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Liquid K;_xRby binary alloys with various thermodynamical proportions of participating elements are investigated. The properties of
thermodynamic interest are included in the study. The internal energy (F;;,;), Helmholtz free enrgy (Fy,) and the entropy (S) have been
calculated in a concentration range from X = 0.0 to X = 1.0 increasing in a step of 0.1 in the present work. Apart from the internal
energy (Fi,¢), various contributions to this energy are also calculated and separately depicted in the present article. A variational
approach has been adopted for the present calculation. A single potential with a set of two parameters is used for the calculation of all
properties of the alloys. Static Hartree local field function (H) is used to consider screening effect. Various local field correction
functions are used to take into account the exchange and correlation effect. Comparison with experimental data at some concentration
shows the good agreement with the presently obtained data. With the help of current results, the applied model potential found very
suitable with individual parameters for thermodynamical study. As the present results provide the data even where minimum
availability of the experimental findings, it can serve as a data base for the future calculation which deals with thermodynamics of the
liquid alloys. Present results allow one to get proportion based tuned properties of the K;_xRby for different requirements.
KEYWORDS: thermodynamical properties, liquid alkali alloy, pseudopotential theory, variational approach, Gibbs-Bogoliubov
inequality.

The thermodynamic properties of the metals as well as alloys are of the prime importance, particularly when they
are used in industry at a large scale productions or manufacturing purpose. The exact information at atomic level regarding
the all aspects from thermodynamic behaviour has a great significance in this field. The thermodynamic study is possible
in two alternate ways: a) experimental and b) theoretical. The former is the expensive way while the other required a dip
understanding the formulation of the thermodynamic problems in terms of mathematical models. There have been lot of
theoretical study carried out by various methods for thermodynamic study of liquid metals and alloys [2-7]. The
pseudopotential method is the one of the successful method to demonstrate almost all type of properties in solid as well
as liquid form of the matter.

The alkali group involves the metals which are having their melting points very near or just above the room
temperature. This may create rapid phase change of the metals from liquid to solid or vice versa. Thus the applications
of the liquid alkali metal and their binary alloys seek the information in liquid phase also. The present article involves
thermodynamic study of one of the alkali-alkali binary alloy K;_xRby using Gibbs-Bogoliubov inequality [8]. The
internal energy (F;,;) and some contributions toward it, Helmholtz free energy (Fy) and the various types of entropy of
the binary system are obtained using the individual set of the parameters of the model potential suggested by
Fiolhais et al [1]. The comparison with the others results are shown in the tabular format for each component in the next
part of the manuscript.

THEORETICAL DETAIL
The present work extends the computation to the system of binary alkali alloyNa, _yKy. According to which for the
binary system of alloy, The Helmholtz free energy (Fy) is obtained from the equation [4], [9],

Fy = Es + Fy;. M

Where F is the averaged effective potential of the system and it can be given as [4], [97*°,

FpS:F,‘g+FM+Fi+Fii' (2)

It includes the free energy of the electron gas Fj and first and second order perturbation parts F; and Fj; respectively. Free
energy of the electron gas Fj can be given as [4], [9],
P 3
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where E is correlation energy contribution and y, is low temperature specific heat constant. The second term in equation
(1) i.e. the free energy per particle (Fj;) of the binary mixture can be expressed in terms of entropy (S,.i,) as [4], [9],
© R. C. Malan, A. M. Vora, 2021
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Fii = S KT — TSpix, “)

Smix = Sgas +S.+ Sn+5m )

where Sgqs represents the gas term, S is the ideal entropy of mixing, S, corresponds to packing density (1) and S, arise
due to the difference in hard diameters of participating elements of an alloy.
The internal energy (F;,;) can be given as,

3
Fint =5kBT+Feg +F1+F11+FM (6)

RESULTS AND DISCUSSION
Table 1 gives the input parameters and constants used for the present calculations including potential parameters.

As it is one of the key goals of the article i.e. to test parameters of Fiolhais et al. [1] in its original form for the study of
K-Rb alloys, no change in the parameters of potential has been made.

