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Received: This paper deals with determination of the entropy of quasicrystalline phases of Al-Cu-Co and Al-Ni-Co
13 November 2024 alloys by the information-and-statistical method at the temperature of 300 K. Scanned digital images of
Revised: quasicrystals were processed with the use of this method. Statistical data of the multicomponent structure
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Accepted: were divided into separate components of the normal distribution of parameters corresponding to certain
13 Janua.r.y 2025 phases. We calculated the Gaussian parameters on the basis that dependence of the logarithmic representation
Published online: of the normal distribution function took the form of a quadratic function. It allowed us to find the mean-square
10 February 2025 deviation and to calculate the entropy of quasicrystalline phases at 300 K. The resulting values were further

used to calculate the Debye temperature of the phases. Decagonal quasicrystals have anisotropic structure. It
is assumed that anisotropy manifests itself in the difference of the dispersion laws in the xy plane and in the
direction of the z axis, which is described by the model of anisotropic crystals. Using this model, we have
found an expression describing the dependence of the entropy on the temperature and Debye temperature of
the phases. From here, we calculated the Debye temperature of the phases. Next, using the Debye temperature
values, we calculated the entropy of phases at higher temperatures. Therefore, with the use of the presented
calculation methods, it is possible to determine the Debye temperature and the entropy of quasicrystalline
phases that was done in our study for AI-Cu—Co and Al-Ni—Co quasicrystals.
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1. Introduction ization of statistical weight of a system [6, 7], or it deter-
mines the density of levels of the energy spectrum in the
macroscopic system. This density, because of the additivity
of the entropy, becomes higher with the growing number
of components of the structure and with the increase in
energy, that is, S = S(E). Considering the additivity of
the entropy, which is an expression of the multiplicativity
of the composite index of statistical weight A" = IT,Al,,
it is customary to distinguish [8—10] the configurational
ASconf = —RY.;x,Inx, and thermal components. The con-
figuration entropy is a direct consequence of statistical in-
terpretation of the concept of entropy itself.

Configuration entropy is determined by calculation [8, 9,
11]. A number of authors simulate the interaction of lattice

The unique structure of quasicrystals determines their un-
usual physico-chemical properties. Quasicrystals have low
friction and surface tension coefficients, as well as high
values of hardness, wear resistance and corrosion stabil-
ity. Owing to these properties, quasicrystals are applied
in practice as the films, coatings and components of the
composite materials [1, 2]. In the process of manufactur-
ing of the composite materials with quasicrystalline filler
alloys, as well as in the development of process diagrams
for the film coatings, there is a question of stability of qua-
sicrystalline phases in the conditions of high-temperature
exposure [3, 4]. The determined value of the entropy of

quasicrystalline structures can be an informative indicator
of their stability [5].
From the statistical physics standpoint, entropy is the real-

atoms in crystalline and quasicrystalline structures exclud-
ing temperature impact, i.e. at the temperature close to
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absolute zero [12, 13]. At the same time, the authors, when
forming the integral distribution of frequencies, also include
anharmonic oscillations in their calculations, i.e. the inter-
acting phonons. Configuration entropy plays an important
role in the stability of quasicrystals [14—16]. Using the
computer modeling and free energy calculations, the paper
[17] shows that a dodecagonal quasicrystal is stabilized by
configuration entropy.

The most common method for the thermal entropy deter-
mination is the method of differential scanning calorimetry
(DSC). This method consists in the determination of the
heat capacity and further calculations of the entropy [8, 18],
based on the formation of an exact differential being the en-
tropy according to the expression dS =dQ/T [8, 19], where
1/T — correction factor, allowing to transform inexact dif-
ferential dQ into exact one. The authors of [20] determine
the entropy of melting of aluminium-based quasicrystals by
the method of the differential thermal analysis. However,
measurement of the entropy by the DSC method does not
take into account the configuration entropy. In this con-
text, difference between the measured and actual values of
the entropy can be significant. Therefore, the development
of new methods to determine the entropy of quasicrystals,
including configurational and thermal components, is an
urgent issue.

