. IIEPETBOPUBCS B ITBU-
OKiCTh TBEePIiHHS 3arOTOBKU B UacCi, IO HiTKOPSAETHCSI 3aKOHY KBaJaparT-
HOT'0O KOpPeHd.

5. TakuMm umHOM, B P0o0OOTi Bu3HaUeHO cKJaamoBi vactku YII i HIT ta
BILIMB HA HUX TEXHOJIOTIUHUX IIapaMeTpPiB IIpoliecy 0e3mepepBHOTO JIUT-
TS, 110 JAJIO 3MOT'Y: BUSHAUNTH, 34 AKUX YMOB Ta AKUM YMHOM TeXHOJIO-
riyHi mpoIiecu BILJIMBAIOTh HA MTOKA3HUK BTPATHU IIOTEHI[IMHOI pe3UCTUB-
HOCTU AR,:; BUBHAUNJIN, 38 AKUX YMOB Ma€MO 3MOI'y 3MEHIIIUTH IOKa3-
HUK AR,; a060 3p0o0UTH 11eii TOKa3HUK CTAJIO0 BeJINYNHOIO.

6. Ha ocHOBi cIiBBiZHOINIEHHS ITPOEKITiT CKATIAPHUX BeJIUUYUH BEKTO-
piB HII ta VII 6yn0 crBopero piBHaHHS (10) mmozo0 BusHaueHHA Koedi-
IMieHTa KOPUCHOI il TBEPAiHHS 3arOTOBKY BIIPOJOBIK IIUKJIY.
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Analysis of Extreme Values of Stress and Strain Invariants
in Multiphase Polycrystals

V.Yu. Marinaand V. I. Marina

Technical University of Moldova,
168 Shtefan cel Mare Blvd.,
MD-2004 Kishinev, Moldova

The limits of change in stress/strain invariants in the phases of polycrystal-
line materials with cubic lattices are investigated. The relationship between
the local and macroscopic parameters is established on the basis of the follow-
ing principles: averaged connections, orthogonality of fluctuations of the
stress and strain tensors, extremum of discrepancy between the macroscopic
measures and suitable average values of microscopic analogues. General ex-
pressions for extreme values of stress/strain deviator invariants for the pol-
yerystal phases are obtained. The non-monotonic nature of changes in the
extreme values of the invariants of stress/strain deviators and volumetric
stresses/strains depending on the phase concentration is revealed. In case of
a two-phase polycrystal, as the harder phase increases, the invariants first
increase, reaching their maximum value at a concentration of less than 5%,
and then, monotonically decrease. Volumetric macrostress has a nonlinear
effect on the patterns of changes in volumetric stresses in the grains of a pol-
yerystalline material.

Key words: stress, strain, invariants, averaged connections, orthogonality,
anisotropy.

Hocmimxyiorbesa Meski 3MiHu imBapiAHTIB Hampy:keHHA/gedopmaliii y dasax
MOJiKPUCTANIYHNX MaTepianiB 3 KybOiuHmMM rparHuUnaAMU. B3aeMo3B’s30K
Mi’K JIOKQJIPHUMHN Ta MaKPOCKOIIIUHWMM IIapaMeTpPaMU BCTAHOBJIIOETHCA Ha
OCHOBi IPUHITUIIB: cepelHixX 3B’ A3KiB, OPTOTOHAIBLHOCTU (QIIOKTYAIliil TeH30-
piB Hampy:keHb i medopmariii, eKCTpeMyMy HEBiANOBiZHOCTM MaKPOCKOITid-
HUX BeJWYMWH 3 BiAMIOBiIHUMU cepemHIMU 3HAUEHHAMU MiKPOCKOIIIUYHUX aHa-
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JgoriB. Omep:KaHo 3arajgbHiI BUPasu AJS eKCTPEeMaJbHUX 3HAUEHDb iHBapiAHTIB
IeBiATOpiB HaLpy:KeHHA/AedopMmariii y monikpucramiuaux dasax. Ilokazano,
110 3a paKToOpa aHMi3oTpOIrii, OiIBIITOr0 3a OAMHUITIO, MAKCUMAJIbHI 3HAUEHHA
iHBapiAHTIB IeBiATOPiB HAIPYKEHHA BUHUKAIOTH ¥ 3epHaAX, Kprucraaorpadiu-
Hi oci AKWX CHiBBiCHI 3 MAaKpOCUCTEMOIO, B AKill JiATOHANBLHI KOMIIOHEHTH Je-
BifATOpA MOPiBHIOIOTH HYJIIO, a MiHiMaJabHi — y 3epHax, Kpucrajorpadiuui oci
AKUX CIIiBBiCHI 3 rmaBaMu. BcTaHOBI€HO HEMOHOTOHHUI XapaKTep 3SMiH eKCT-
peMaJIbHUX 3HAUYeHb iHBapiAHTIB [eBisATOpiB Hampy:kKeHb/medopmariii Ta
00’eMHUX HANPY:KeHb/medopmariiii Bix KoHIeHTpalii das. [aa agBodasHoro
IMOJIiKPHCTATY 31 3pOCTAaHHAM BMicTy O0inbIt TBepo0i hasu iHBapigHTU crioUaT-
Ky 30iJBITYIOThCS, JOCATAIOUN HAMOiJBIITOTO 3HAUEHHSA 3a KOHIIEHTPAIlil, Me-
Hitroi 3a 5%, a MOTiM MOHOTOHHO 3MeHINYIOThcA. 06’eMHE MaKpPOHATIPYKEHH S
HeJiHifTHO BILIMBAE HA 3aKOHOMIPHOCTI 3MiH 00’€MHUX HANPY/KEHb Y 3epHaX
MOJIIKPUCTANIYHOTO MaTepifamy.