Table 1. Potential parameters and other constants used for computation

Metal Z Q (au) n a [1] R [1]
K 1 535.33 0.46 3.349 0.679
Rb 1 656.17 0.43 3.228 0.755

To estimate the screening effect over the bare ion potential the Hartree local field correction function (H) [10] is
used. The other local field correction functions used over the bare ion potentials are the functions suggested by Hubbard-
Sham (HS) [11], [12], Vashishtha-Shingwi (VS) [13], Taylor (T) [14], Sarkar ef al.(S) [15], Ichimaru-Utsumi (IU) [16]
and Farid et al. (F) [17] and Nagy (N) [18].

Table 2 shows the potential independent contributions (F;), (F;) and (Fy) to total free energy. It can be seen from
the Table 2 that except F;, all are having negative contribution. The present results for F; are compared with others
results [19]. An excellent agreement of present results for Fy; is obtained with compared results [19]. The present results

of F; and F;; are also compared with the results of others [19].

Table 2. Various contributions to internal energy (Fi,,;) * 1073 au

X F, Others [19] F; Others [19] F, Others [19] Fiii

0.0 -79.90 - 79.97 - -209.48 - -8.52
0.1 -79.77 -79.81 71.43 100.28 -205.78 -212.51 -8.69
0.2 -79.63 -79.66 74.64 98.24 -209.80 -210.26 -8.85
0.3 -79.49 -79.52 77.73 96.28 -214.99 -208.12 -9.02
0.4 -79.36 -79.37 80.70 94.41 -218.63 -206.15 -9.18
0.5 -79.22 -79.23 83.55 92.61 -219.50 -204.19 -9.34
0.6 -79.08 -79.08 86.30 90.88 -217.21 -202.31 -9.50
0.7 -78.94 -78.93 88.95 89.22 -212.17 -200.57 -9.66
0.8 -78.80 -78.78 91.50 87.62 -205.57 -199.14 -9.82
0.9 -78.66 -78.64 93.96 86.08 -199.76 -197.42 -9.98
1.0 -78.52 - 96.34 - -200.21 - -10.14

The reason for deviation between present results and others results [19] for F; lies in the mathematical approach of
variational method. According to variational approach, a first guess for the real function is made, which will then
constrained by the boundary conditions to minimize the deviation between actual and the first guess function. The
perturbation part is added to get the maximum closest result to the actual one. The deviation between the present values
of F; and that of the others is just the difference between the perturbation parts of both the results. Which has no physical
significant. Hence, the deviation is not affecting on the final results of the internal energy (F,;). Similar logic can be
applied to the calculation of F;; also.

Table 3 shows Fj; obtained by application of various local field correction functions. The results obtained for
N-function [18] are maximum whereas it is minimum due to the correction function Hartree (H) [10].
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Table 3. (F; * 1073) au

X H HS VS T S 1U F N Others [19]
0.0 -14.58 -14.12 -13.68 -13.52 -13.89 -13.33 -13.31 -11.88 -
0.1 -29.36 -28.70 -28.10 -27.92 -28.40 -27.66 -27.65 -25.21 -2.68
0.2 -26.51 -25.90 -25.34 -25.16 -25.62 -24.92 -24.90 -22.68 -2.85
0.3 -18.80 -18.31 -17.85 -17.69 -18.07 -17.49 -17.48 -15.83 -3.01
0.4 -11.72 -11.37 -11.01 -10.87 -11.18 -10.71 -10.70 -9.60 -3.08
0.5 -7.84 -7.57 -7.28 -7.15 -7.41 -7.03 -7.02 -6.24 -3.22
0.6 -8.21 -7.95 -7.68 -7.57 -7.81 -7.45 -7.44 -6.66 -3.37
0.7 -12.33 -12.01 -11.70 -11.59 -11.85 -11.46 -11.45 -10.35 -3.44
0.8 -18.28 -17.86 -17.47 -17.35 -17.66 -17.18 -17.17 -15.56 -3.27
0.9 -22.07 -21.57 -21.10 -20.96 -21.33 -20.76 -20.75 -18.76 -3.46
1.0 -14.05 -13.63 -13.22 -13.08 -13.42 -12.89 -12.88 -11.41 -

Figure 1 shows the various types of entropy contributions. The ideal entropy of mixing S, is found very low (almost
zero) for each of the concentrations. The ideal gas entropy (S,) gives the maximum contribution for entropy (Spix)-
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Figure 1. Entropy contributions

The internal energy (F;,.) of the present calculation has been be compared with previously published results of
Vora [2] and Thakor [19] as well as with the experimental results [5] as shown in Table 4. The internal energy (F;,;) at
higher concentration value (X) is found in a very good agreement with the experimental results [5] and the results of
others [2], [19].