This paper proposes an original method for determination of
the entropy at the normal temperature, which allows further
determining the entropy of quasicrystals at higher tempera-
tures with the use of model representations of anisotropic
crystals and the Debye formalism. The main concepts of
the proposed method are detailed below. By expanding the
interpretation of the statistical distribution proposed by Ein-
stein and using its direct relationship with the dispersion in
the Gaussian distribution, it is possible to indirectly assess
and calculate the entropy of the system under considera-
tion. To do this, it is necessary to determine a number of
variable indicators of the system under study, which are in
satisfactory agreement with the normal Gaussian distribu-
tion. We choose as the above indicators the coefficients
of absorption (reflection) of the light flux from the surface
of the processed quasicrystal alloy section. Ultimately, the
absorption of light or its reflection from the material sur-
face depends on many factors and states, which in their
turn determine and form the system’s statistical weight and
the entropy in its complex expression. In this interpreta-
tion of the statistical weight, it is necessary to note the fact
that its main component will be formed by the oscillating
frequencies determined by the temperature factor [21]. In
this case, the proposed method determines the total entropy
including both the configurational and thermal components.
This assertion is based on the assumption that the coefficient
of absorption or reflection of the light flux is an integral
indicator of the specific configuration of the structure and
mainly the thermal fluctuations of the oscillators distributed
in it.

After formation of sufficiently large statistical series, it is
possible to obtain significant statistical parameters, and
above all the dispersion, which can be correlated with spe-
cific quasicrystal phases. Therefore, the entropy, including
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the configuration one, can be estimated with sufficient accu-
racy. This direction in the study was proposed by the authors
of [22]. Using the proposed statistical method, the authors
of the paper [22] study WC and W,C crystalline phases of
the W-C alloy and determine their entropy. The obtained
results agree satisfactorily with the reference experimental
data at the room temperature. However, since this method
was successfully used earlier to determine the entropy of
crystalline phases of tungsten carbides, it can be said that
the calculated data for the entropy of quasicrystalline and
crystalline phases obtained in this paper can be close to real
values.

Using the method proposed in the paper, the entropies of
phases of Al-Cu-Co and Al-Ni-Co decagonal quasicrystals
are determined in a wide range of temperatures.

Calculation of the entropy of alloy phases by
statistical processing of photo images

Digital micrographs of sections of quasicrystalline alloys
of AlgsCor9Cu;s and Al7,CogNijg composition were ob-
tained using the Neophot optical metallographic micro-
scope. The microstructure of samples was also investigated
with the use of GX-51 metallographic microscope. The
local chemical composition of phases was determined using
JSM-6491LV scanning electron microscope and energy-
dispersive analyzer. X-ray powder diffraction was carried
out on the APOH-ym-1 diffractometer in the CuK ¢ charac-
teristic radiation.

In the structure of the AlgsCor0Cu;s alloy, decagonal qua-
sicrystalline D-phase is formed (Fig. 1 (a)) with the chemi-
cal composition corresponding to Alg3Co4Cuy3 (Table 1),
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Figure 1. Back-scattered SEM image: (a) - AlgsCoy9Cu;s alloy; (b) -
A172C018Ni10 alloy.
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Table 1. Chemical composition of the phases of the AlgsCoy0Cu;s alloy
determined by energy dispersive X-ray spectrometer, at.%.

COEll’;)aOSITCIlt A163 Cu 13 C024 Al4 (CO, Cu)3 Al3 (Cu, C0)2
Al 62.99 56.39 59.48
Cu 12.99 9.75 30.91
Co 24.02 33.86 9.61

according to data of energy dispersive X-ray spectrometer.
In the center of crystals of D-phase, rounded inclusions
of the Aly(Co, Cu)s crystalline phase are visible, and the
Al3(Cu, Co), crystalline phase is present along the bound-
aries of the quasicrystalline phase. The described phase
composition of the AlgsCoyoCuys alloy is also confirmed
by the results of X-ray powder diffraction (Fig. 2 (a)).
Three phases are formed in the structure of the
Al7,CogNijg alloy. Crystals of the decagonal quasicrys-
talline D-phase, the stoichiometric composition of which,
according to data of energy dispersive X-ray spectrometer,
is described by the formula of AlggCo,1Nijg (Fig. 1 (b),
Table 2). D-phase crystals have the rims of the Alg(Co,Ni);
crystalline phase. The Alg(Ni,Co), crystalline phase is
formed in the structure as well. Using X-ray powder diffrac-
tion, it is difficult to separate the lines of Alg(Co, Ni), and
Alg(Ni, Co), crystalline phases, since they have the same
monoclinic lattice with similar parameters (Fig. 2 (b)).
The digitized images of the phases were scanned using the
special original TLC_Manager_4_0_15 software [22, 23],
where the relevant matrices, expressed through the coeffi-
cient of light absorption by the sample surface, were gener-
ated. After normalization of the matrix values to the max-
imum ones and smoothing over the entire plane [22, 23],
the probability density distribution of the light absorption
coefficients was constructed. Further, the distribution was
broken down into Gaussian components, and each of them
corresponded to a specific phase. For this purpose, the log-
arithm of values of the chosen undeformed section on the
edge of the distribution curve was found, and they were
approximated by a quadratic function. The dependence of
the logarithmic representation of the normal distribution
function has the form of a quadratic function [22]

lnf(K,):lnA—z—Gz(K,—K) :_T‘-Z f ?_A'_
1
InA - -—K*
(nA— 5 R,

ey

Table 2. Chemical composition of the phases of the Al;,Co1gNijg alloy
determined by energy dispersive X-ray spectrometer, at.%.