KarouoBi cioBa: Hanpy:keHHsa, nedopMaliia, iHBapiaHTH, ycepenHeHi 3B’ 3K,
OPTOTOHAJBHICTD, aHi30TPOITiA.

(Received 4 December, 2023; in final version, 6 May, 2024 )

1. INTRODUCTION

The construction of constitutive equations relating macrostresses t#;
and macrostrains d;; based on the known constitutive equations at the
level of structural elements, ¢, = d;; is one of the main problems in the
mechanics of a deformed solid. There are three main approaches: sta-
tistical [1-8], self-consistent [9—16] and direct [3, 10, 17]. Static mod-
els include models that consider elements of the lowest scale level with
a sufficient degree of independence from each other; the transition to a
higher scale for some characteristics is carried out by averaging, for
the other part, on the basis of accepted kinematic (Voigt hypothesis),
static (Reuss hypothesis) or intermediate type (Kroener-type hypothe-
ses). Self-consistent models are based on considering a mesolevel ele-
ment surrounded by a material matrix with effective characteristics,
determined iteratively from the properties of mesolevel elements using
the adopted procedure for averaging the latter. Direct models consider
the solution of a boundary value problem for a set of crystals with a
priori given physical equations, which are unknown for irreversible
processes. Numerical implementation in direct methods is usually
based on the finite element method.

Currently, when studying reversible processes, two-level models are
most widespread, in which the relationship between the local and mac-
roscopic parameters is based on linear relationships between stress and
strain fluctuations

T 8081'/' ’
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where only the D and B parameters depend on the model. Based on var-
iational methods [9, 10, 18], it was found that the limiting options
Bijum = (homogeneous strain state d = d,;) and Bijun =0 (homogeneous
stress state £, ;j = t;) correspond to the upper and lower limits of the ef-
fective elastic constants for composite materials of arbitrary struc-
ture. Because of this, intermediate options 0 < B, <% have become
widespread.

It was shown in [4] that linear relationships between fluctuations of
stress and strain do not agree with the first law of thermodynamics and
give overestimated internal stresses in the irreversible region of de-
formation. In particular, the inequality was established

< | id, dt> | <qu><fipq>dt

for any options for changing isotropic tensor Bij.», with the exception
of limiting values: Bijum =0, Bijnm = 0.

Nonlinear equations for the connection between local and macroscop-
ic parameters are based on three principles formulated in [4, 5, 19]: av-
eraged connections, orthogonality of fluctuations of stress and strain
tensors, the extremum of the discrepancy between the macroscopic
measure and a suitable average value of the microscopic analogue.

In Refs. [4-7, 19, 20], nonlinear coupling equations were used to de-
scribe deformation processes in single-phase polycrystalline materials.
In this article, we will analyse the patterns of changes in the limiting
values of stress and strain invariants in multiphase polycrystals with
cubic lattices.

2. GENERAL PROVISIONS OF THE CONSTITUTIVE MODEL

Based on the equilibrium equations of continuous medium and geomet-
ric Cauchy relations, the following expressions have been established
[13,14]:
- 1 ~ ~
ty={t;) = | LAV 4, = (d,), (£,d;) = t,d,» (1)

0 AV,

where t , d, ,; are the stress and strain tensors at each point of the re-
gion AVO, respectlvely, and <> is the sign of averaging over the volume
AVO When deriving (1), it is assumed that the boundary conditions

U, =u =dx,, dj=const, pi(/”s =t,n,, t;=const are satisfied on the
sur%ace So.

Three equations (1) can be represented as one relation

(@ -t,)d, -d))=0. (2)
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From Eq. (2), it follows that the average value of the scalar product
of fluctuations of the stress and strain tensors in the representative
volume is cancelled. In Refs. [13—-15], it was assumed that relation (2)
is satisfied for each material particle. This position is formulated in
the form of a postulate about the orthogonality of fluctuations of
stress and strain tensors in each element of the structure:

&, —t)d; -d;)=0. (3)

Having expanded the stress and strain tensors into deviatoric and
spherical components in (3), we obtain

o iy =€ + €0

t; =6, + G,0

t; =0, +00,,d; =€, +€0,. (4)

ij2 Yij ij?
Let us establish one fundamental equation for the connection between
macro and microstates

(6; —0,;)e; —€;) =3(5, — )&y — &) - (%)

We will establish an expression for fluctuations of stress and strain
deviators based on the condition of equality of the mechanical work of
the system of structural elements and the body element. It was shown
in Ref. [5, 19] that this condition is satisfied by applying the simplest
expression to fluctuations of deviatoric quantities

&, -0, = Be, &), (6)

where B is an internal parameter, which contains information about
the microscopic characteristics of material particles. In what follows,
parameter B will be called the heterogeneity parameter.