Coili)assem AlgoCuyNijg  Alg(Co, Ni)y  Alg(Ni, Co),
Al 68.75 81.81 72.04
Ni 9.93 5.10 18.64
Co 21.32 13.09 9.32

JTAP19 (2025) -192512  3/8

100 - 2
| o D-phase
= Al,(Cu,Co),
80 0 AIA(Co.Cu)_\
. 60
B
=
- 40 el
2 e
i [ i 0 .
CI' "on ' O mb] - ] £
0 A bt MY S (‘»j'w‘,-"‘_\"..'\ Al ¥ L i Lol ey
T T T T T
20 (a) 40 60 80 100 120
20 (degrees)
100 - o
o D-phase
» Al(Co,Ni),, Al(Ni,Co),
80
. 60 #
H o
&8
40 4 o
20 o
.
L] L] o
- n " %
|
0 T T T T
30 40 50 60 70
b
(b) 20 (degrees)

Figure 2. X-ray powder diffraction pattern: (a) - AlgsCo9Cu;s alloy; (b) -
A]72C018Ni10 alloy.

where k; — current value of the light absorption coefficient,
K — arithmetic mean, o — mean-square deviation, A - am-
plitude. The regression coefficient during approximation
of the designated values is close to one, which indicates
that the selected section of the combined distribution is the
Gaussian function. It was further taken into account that

Inf(K;) = a2K? + a1 K; + ay, 2

—ﬁ, a, = %, ap = (InA — %Kz), 3)
where a, ai, ap - coefficients of the quadratic dependence.
Next, using the obtained approximation coefficients, A, o,
K parameters were found, and the first Gaussian was con-
structed. After subtracting the values of the first Gaussian
from the combined distribution curve, we isolated the next
undeformed section, and the procedure was repeated again
until the total curve was completely decomposed. Fig. 3
shows the isolated Gaussians, comprising the combined
distribution for the phases of quasicrystalline alloys. To
identify the attribution of the resulting Gaussians to the al-
loy phases, the mean values of the obtained Gaussians were
compared to the mean values of the reference distribution
constructed after analysis of photo images of the structure
with the use of X-ray microanalysis.

It should be noted that the method of total decomposition
into components can be used in the case if the Gaussians
have clearly expressed separating maximums. It is possible,
when the phases of interest are clearly distinguishable in
the photo image.

According to [7, 22], the function ¢’ can give the proba-
bility distribution for the coefficients of intensity of light

a) =
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Figure 3. Light absorption coefficients’ distribution curves: (a)- AlgsCo0Cu;s alloy; (b) - Al7,Co3Nijg alloy.

absorption. The density of probability distribution is written
as

S(K) = const - 5K, €))
where §'(K) - entropy as a function of realization of the
statistical states of phases in the alloy structure. Since the
entropy reaches its maximum for the mean values of K,
then (dS'/dK)|x_g = 0, (d*S' /dK?)|x_g < 0. Expanding
S'(K) in a power series of k, limited to a second-order term,
we obtain

S (k) =&)L, ®
where 8 = (d?S'/dK?)|x_g. Substituting in (4), we obtain
for the density of probability distribution

f(K) = const - S (K) =B (K—R)? (6)

Comparing the expression for the Gaussian distribution with
(6), we get
& B (x_p)? C _(Kk)?
f(K) = const - ¢S K)e=2 (K=K)" e 22 (7)
V2ro?

where ¢ - mean-square deviation, C — constant determining
the percentage ratio of the area of the given Gaussian to
the combined distribution area. Since const is equal to the
constant C, the entropy of each phase upon reaching the
equilibrium is given by the expression

S'(K) = —InV2ro2. ®)

When we compare the expression (1) with the Gaussian dis-
tribution, we find that the identity below should be satisfied

C
InA =1 . 9
! n<v27m2> ®

However, the calculations show that with the use of Gaus-
sian parameters taken from (3) the equation (9) will be
satisfied within the accuracy of the In B constant value

—InB. (10)

C

nt=in{ )
For each phase of the definite distribution, the value of InB
will be constant. Consequently, the InB value represents
some kind of an additive constant determined by the specific
procedure of the image scanning.
Taking this constant into account, the equality (8) can be
rewritten as

S(R) = —ln(\/27;g2)+lnB' (11

Since in the area of the photo image scanned there was a
percentage distribution between the indicated phases, it was
necessary to divide the obtained values by C in order to
bring the obtained entropy values to 100%. For reasons of
convenience of the further calculations, due to the presence
of an indefinite coefficient In B, the calibration coefficient
of 1/2 was introduced in (11).