In accordance with [5, 19], microscopic variables that have a certain
physical meaning are divided into two categories: variable averaged
values of which depend only on data on the surface of a representative
volume and variable averaged values of which depend not only on data
on the surface, but also on characteristics structures. In particular, in
[56, 19], it is shown that natural macroscopic measures of the energy of
change in volume and shape do not coincide with the corresponding av-
eraged micromeasures. It is natural to assume that variables contain-
ing information about the characteristics of the microstructure of a
material have certain fundamental properties. In [5, 19], a principle
was proposed according to which in real interactions the discrepancy
between a macroscopic measure and a suitable average value of a mi-
croscopic analogue takes on an extreme value. In particular,

A=(8,&)-(6,)(¢,) = Extremum. (7)

ij
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Expressions (1), (5)—(7) represent a closed system of equations for the
relationship between macro- and microstates. They do not contain refer-
ences to the properties of the material; therefore, they are valid for de-
scribing both reversible and irreversible deformation processes. On
their basis, it is possible to construct constitutive equations at the mac-
roscopic level if the constitutive equations at the microscopic level are
known.

3. DETERMINATION OF MACROSCOPIC ELASTIC CONSTANTS
OF MULTIPHASE POLYCRYSTALLINE MATERIALS AND
HETEROGENEITY PARAMETER

Based on (1), (6) and (7), we analyse the influence of the elastic charac-
teristics of the phases and their volumetric content on the macroscopic
elasticity constants and the heterogeneity parameter. When analysing
the behaviour of crystals with a cubic lattice, we will use three inde-
pendent elastic parameters that have a clear physical meaning: Cyy is
shear constant (relates shear stress to shear strain), A is anisotropy
factor, K is volumetric deformation modulus.

The physical equations of crystals, in the crystallographic co-
ordinate system x/, have the form o} =2C,E& /A if i=j and
o, =2C,E; ifi#], co=8Keo. Taking into account these expressions in
(65, we establish the following relations between local and macroscopic
deformations:

;R B+ 2G)F 7
E;l _ (B + 2G)r1nr'1m8nm , é; _ ( ) in jm‘c‘nm , i # ]', r, = COS(xi’,JC») .(8)
B+2C,/A i B+2C,, ! '

Here, &; is the macroscopic deviator of the deformation tensor in the
global co-ordinate system x;, which coincides with the main system.
Let us further agree to denote the elasticity constants of crystals,
stress and strain in phase with weight f, through:
C,=Cui4,K,,6,,,8,, . Then, macroscopic stresses c; and strains &;
can be expressed through the averaged values of stresses <6ij,k> and
strains <§ij,k> in the phases of the polycrystal:

Oy :i<6ij,k>ﬁe’gij zzn:<§ij.k>ﬁe’ iﬁe =1. (9)

Expression (6) for each phase can be represented as

G, — 0y =B, —&;,)- (10)

Writing (8) in the global co-ordinate system and taking into account
expressions (9), (10), after integration over the orientation factor of
the crystal lattice, we obtain
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2A
-y . (11)
2G+B 5 ZC +B 2C +AB

The expression for the extremum of the discrepancy between
measures A (7) can be represented as

A= Z <6-ij,k§ij,k> f, — 0,€; = Extremum . 12)
k=1
Taking into account relations (1) and (10) in (12), we obtain
—Bz <( e —EE, — 8;].)> f, = Extremum. (13)

Substituting into (13), express1ons (8) for each phase and taking in-
to account that € &, =¢, &, ,,¢€.&; =¢.¢, are invariant quantities,
after integrating over the crystal lattice orientation factor, we find:

2 2
_ CumEamB N Z ) % +3 B+2G ) _ 5|f, = Extremum. (14)
10¢ &|°\'2c, +A,B 2C, + B

Based on system (11), (14), it is possible to establish patterns of
change in the shear modulus G and inhomogeneity parameter B in mul-
tiphase materials.

The patterns of changes in parameters G and B scales X-10™* MPa
depending on the volumetric content of the harder phase f (f2=f, fi=1)

10

G(f)

rﬁﬁw \( ~&

0
0.00 0.25 0.50 0.75 1.00
f

Fig. 1. The influence of volumetric content of harder phase on the alloy shear
modulus.
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28

21

B(f)

14 ]

7.‘ “K-L

0
0.00 0.25 0.50 0.75 1.00
f

Fig. 2. The influence of volumetric content of the harder phase on the alloy
heterogeneity parameter.

were studied using examples of three two-phase materials: Al-Fe, Al-
W, Al-Cu, having the following elastic characteristics [21]:
Mo(f,k) < \I,., / Lo YL, / I, < No(f, B)A, ,
Fe(4, =2.417, C, =11.6¢), W(4, =0.99, C, =15.14c),
Cu(4, = 38.209, C, = 7.54c),c =10*MPa.

The results of numerical studies for the shear modulus are presented
in Fig. 1. The curve marked in red corresponds to Al-Fe alloy, in lilac
corresponds to A1-W alloy, and in brown corresponds to Al-Cu alloy.
According to Fig.1l, macroscopic shear modulus G=G(f) increases
monotonically with increasing f.

Diagrams for the parameter B = B(f) presented in Fig. 2 have a more
complex appearance compared to the diagram G = G(f). For all studied
materials, a nonmonotonic dependence of the heterogeneity parameter
on f.