After calculations, the entropy (11) was multiplied by
R = 8.31 J/(mol K) to obtain the required dimension. The
resulting values of the entropies of alloy phases at the tem-
perature of 300 K for Alg5Coy9Cu;s and Al7,CogNipg are
given in Table 3.

Modeling of the temperature dependence of
the entropy of crystalline phases

The proposed approach to determining entropy, based on
a statistical analysis of the distribution of light absorption

Table 3. Calculated values of the entropy and the Debye temperature phases of the AlgsCo9Cu;s and Al7,CogNijg alloys.

Alloy Phase (300 IE)IT t};)(i}llol. K) Debye te;{n perature Dispersion  Amplitude
Alg3Cop4Cuy3 125.34 170 0.002786 0.035809

A165C020CU15 Al4(C0,Cu)3 33.53 300 0.0044205 0.02545
Al3(Cu,Co); 84.52 40 0.003381 0.047385

AlggCor1Nijg 97.63 600 0.0028015 0.0298

Al7;Co;gNijg Alg(Co,Ni), 80.91 45 0.0053015 0.0248

Alyg(Ni,Co), 65.92 85 0.0008015 0.0908
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coefficients from the surface, makes it possible to estimate
this indicator at a fixed temperature of taking images of 300
K. To calculate the possible temperature dependence of the
entropy of the studied structures, a model representation
was proposed using a modified Debye interpolation formula
[26]. The entropy values of structures obtained at 300 K
using the information-and-statistical method made it possi-
ble to estimate the corresponding coefficients of the model
structure. This approach made it possible to obtain a fairly
adequate understanding of the temperature dependence of
the entropy of crystalline and quasicrystalline structures.
Next, we consider this model representation for crystal
structures.

Free energy of a body F according to [7, 26]

VT o 2 _ ho
F:W/(; (0] ln(lfe T)dw7 (12)
where V - volume of a body, T - temperature, u - group
velocity, /i — the Planck’s constant.

Because of isotropic structure of the crystalline phase, only
one direction of polarization is considered in (12). The
dispersion law has a linear dependence

o = uk, (13)
where k — wave vector. Using the Debye formalism [7],
we replace the upper integration boundary in (12) by y =
hop/T, where wp — the Debye frequency, and substitute
(13) in (12); after that, we obtain

VTT3

y
2
= m\/o ln(l _eXp(_)C))X d.x, (14)

where x = huk/T. Then we integrate by parts and get

3

F=In(1 —exp(—x))%

Yooy 3 1
— | =————dx. (15
0 /o 3 1—exp(—x) x. (19)

Expanding of the function exp(—x) in (15) to the second
term and further integration give us the expression

3

Vi, T

where kp — the Debye wave vector. From here, the body
entropy

JF K3 4
= V—D(—ln(huk) +InT + §>

S = - =
oT 27?3

A7)
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The factor in front of the bracket in (17) is similar to the
Debye sphere 3R = Vk3D /27*3, and the expression under
the logarithm is similar to the Debye temperature fiuk = 6.
Accordingly, the entropy of the crystalline phase can be
expressed as follows

S=3R(—ln6—|—lnT—|—g). (18)
For the crystalline structures of Ni, Fe, Zn, Al, Cu, Ag, Au,
using the known values of the Debye temperatures [24] and
the expression (18), the entropy values at 298 K were found.
The obtained entropy values agree satisfactorily with the
reference values [25] (Table 4). Therefore, using (18) it
is possible to find the entropy of crystalline structures of
substances at high temperatures.