4. ANALYSIS OF LIMITING VALUES OF STRESS/STRAIN
INVARIANTS IN POLYCRYSTALLINE PHASES

The patterns of changes in the limiting values of stress/strain invari-
ants in single-phase polycrystalline materials with a cubic lattice were
studied in [7]. The analysis showed that, along with the main macro-
scopic co-ordinate system x™, in which the non-diagonal components
of the deviator are equal to zero (main co-ordinate system), there is al-
so a systemx™ , in which the diagonal components are cancelled (auxil-
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iary system). To determine the position of the auxiliary co-ordinate
system x relative to the main system x™, a parameter of the type of

stress tensor deviator is introduced into consideration

d:01/03,

;|2 o,] 2 [0,],-0.5<d <0. (15)

Indices for the eigenvalues o1, 632, 035 of the stress deviator o;; are as-
signed based on the condition that inequality (15) is satisfied. The
form of the stress tensor deviator d can be expressed in terms of devia-
tor invariants o;;

m :i%/g I, =oc,0
B@ vary VLT

In this equality, the sign ‘+’ corresponds to a positive value of the
component c; >0 and the sign ‘=’ to a negative value 61 <0. The orien-
tation of the auxiliary co-ordinate system x relative to the main sys-
tem x"™ is determined by the following values of the Euler angles[7]

T i 1+d T T
=—, 0==—, y(d) = arccos| ,|—— |, —<vy(d) £=+0.17. 16
¢=7 n w(d) ("2+d} 1 v(d) 1 (16)

The relationship between the deviator components in the auxiliary
co-ordinate system x"’ and the main values is determined by the
equalities[7]

(n) _ (n) _ (n) _ (n) _ _(n) _ _(n) _
Gy = Oy = =03, O39 = Oy3 = Oy3 = O3y = i\1_6162/2 .

According to (23), there are simple relations between the deviator
components of any symmetric tensor in co-ordinate systems with zero
diagonal components and zero non-diagonal components. The sign ‘-’
corresponds to the value o1 >0, and the sign ‘+’ corresponds to the val-
ue o1<0. The listed properties for single-phase polycrystals are also
preserved in the case of multiphase polycrystals.

Let us pass in (9) from the components of strain deviators to the
components of stress deviators, we obtain the relations

1

3o

= det

Gijcij

i’

~ Mckﬁnf}mcnm’i = j’ ~ ~
8 = 7y = 7,(0,0,0), (an

ij,k ~ ~ . .
NGk’;nrijnm’l # I

26+B C, \ _2G+BC,

Mo, =———+—-"+,No, = ———,
2C, + A,B G 2C, +B G

(18)

where ¢, 0, y are the Euler angles (they specify the orientation of the
orthogonal axes of crystallites relative to the main macroscopic co-
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ordinate system). Note that, in (17), (18), both individual characteris-
tics of phases (C:, Ax) and global characteristics (B, G) appear, which
depend both on the elastic characteristics of the phases and on their
volumetric content.

Based on (16)—(18) and taking into account the fact that, along with
the main co-ordinate system, there is also an auxiliary co-ordinate sys-
tem, for alloys with cubic crystal lattices, the theorems can be formulat-
ed.

Theorem 1. The maximum values of stress deviator invariants
(A, > 1) arise in grains whose crystallographic axes are coaxial with the
macrosystem in which the diagonal components are equal to zero, and
the minimum values occur in grains whose crystallographic axes are
coaxial with the main co-ordinate system. When A, <1, the opposite
picture is observed.

Theorem 2. The types of deviators of stress/strain tensors in crys-
tals with extreme values of invariants, in each phase of a polycrystal-
line material, coincide with the macroscopic form, i.e.,

ydet|5,,| gfdet|o,| gldetfe,,| gdet
= = = Py = = = .
VBB OOy By EifBij

According to the theorems formulated, the relationship between the
extreme values of the stress/strain deviator invariants and the corre-
sponding macroscopic invariants A; > 1 is determined by the relations

. ~ ~ _ . ~ _ 3
min /G, ,6,, = Mo,,/c,c,,min det‘cij,k‘ = Mo, det

Gij Sij

b

Gij

max léij,kéij,k = No, /cijcij,maxdet‘éij’k‘ = No’ det‘Gij ) (19)
- ) (2G + B)A
max /g, &, = Nak\laijsij’maXdet|8ij,k| = Nai det|8ii s Ne,, = 20 + A Bk ’
k k
— ) . 3 2G+ B 20
min (g, &, = MakJsijsij,mlndet|8i,-,k| = Mg, det|8ij » Mg, = 29C + B -(20)
k

If A, <1, then, in (19), (20), min and max change places.
Let us consider the patterns of changes in the limiting values of devi-

ators stress moduli and strain tensors in the phases of Al-Fe and Al-Cu
alloys depending on the volumetric content of the ‘solid’ phase f.=f. For
two-phase polycrystals, relations (18) can be represented in the form
2G(f) + B(f) C,
2C, + A,B(f) G(1)
2G(f) + B(f) C,

2C, + B() G()’

Mo, = Mo(f,k) =
(21)

No, = No(f, k) =
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where the index k, for elastic characteristics Ci, A;, is assumed to be
equal to unity £=1 for the soft phase and k=2 for the harder phase.
Figure 3 shows diagrams of changes in parameters (21) for the Al-Fe
alloy. Curves I and 2 describe patterns of changes No(f, 2), Mo(f, 2) in
the Fe phase, and curves 2 and 4 show patterns of change No(f, 1),
Mo(f, 1) in Al phase respectively. For a better perception of the limits
of change in the relative f variants in the grains of
each phase, Mo(f,k) < 12 k/I2 , 3 k/I < No(f,k) the areas be-
tween the parameter values Mo(f, k) in N G(f, k) the grain system are
shaded (red colour corresponds to Fe phase, brown corresponds to Al).
From (19), (21) it follows that the specificity of changes pattern in the
maximum valpes of invariants I,_, in k phase is influenced by only one
constant Cy. I, , pattern of changes in the minimum values of invari-
ants I, » 18 I, influenced by two constants & of the phase: Ci, A;. In
this case, the width of the zone of change in the limiting values of in-
variants increases with increasing phase anisotropy factor A..