Modeling of the temperature dependence of
the entropy of decagonal quasicrystalline
phases

To obtain the temperature dependences of quasicrystalline
decagonal phases, the model of anisotropic crystals was
used [26]. Anisotropic structure of the quasicrystalline
decagonal phase has a quasicrystalline pattern in the xy
plane and crystalline pattern in the direction of the z axis
[27]. Now we shall describe the structure of the qua-
sicrystalline decagonal phase using the model of strongly
anisotropic crystals [7]. The decagonal phase can be consid-
ered as a multilayer structure with an interaction between
the layers. Oscillations are present in the structure in the
layers themselves, and there are oscillations of the layers
relative to each other and of the bends of the layers. We
assume that the anisotropy of the quasicrystalline decagonal
phase is manifested in the difference of the dispersion laws
in the xy plane and in the direction of the z axis. In the xy
plane for the quasicrystalline structure, the dispersion law is
represented by a quadratic dependence yx? (y% = k2 + kf)
[7], where 7 - group velocity in the plane, and in the direc-
tion of the z axis for the crystalline structure the dispersion
law takes the form of a linear dependence =~ uk,. The to-
tal frequency of sound waves can be expressed as follows,
according to [7]

o® =’k + vy (19)
Taking into account the contribution from sound vibrations,
free energy of the quasicrystalline decagonal phase is deter-

Table 4. Calculated values of the entropy of substances at 298 K.

Substance  D€PYe temperature, Reference entropy Calculated entropy
K [24] (298 K), J/(mol- K) [25] (298 K), J/(mol- K)
Ni 375 29.87 2751
Fe 460 27.15 22.42
Zn 234 41.63 3927
Al 394 28.35 26.28
Cu 315 33.15 3185
Ag 215 42.55 41.38
Au 170 47.40 47.23
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mined by the formula [7]

(27)?

1Y X /T h
_ 252 4 s
/0 ln<1 exp( T\ k2 +vy*x )>27rxdx.

(20)

SVT hutkmax /T
- / dk.
0

Using the Debye formalism for the model of anisotropic
crystals, the upper integration boundaries in (20) were re-
placed. Then the formula (20) will also be true for the case
of high temperatures, similar to the Debye model [7]. For
the inner integral, we obtain the following expression

Y zdz
0 e — l} ’

(2D
where z = h/T+\/a+y2x* a -parameter ~ uzkf, x =
I/T\/a+y?x2.x - integration boundary. The coefficient
3 in (21) takes into account small oscillations of sites of
the lattice lying in the integration plane in three directions.
After expansion in series e* up to the third term and e* to
the second term, we get the expression

T [ T
%/0 ln(le_z)dz—j;;h{xln(le_x):’}

Lzl {xlnxGln(l+x)]. 22)

Yh 2
For the further integration in the direction of the wave vector
k;, we further expand the function In(1+x/2) up to the sixth
term. Then the inner integral of the expression (20) will be
of the form of

L0 NS S A AT I
i 2 8 160 384

24 64 )] - (@3

Next, we make an additional substitution of the variable
x = h/T\/u?k2 +b, where b = y*y%.. — parameter, y =
1T \/UPk2 0k + b

Then, taking into account the coefficient in front of the
double integral in (20), we obtain

VT3 [ Y
F=—— {/ xInxdx—
w2yuh” [ Jo
(24)
6-Vx P x x6d
LG5 &g as™
After integration, the free energy will take the form
L’ 7.1 1722
= TInAiL—TInT — =T+ -AL— - ——
271:29/14{ " R R L R
3R 3 Rt 3 D
80 T2 240 T3 672 T* |’
(25

V42K max + P Xibax-
From here, we find the entropy of the decagonal quasicrys-
talline phase:

where L =

9 0% 663
=3R( —1 InT+2=— — + ———
S§=3 ( n6+In +2 8T2+80T3
904 N 120° (26)
24074 ' 67275 )°
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The factor VL? /2% yu is similar in meaning to the Debye
sphere (V /(27)34/3) 7k}, ~ 3R. The factor AL is similar to
the Debye temperature.

2. Results and discussion

Using our findings, we calculate the Debye temperature of
the quasicrystalline and crystalline phases of the alloys. For
this purpose, we substitute in (26) and (18) the values of the
phase entropies obtained by the information-and-statistical
method at the temperature of 300 K. From the resulting
equality, we calculate the Debye temperature of the phases.
The obtained Debye temperatures for crystalline and qua-
sicrystalline phases of the alloys are given in Table 3. The
papers [28, 29] point to a wide range of values of the Debye
temperatures of quasicrystalline phases of the Al-Co-Cu
and Al-Co-Ni alloys values of the Debye temperature of
AlgsCor0Cuys vary from 22 K to 400 K, respectively, ac-
cording to [28]. The Debye temperature of Al;3C017Nijg is
123 K, and for Al;7;Co3Nijg it is 589 K, according to [29].
Moreover, according to [30] the Debye temperature of the
Al-Co-Ni d-phase is 545 K.

No experimental data relating to determination of the total
entropy of the AlgsCo,0Cu;5 and Al7,CogNijg quasicrys-
talline alloys are found in the literature, since the configu-
rational component of the entropy is determined by calcu-
lation. However, the proposed information-and-statistical
method was used earlier to determine the entropy of the
WC and W,C crystalline phases of the W — C alloy [22]. In
this case, the calculated entropy values agree satisfactorily
with the reference ones. Somewhat different approach to the
estimation of integration and approximation constants was

1704
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Figure 4. Dependence of the entropy on the temperature of alloy phases:
(a)- Alg5Co20Cuys, (b) - Al;2Co1gNijg.
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used in [22]. Besides, for the crystalline phases of simple
alloys the obtained values of the entropy agree satisfactorily
with the reference values at 298 K (Table 4).

The advantage of the proposed algorithm for the determi-
nation of the phase entropies is the possibility to calculate
the phase entropy at higher temperatures using expressions
(18) and (26). Thus, the dependencies for quasicrystalline
and crystalline phases of the alloys under study have been
constructed (Fig. 4). Fig. 4 shows that the phase entropy
increases monotonically with rising temperature, which in-
dicates complying with the law of the entropy increase. It
is also evident that the entropy of quasicrystalline phases
at all temperatures is higher than the entropy of crystalline
phases. This phenomenon results from the fact that statisti-
cal weight of the realization of quasicrystalline structures
is much higher than statistical weight of the realization of
crystalline structures.

Therefore, the algorithm proposed for determination of the
entropy and Debye temperature can be used in practice for
various phases, including quasicrystalline phases.

3. Conclusion

To calculate the entropy of the quasicrystalline alloy phases,
the digitized images of the phases were scanned using the
computer program. Elements of the digital matrix of values
of the light absorption coefficient obtained by scanning
displayed the spatial configuration of phases in the alloys.
Dividing the combined distribution of the probability
density of the absorption coefficients into individual
Gaussians corresponding to the phases, we calculated the
mean-square deviation for each phase. The calculations
took into account that the dependence of the logarithmic
representation of the normal distribution function takes the
form of a quadratic function. Using the found mean-square
deviations, we calculated the entropy of the relevant phases
at 300 K, and the light absorption coefficient was the
distribution factor determining the entropy in the Einstein
formula.

The obtained values of the phase entropy at 300 K were
further used to calculate the Debye temperature of the
phases. Decagonal quasicrystals have an anisotropic
structure. It is assumed that anisotropy manifests itself in
the difference of the dispersion laws in the xy plane and in
the direction of the z axis, which is described by the model
of anisotropic crystals. Based on this model, an expression
describing the dependence of entropy on the temperature
and the Debye temperature of phases was found. From
here, the Debye temperature of quasicrystalline phases of
the Al-Cu-Co and Al-Ni-Co quasicrystals was calculated.
Then, using the found expression and values of the Debye
temperature, we calculated the entropy of the phases
at higher temperatures. Therefore, using the presented
methods of calculation, we can determine the Debye
temperature and the entropy of quasicrystalline phases.
Since the entropy values of quasicrystalline structures are
higher than the entropy values of crystalline structures,
the obtained data can be used to determine the relative
content of quasicrystalline phases in the film coatings.
The knowledge of these quasicrystal properties provides
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additional opportunities for implementation of the task of
creating the film coatings resistant to thermal loads.

Acknowledgment

This work was performed within the research “Develop-
ment of plasma technologies for strengthening coatings
used in extreme conditions”, No. of the State registration
01230U104531.

Authors Contribution
Authors have contributed equally in preparing and writing the
manuscript.

Availability of data and materials
The datasets generated (or analyzed) during the current study are
available from the corresponding author on reasonable request.

Conflict of interests

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to
influence the work reported in this paper.

References

[1] W. Wolf, C. Bolfarini, C. S. Kiminami, and W. J. Botta. “Recent
developments on fabrication of Al-matrix composites reinforced with
quasicrystals: From metastable to conventional processing.”. Journal
of Materials Research, 36:281-297, 2021.

DOI: https://doi.org/10.1557/s43578-020-00083-4.

2

—

W. Wolf, C. Bolfarini, C. S. Kiminami, and W. J. Botta. “Designing
new quasicrystalline compositions in Al-based alloys.”. Journal of
Alloys and Compounds, 823:153765, 2020.

DOI: https://doi.org/10.1016/j.jallcom.2020.153765.

[3] O. V. Sukhova and Yu. V. Syrovatko. “Metal matrix composites
reinforced with Al-Co-Cu particles.”. Visnik Dnipropetrovs’kogo
universitetu. Serid Fizika, radioelektronika, 24:53-58, 2017.