Figure 4 shows diagrams of changes in p S he Al-
Cu alloy. The region of changes in values 1/:IZU,Q/IZU, 31 30k I, in the
Cu phase is shaded in red, and in the Al phase is shaded in purple. From
those 4 diagrams presented in Fig. 3 and expressions (19), (21), it is
clear that the dependences of changes in extreme values of invariants
of deviators of stress tensors in alloys are non-monotonic to the func-
tion f. With an increase in the volumetric content of the harder phase
Mo(f, k), the parameters No(f, k) first increase, reaching their highest
value at f=f-=0.034, in the case of Al-Fe and f=f-=0.06 in the case of

No(f), Mo(f)

0.00 0.25 0.50 0.75 1.00

Fig. 3. Effect of volumetric Fe content on parameters reflecting the limits of
change in stress invariants in Al-Fe alloy.
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2.1

No(f), Mo(f)

e
Q

0.0
0.00 0.25 0.50 ; 0.75 1.00

Fig. 4. The influence of the volumetric Cu content on parameters reflecting
the limits of change in stress invariants in A1-Cu alloy.

Al-Cu alloy, and then decrease monotonically. For the soft phase, a
violation of monotonicity is observed only in the diagram Mo’ ~ f (the
highest value is achieved at f=0.01). In the Al-Fe alloy, the highest
values of invariants max 6/c = No(0.034,2) = 2.32 arise
max I, /I, =2.32° =12.49 in the Fe phase at f=0.034, and in the Al-
Cu alloy, max&/c = No(0.06,2) =1.77, max 130/120 =5.55 in the Cu
phase at f=0.06. Calculations carried out for other alloys showed that
as the ratio increases, Cz/C; the value f = f- in the solid phase decreases
and No(f+, k) increases.

According to Figure 3 in Al-Fe alloy, the zone of change in stress
invariants in the Fe phase (4:=2.41) is greater than in the Al phase
(A1 =1.215). In this case, the zone of changes in the local invariants of
stress tensor deviators in the Fe phase does not intersect with the cor-
responding zone of the Al phase. The Al-Cu alloy variant shown in
Fig. 4 looks different. Since A; the width of the zone of change in stress
invariants increases with growth at a fixed value f, options are possible
when the corresponding zones intersect. From Figure 4, it is clear that,
in the case of the Al-Cu alloy (Cu:Al=3.209), the zone of invariants
changes in the Al phase completely transforms into the zone of the Cu
phase.

The dependence of the stress-tensor deviator modulus on the orien-
tation factor of the crystallographic co-ordinate system &(¢ = 6,6, y)
in the Fe phase (f=0.4) of the Al-Fe alloy under uniaxial tension
(t1=12 MPa) is shown in Fig. 5. Horizontal planes in Fig. 5 establishes
the limits of change in the deviator modulus of the stress tensor in Fe
phase crystals under the given test conditions.
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Fig. 5. Dependence of the stress-tensor deviator modulus on the orientation of
the crystallographic co-ordinate system in the Fe phase (f=0.4) of the Al-Fe
alloy under uniaxial tension (¢: =12 MPa).

5. ANALYSIS OF THE LIMITING VALUES OF THE FIRST
STRESS/STRAIN INVARIANT IN POLYCRYSTAL PHASES

The patterns of changes in volumetric stresses and strains are estab-
lished on the basis of the postulate about the orthogonality of stress
and strain fluctuations (5). If the postulate about the orthogonality of
stress and strain fluctuations is extended to each phase, then, Eq. (5),
taking into account (10), can be represented in the form

~ ~ KK ~1 ! ~ ! ’
(6o, — 0 )KG,, — K,0,) = Bk Glix — 0,5}, —O) - (22)

ij,k ij ij
The quantities G, , — c;, will be determined based on (17):

Mo, -7 F o ,i=],
S =0 = g = (23)

’ (No, -7, 7,6,,,i # j.

When the orientation of the crystallographic co-ordinate system of
the crystal coincides with the main macroscopic co-ordinate system,

relation (30) taking into account (23) takes the form
KK,

(om, —6,)(Kom, — K,c,) = (Mo, - 1)2Gi].6 (24)

ij ?
where through om, denotes the volumetric stress in the grain whose
crystallographic system is coaxial with the macrosystem x™ . The vol-
umetric stress G, , in the grain, whose crystallographic system is coax-
ial with the co-ordinate system x™ (22), will be denoted by on,. In this
case, we have
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KK,
B

From (24), (25), we establish formulas for extreme values of volu-
metric stresses in a set of polycrystal grains

(on, —o,)(Kon, - K,c,) =

(No, - l)zcijci].. (25)

om(f k) < Kt K@) J{K_K(f) j KMol k) = 1) 0,0, 96
2K (f) 2K (f) B(f)

on.y - Kt KD J(K_K(f)j Kol o0, oo
2K(f) 2K(f) B(f)

Writing (26) and (27), there were used notations: om(f, k)=ocm.,
on(f, k) =on:. Both roots of equations (26), (27) have a physical mean-
ing. According to (26), (27), the extreme values of volumetric stresses
in the phases of a polycrystal depend on the elastic characteristics of
the crystals and macroscopic stresses: co, 6 = /5,0, . Volume stresses
in crystals of arbitrary orientation are determined from (22) taking
into account (23).