[4

=

S. I. Ryabtsev and O. V. Sukhova. “Ion-plasma deposition of thin
quasicrystalline Al-Cu-Fe and Al-Cu-Co films.”. Problems of Atomic
Science and Technology, 2:145-150, 2020.

[5] D. V. Talapin, E. V. Shevchenko, M. I. Bodnarchuk, X. Ye, J. Chen,
and C. B. Murray. “Quasicrystalline order in self-assembled binary
nanoparticle superlattices.”. Nature, 461:964-967, 2009.

DOI: https://doi.org/10.1038/nature08439.

[6] P.Jizba and J. Korbel. “The statistical foundations of entropy.”.
Entropy, 23:1367, 2021.
DOI: https://doi.org/10.3390/e23101367.

[7] L.D. Landau and E. M. Lifshitz. “Statistical Physics.”. Nauka, 85:
584, 1976.

[8] S. Haas, M. Mosbacher, O. N. Senkov, M. Feuerbacher, J. Freuden-
berger, S. Gezgin, R. V6lkl, and U. Glatzel. “Entropy determination
of single-phase high entropy alloys with different crystal structures
over a wide temperature range.”. Entropy, 20:654, 2018.

DOI: https://doi.org/10.3390/e20090654.

[9

—

X. Yang and Y. Zhang. “Prediction of high-entropy stabilized solid-
solution in multi-component alloys. ”. Mater. Chem. Phys., 132:
233-238, 2012.

DOIL: https://doi.org/10.1016/j.matchemphys.2011.11.021.

[10] O.N. Senkov and D. B. Miracle. “A new thermodynamic parameter
to predict formation of solid solution or intermetallic phases in high
entropy alloys.”. J. Alloys Compd, 658:603-607, 2016.

DOI: https://doi.org/10.1016/j.jallcom.2015.10.279.

2251-7227[https://doi.org/10.57647/j.jtap.2025.1901.12]


https://doi.org/10.1557/s43578-020-00083-4
https://doi.org/10.1016/j.jallcom.2020.153765
https://doi.org/10.1038/nature08439
https://doi.org/10.3390/e23101367
https://doi.org/10.3390/e20090654
https://doi.org/10.1016/j.matchemphys.2011.11.021
https://doi.org/10.1016/j.jallcom.2015.10.279
https://doi.org/10.57647/j.jtap.2025.1901.12

8/8

(1]

[12]

[13]

[14]

[15]

[16]

(171

[18]

[19]

[20]

JTAP19 (2025) -192512

C. M. Nataraj, A. van de Walle, and A. Samanta. “Temperature-
dependent configurational entropy calculations for refractory high-
entropy alloys.”. J. Phase Equilib. Diffus, 42:571-577, 2011.

DOI: https://doi.org/10.1007/s11669-021-00879-9.

Y. Huang, M. Widom, and M. Mihalkovi¢. “Simulated structure and
thermodynamics of decagonal Al-Co-Cu quasicrystals.”. Phys. Rev.
Res., 6:033145, 2024.

DOI: https://doi.org/10.1103/PhysRevResearch.6.033145.

M. Mihalkovi¢ and M. Widom. “Spontaneous formation of thermo-
dynamically stable Al-Cu-Fe icosahedral quasicrystalfrom realistic
atomistic simulations.”. Phys. Rev. Res., 2:013196, 2020.
DOI: https://doi.org/10.1103/PhysRevResearch.2.013196.

M. N. van der Linden, J. P. K. Doye, and A. A. Louis. “Formation
of dodecagonal quasicrystals in two-dimensional systems of patchy
particles.”. J. Chem. Phys., 136:054904, 2012.

DOI: https://doi.org/10.1063/1.3679653.

K. Barkan, H. Diamant, and R. Lifshitz. “Stability of quasicrystals
composed of soft isotropic particles.”. Phys. Rev. B, 83:172201,
2011.

DOI: https://doi.org/10.1103/PhysRevB.83.172201.

H. Pattabhiraman, A. P. Gantapara, and M. Dijkstra. “On the stability
of a quasicrystal and its crystalline approximant in a system of hard
disks with a soft corona.”. The Journal of Chemical Physics, 143:
164905, 2015.

DOI: https://doi.org/10.1063/1.4934499.

E. Fayen, L. Filion, G. Foffi, and F. Smallenburg. “Quasicrystal of
binary hard spheres on a plane stabilized by configurational entropy.”.
Phys. Rev. Lett., 132:048202, 2024.

DOIL: https://doi.org/10.1103/PhysRevLett.132.048202.

W. Zhang, P. K. Liaw, and Y. Zhang. “Science and technology in
high-entropy alloys. ”. Sci. China Mater., 61:2-22, 2018.
DOIL: https://doi.org/10.1007/s40843-017-9195-8.

H.-J. Hoffmann. “From heat to entropy.”. Materials Sciences &
Engineering Technology, 51:1191-1233, 2020.
DOI: https://doi.org/10.1002/mawe.202000067.

D. Holland-Moritz, I.-R. Lu, G. Wilde, J. Schroers, and B. Grushko.
“Melting entropy of Al-based quasicrystals.”. Journal of Non-
Crystalline Solids, 250-252:829-832, 1999.

DOTL: https://doi.org/10.1016/S0022-3093(99)00187-8.

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

Syrovatko et al.

L. Caprini, H. Lowen, and R. M. Geilhufe. “Ultrafast entropy pro-
duction in pump-probe experiments.”. Nat. Commun., 15:94, 2024.
DOI: https://doi.org/10.1038/s41467-023-44277-w.

Yu. V. Syrovatko. “Calculation of the entropy of the eutectic phases
WC and W;C in alloy W — C by the method of statistical processing
of photo-images.”. Prikl. Fiz., 4:79-84, 2020.

O. V. Sukhova and Yu. V. Syrovatko. “Automatization of quantitative
structural analysis of composites. ”. Visnyk ZhDTU., 82:189—-194,
2018.

DOI: https://doi.org/10.26642/tn-2018-2(82)-189-194.

A. Majumdar. “Microscale energy transport in solids; Microscale
energy transport.”. CRC Press, page 400, 1997.

A. 1. Volkov and I. M. Zharskyi. “Thermodynamic Characteristics of
Substances: Handbook. . Bookmaster, page 287, 2014.

Yu. V. Syrovatko and O. O. Levkovich. “Heat capacity of decago-
nal and icosahedral quasicrystalline phases at high temperatures.”.
Physics and Chemistry of Solid State, 21:260-265, 2020.

DOI: https://doi.org/10.15330/pcss.21.2.260-265.

M. Feuerbacher, M. Bartsch, B. Grushko, U. Messerschmidt, and
K. Urban. “Plastic deformation of decagonal Al-Ni-Co quasicrystals.
”. Philos. Mag. Lett., 76:369-376, 1997.

DOI: https://doi.org/10.1080/095008397178788.

Z. M. Stadnik and G. Zhang. “The decagonal quasicrystal
Algs5Co15Cuyg studied by the Mossbauer effect. . J. Phys.: Condens.
Matter, 17:6599-6608, 2005.

DOI: https://doi.org/10.1088/0953-8984/17/42/001.

Z. M. Stadnik and G. Zhang. “Mossbauer effect study of the decago-
nal quasicrystal Al;gCosNiys. 7. J. Phys.: Condens. Matter, 16:
7303-7312, 2004.

DOI: https://doi.org/10.1088/0953-8984/16/41/011.

M. Bobnar, P. Jegli¢, M. Klanjsek, Z. Jagli¢i¢, M. Wencka,
P. Popcevi¢, J. Ivkov, D. Stani¢, A. Smontara, P. Gille, and
J. Dolinsek. “Intrinsic anisotropic magnetic, electrical, and ther-
mal transport properties of d-Al-Co-Ni decagonal quasicrystals. ”.
Physical Review B, 85:024205, 2012.

DOI: https://doi.org/10.1103/PhysRevB.85.024205.

2251-7227[https://doi.org/10.57647/j.jtap.2025.1901.12]


https://doi.org/10.1007/s11669-021-00879-9
https://doi.org/10.1103/PhysRevResearch.6.033145
https://doi.org/10.1103/PhysRevResearch.2.013196
https://doi.org/10.1063/1.3679653
https://doi.org/10.1103/PhysRevB.83.172201
https://doi.org/10.1063/1.4934499
https://doi.org/10.1103/PhysRevLett.132.048202
https://doi.org/10.1007/s40843-017-9195-8
https://doi.org/10.1002/mawe.202000067
https://doi.org/10.1016/S0022-3093(99)00187-8
https://doi.org/10.1038/s41467-023-44277-w
https://doi.org/10.26642/tn-2018-2(82)-189-194
https://doi.org/10.15330/pcss.21.2.260-265
https://doi.org/10.1080/095008397178788
https://doi.org/10.1088/0953-8984/17/42/001
https://doi.org/10.1088/0953-8984/16/41/011
https://doi.org/10.1103/PhysRevB.85.024205
https://doi.org/10.57647/j.jtap.2025.1901.12

	Introduction
	Results and discussion
	Conclusion