The patterns of changes in volumetric stresses depending on the
volumetric content of the harder phase f were studied for alloys: Al—
Fe, AI-W, Al-Cu. Figure 6 shows diagrams on ~ f (curve I refers to the
Fe phase, and curve 3—Al) and om ~ f (curve 2—Fe, curve 4—Al) for
pure macroscopic shear (co=0, c=10MPa). The region of possible
changes in volumetric stresses in grains of the Fe phase is shaded in
red, and Al is shaded in brown. Since in this case solutions (34), (35)
differ only in sign, Fig. 6 shows only positive values of the diagrams

S 10
g 1
<
5

5 3

2
0 4
0.00 0.25 0.50 0.75 1.00

f

Fig. 6. The influence of the volumetric Fe content on the limits of change in
volumetric stresses in the Al-Fe alloy under pure shear.
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on(f), om(f)

R
e

0.00 0.25 0.50 0.75 1.00

Fig. 7. Effect of volumetric Fe content on the limits of changes in volumetric
stresses in the Al-Fe alloy when stretched.

om~f,on~f.

According to Figure 7, the width of the zone of change in volumetric
stresses in the Fe phase is significantly greater than in the Al phase.
With the volumetric content of iron f=f-=0.02 in the solid phase, vol-
umetric stress occurs: on(0.02,1)=+1.4c. If f<0.26 in all grains of
the Fe phase the volumetric stresses are greater than in the Al phase.
In 0.26 < f<0.82, the range of changes in volumetric stresses in the Fe
and Al phases polycrystalline intersect. If f>0.75, the volumetric
stresses in the Al phase are greater than in the Fe phase.

Figure 8 presents the results of numerical calculations for the Al-
Cu alloy. Diagrams 1 and 2 characterize the limits of changes in invar-
iants in the Cu phase, and diagrams 3, 4—in the Al phase. The region
of possible changes in volumetric stresses in grains of the Cu phase is
shaded in red, and in Al—brown. Diagrams presented in Figs. 7, 8 cor-
respond to alloys in which the properties of solid phases are qualita-
tively different: the anisotropy coefficient A; for Cu is greater than A,
for Fe and the elastic constant for Cu is less than Cy4 for Fe. As the con-
stant increases, Cs the largest values of the stress invariants increase,
and with an increase in the anisotropy coefficient, A; the width of the
zone of changes in the invariants increases. From Figures 7, 8, a very
remarkable effect stands out: in the harder phase, in the f=0.915 Al-
Fe alloy and in the f=0.8 Al-Cu alloy, the volume stress &,, in the
crystals does not depend on the crystal lattice orientation factor. A
similar effect is impossible in a single-phase polycrystal, except in the
case of A=1. This effect occurs when in equations (26), (27) the equali-
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Fig. 8. Effect of volumetric Cu content on the limits of changes in volumetric
stresses in the Al-Cu alloy under tension.

ty
(No, -1)* =(Mo, -1)>,No, -1=1- Mo, .

Consequently, for a certain group of alloys there is a concentration of
the solid anisotropic phase f={f: at which volumetric stresses are the
same as in the isotropic phase. From (26) and (27), it follows that vol-
umetric macrostress oo has a nonlinear effect on the patterns of chang-
es in volumetric stresses in the grains of a polycrystalline material. Let
us consider the regions of changes in volumetric stresses 6, in crystals
soft two-phase polycrystals: Al-Fe and Al-Cu under uniaxial loading.
Figure 7 presents the results of numerical studies for the Al-Fe alloy,
and in Fig. 8—results for Al-Cu. For a better perception of the results,
a unified diagram notation system and the same external influence
conditions are used: co=4.08 MPa, c =10 MPa. Diagrams marked with
odd numbers refer to curves on ~ f, and with odd numbers cm ~ f. Dia-
grams marked with numbers 3, 4, 7, 8 belong to the soft phase (Al) a
diagrams 1, 2, 5, 6—to the solid phase (Fe or Cu). Curves marked with
numbers 1—4 correspond to ‘+’ sign in formulas (26) and (27), and 5—
8—to ‘-’ sign.

The areas of changes in volumetric stresses &, in the harder phase
are shaded red when there is a ‘+’ sign in (26), (27) and blue when there
is a negative sign. In the Al phase, in Figs. 7, 8, the region of changes
in volumetric stresses 6, is shaded brown for ‘+’ sign in (26), (27) and
green for ‘-’ sign. If +the macroscopic volume stress

c, > K (f) / B(f)(N,(f, k) —1)c, then, in all grains of this from, this
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Fig. 9. Dependence of volumetric stresses in the Fe phase (f = 0.4, Al-Fe alloy)
during tension on the orientation of the crystallographic co-ordinate system.

phase 6, > 0.

Comparing the limiting diagrams of changes in volumetric stresses
(Cu:Al=3.209) in Al-Fe alloys (Fig. 7) and Al-Cu alloy (Fig. 8), we
discover a qualitative difference in the laws of change om ~ f. In the
case of the Al-Fe alloy, the lower value of volumetric stress om(f) de-
creases (diagrams 2 in Fig. 7, 8) to f=0.52, and then grow in the AlI-Cu
alloy, volumetric stresses om(f) increase monotonically with increas-
ing f (diagrams 2). Note that the largest range of changes in volumet-
ric stress G, is observed at a low concentration of one of the phases.

The patterns of changes in volumetric stresses depending on the ori-
entation of the crystallographic co-ordinate system &,(p =6,6,y) in
the Fe phase (f=0.4) of Al-Fe alloy under uniaxial tension
(t1=12 MPa) are shown in Fig. 9. Calculations were carried out based
on expressions (22), (23). The roots for volumetric stresses 6, have the
form 6, = x +/y . A solution obtained with ‘+’ sign is indicated in or-
ange, and a solution with ‘-’ sign is indicated in blue. Horizontal
planes in Fig. 9 establish the limits of possible changes in volumetric
stresses G, in the Fe phase of the Al-Fe alloy.

6. CONCLUSION

A system of equations is established to determine the macroscopic
shear modulus and the heterogeneity parameter of alloys, whose crys-
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tal symmetry is not lower than cubic one. General expressions are ob-
tained for extreme values of invariants of stress/strain deviators in
polycrystal phases, which include both individual characteristics of
the phases (anisotropy factor and crystal shear constant) and global
characteristics B, G. It is shown that, when the anisotropy factor is
greater than one, the maximum values of stress deviator invariants
appear in grains, the crystallographic axes of which are coaxial with
the macrosystem, in which the diagonal components are equal to zero,
and the minimum—in grains, the crystallographic axes of which are
coaxial with the main co-ordinate system. When the anisotropy factor
is less than one, the opposite picture is observed.

It is shown that the invariants of the deviators of the stress tensors
undergo nonmonotonic changes with increasing volumetric content of
the harder phase. As the harder phase grows, the invariants first in-
crease, reaching their highest value at f=0.01 +0.06, and then, de-
crease monotonically. Thus, the largest deviations of the limiting val-
ues of the invariants of the deviators of the stress tensors are observed
at very low values of the concentration of the solid phase.

The specificity of the pattern of changes in the maximum values of
stress deviator invariants in a separate phase is influenced only by the
corresponding crystal shift constant, and the pattern of changes in the
minimum values is influenced by both the shift constant and the ani-
sotropy factor.
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Broadening of the Martensite X-Ray Diffraction Lines of Carbon
Steels

V. A. Lobodyuk

G.V.Kurdyumov Institute for Metal Physics, N.A.S. of Ukraine,
36 Academician Vernadsky Blvd.,
UA-03142 Kyiv, Ukraine

The explanation of the broadening of the x-ray diffraction lines of martensite
and appearance of the doublets of the diffraction lines is proposed and is based
on the representation of the crystal structure of martensite in carbon steels as a
system of the lattice blocks with the C atoms on the axes of the blocks.

Key words: carbon steel, martensite, crystal structure, lattice, block, dif-
fraction-line width.

Ha ocHOBi yABiIeHBP PO KPUCTAIIUHY CTPYKTYPY MAapPTEHCUTY BYIJIEIEBUX
KpUIlh K CUCTEeMY OJIOKiB i3 KpucTamiunmx r'paTHUIL i3 aTomoM C Ha oci 6J10-
KiB JaHO MOACHEHHSA POSIINPEHHSA PEHTI €HiBChbKUX AndpaKIiiiHuX JiHiit Map-
TEHCUTY Ta OABY Ay0OJeTiB nudppakmiiomx JiHi.

KarouoBi ciioBa: ByriereBa Kpuiid, MApTEHCUT, KPUCTAJTiIUHA CTPYKTypa, I'pa-
THUIIA, 0JI0K, ITUpUHA qudpakITiiHoi Jinii.

(Received 12 March, 2024; in final version, 9 April, 2024 )

The angular width of the x-ray diffraction lines of the martensite phase
in carbon steels reaches 10—12°[1, 2]. Such large broadening of the dif-
fraction lines of martensite in steels has been explained as follows. Dur-
ing transformation of the parent f.c.c. y-phase into the b.c.t. martensite
o'-phase, large (micro)stresses arise, and the coherent domains of 30—
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150 nm in size appear. However, an x-ray study performed on the ex-
tracted martensite powders (1.0% wt. C steel) showed that, when an in-
fluence of the stresses is excluded, the diffraction lines still remain
broad [3]. Thus, broadening of the x-ray lines may be caused by other
reasons.

The crystalline structure of martensite in carbon steels has proposed
to represent as system of the lattice blocks [4, 5]. Each block consists of
four lattices with common edge (axis of the block), on which carbon atom
is located (Fig. 1). Crystal lattices without C atoms are situated around
the blocks. Within the blocks and around them, lattices have edges of
the different dimensions and are distorted. The edge sizes depend on the
distance to the axis of the block with the C atom. For example, the size of
the edge ¢ with carbon atom is ¢ =dp.+dc=0.504 nm, where dr. and dc
are the diameters of the iron and carbon atoms, respectively. The edge
change decreases, when the distance to the axis of the block increases.
The lattices with the dimensions of the edges of the b.c.c. Fe,-lattice
have the smallest edge values.

The dimensions of the lattice edges were evaluated depending on the
distance from the ¢ edge with carbon atom for steel with 1.17% wt. C
(5.26 at.% C) for martensite volume of 45 b.c.c. lattices, which in-
cludes 90 Fe atoms and 5 C atoms [5] (Table 1).

0.387 nm

Fig. 1. Distorted b.c.c. lattice with C atom (x) at ¢ edge (a); block of four dis-
torted b.c.c. lattices with common enlarged edge (axis of the block), at which
C atom is located (® is C atom, o, ® are Fe atoms) (b).

TABLE 1. Dimension and quantity of the lattice c edges after insertion of at-
om C at c edge.

Edge number ‘ c1 ‘ c2 c3 c4
Edge size, nm 0.387 0.330 0.308 0.286
Quantity of the identical edges 5 30 20 20
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Carbon concentration determines the number of the lattice blocks in
steel. The maximal concentration of C in steel is of =1.7% wt.
(=8.16 at.%), that is, for every 100 atoms, there are 92 iron atoms
(which form 46 b.c.c. lattices) and 8 carbon atoms. Thus, carbon atom
may be located only in every sixth lattice of the martensite-crystal
structure and only at one lattice edge, in an octahedral pore.

Amount of the lattices without C atoms around one block depends on
carbon concentration. This quantity changes from 46 to 6 and to 2 un-
der carbon increase from 1 at.% (0.22% wt.) to 5 at.% (1.12% wt.) and
to 8 at.% (1.79% wt.), accordingly [6]. It is necessary to note that the
lattice with the C atom at one edge only is not tetragonal. It can be de-
fined rather as distorted b.c.c. or distorted b.c.t. and, perhaps better,
as trigonal, because the edges and angles at the lattice tops are differ-
ent.

In the ordered state of the carbon atoms in steel, the axes of the lattice
blocks are located mainly in one crystallographic direction [001]u.
Therefore, in the case of the crystalline structure with the blocks, the
systems of the identical edges, which have the same interplanar distanc-
es d, appear. In this case, each widened reflection really consists of a set
of separate overlapping reflections corresponding concrete edge size c.

Angular positions of the diffraction lines depend on the lattice pa-
rameter (interplanar distance d). For example, the position of the
(002)y reflection for carbon steel changes from angle 42°43’ to angle
32°26' in the interval of the lattice parameter ¢ 0.286-0.362 nm (Table
2). This corresponds really to changes of carbon concentration in steel
from 0.2% wt. to 1.4% wt.

These values of the parameters ¢ are closed to the lattice parameters
¢ in the crystal structure of steel with the blocks (Table 1).

The general angular width of the (002)y reflection for different cy pa-
rameters may be about 10° (Table 2), and this value coincides with the
width of the diffraction lines determined in many experimental studies.

TABLE 2. Angular position of the diffraction line (002)u at different values
of the lattice parameter cu (radiation FeKq, A =0.194 nm).

cm, N ‘ sin @ ® ‘ Note
0.362 0.5359 32°26' Crmax
0.342 0.567 34°34'
0.322 0.602 37°04'
0.302 0.642 39°58'
0.292 0.664 41°38'
0.286 0.678 42°43' CFea’

0.319 0.633 37°38' Caverage
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Therefore, for example, the angular width of the martensite line {002}y
in steel with 0.45% wt. C reaches 12°[2 ]; the width of the doublet line
{112}y in steel Fe—0.97 C-6.3 Mn (% wt.) is 10° [1]. Other examples of
the great width of the martensite diffraction lines of steels can also be
given.

Thus, under block crystal structure of the martensite in steels, there
are the sets of the identical ¢ parameters in the martensite crystal
structure at given carbon concentration in the ordered state of the C
atoms. These sets of the identical ¢ parameters in concrete steel arise as
the result of the different lattice distortions and the change of the lat-
tice edges, when C atoms are introduced at one edge in the martensite
b.c.c. lattices and the lattice blocks are appear in the result.

In the disordered arrangement, carbon atoms can be located at any
edge of thelattice a, b, or ¢, and axes of the blocks are located arbitrari-
ly along the [100]m, [010]y or [001]u directions. In this case, the lattice
edges have different sizes too, but there is no preferable arrangement
of the edges a, b or ¢ of the equal size. As the result, doublets of the dif-
fraction lines do not appear; only broadening of the x-ray lines is ob-
served.

Representation of the crystal structure of the martensite phase in
carbon steels as system of the ordered lattice blocks with carbon atom
on c¢ axis and lattices without C atom around them well explains the ap-
pearance of the doublets of the diffraction lines of large width. In the
structure with blocks, there are several identical ‘sets’ of the lattice
edges with corresponding interplanar distances. This is a result of the
fact that not every lattice contains the C atom, and the lattice edges are
changed differently, depending on the distance to the block axis. How-
ever, at concrete C concentration, there are predominant ‘sets’ of the
edges of the equal size and interplanar spacing, that results in the cor-
responding intensities of the reflection and its width. As the result,
the systems of the overlapping reflections in the diffraction doublets
appear that brings to widening of the diffraction lines.

Thus, proposed description well explains the x-ray patterns in the
case of the lattice block structure with ordered arrangement of the C
atoms in the crystal structure of martensite of steels, namely, widen-
ing of the diffraction lines and appearance of the x-ray doublets.

Conclusion. Representation of the crystal structure of martensite in
carbon steels as system of the lattice blocks with the C atoms at the ax-
es of the blocks permits to explain well the widening of the x-ray dif-
fraction lines of martensite and appearance of the doublets of the dif-
fraction lines. In the martensite crystal structure in the ordered state
of the C atoms, there are sets of the identical lattice edges. Each set in
concrete carbon steel corresponds to definite value of the lattice pa-
rameter ¢ and the diffraction angle. Collections of the differently
changed c edges determine the width of the diffraction lines of marten-
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site of carbon steels observed experimentally.

Collection of the differently changed lattice edges may arise also in
the crystal structures of the b.c.c. metals under alloying by the atoms
with the diameter that distinguishes strongly from the basic atoms. In
the result, a broadening of the x-ray diffraction line may arise also in
the alloys with interstitial atoms.
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