Table 4. Internal Energy (—F,r * 1073) au

X H HS VS T S U F N Others [2], [19] | Exp [5]
0.00 | 266.57 | 266.11 | 265.67 | 265.52 | 265.88 | 265.32 | 265.31 | 263.88 260.46 194
0.10 | 208.50 | 207.84 | 207.24 | 207.06 | 207.54 | 206.80 | 206.79 | 204.35 193.11 -
0.20 | 200.06 | 199.44 | 198.88 | 198.70 | 199.16 | 198.46 | 198.45 | 196.23 192.94 -
0.30 | 186.92 | 186.44 | 185.98 | 185.81 | 186.20 | 185.62 | 185.60 | 183.96 192.78 -
0.40 | 174.64 | 174.28 | 173.93 | 173.78 | 174.09 | 173.63 | 173.62 | 172.52 192.62 -
0.50 | 165.79 | 165.51 | 16522 | 165.10 | 16536 | 164.98 | 164.96 | 164.19 192.47 -
0.60 | 161.44 | 161.18 | 160.91 | 160.79 | 161.03 | 160.68 | 160.67 | 159.89 19233 -
0.70 | 161.11 | 160.80 | 160.49 | 160.37 | 160.63 | 160.24 | 160.23 | 159.13 192.19 -
0.80 | 162.91 | 162.49 | 162.10 | 161.98 | 162.29 | 161.81 | 161.80 | 160.19 192.06 -
0.90 | 162.85 | 162.35 | 161.88 | 161.74 | 162.11 | 161.54 | 161.53 | 159.54 191.93 -
1.00 | 151.29 | 150.87 | 150.46 | 150.32 | 150.66 | 150.14 | 150.13 | 148.65 249.94 180
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The agreement with the results of Thakor [19] for internal energy (F;,,;) suggests that there is no effect of deviation
between the presently calculated results of F; and the F; calculated by Thakor [19]. Similar is the case with the presently

calculated F;; and the Fj; calculated by Thakor [19]. The Helmholtz free energy (Fy) shown in Table 5.
Table 5. Helmholtz free energy (—Fy * 1073) au

X H HS VS T S U F N Others [2], [19] | Exp [5]
0.0 | 311.53 | 311.07 | 310.63 | 310.47 | 310.84 | 310.27 | 310.26 | 308.83 270.70 199.10
0.1 | 252.17 | 251.50 | 250.91 | 250.72 | 251.20 | 250.46 | 250.45 | 248.02 212.08 198.47
0.2 | 250.15 | 249.54 | 248.98 | 248.80 | 249.26 | 248.56 | 248.54 | 246.32 212.53 197.68
0.3 | 244.56 | 244.08 | 243.62 | 243.45 | 243.84 | 243.26 | 243.24 | 241.60 212.83 196.78
0.4 | 238.19 | 237.83 | 237.48 | 237.33 | 237.64 | 237.18 | 237.17 | 236.07 213.02 195.41
0.5 | 232.35 | 232.07 | 231.79 | 231.66 | 231.92 | 231.54 | 231.53 | 230.75 213.10 193.33
0.6 | 227.70 | 227.44 | 227.17 | 227.06 | 227.29 | 226.94 | 226.93 | 226.15 213.10 192.19
0.7 | 224.15 | 223.83 | 223.52 | 223.41 | 223.67 | 223.28 | 223.27 | 222.17 213.00 192.11
0.8 | 220.97 | 220.55 | 220.16 | 220.04 | 220.36 | 219.87 | 219.87 | 218.26 212.80 192.61
0.9 | 216.50 | 216.00 | 215.54 | 215.39 | 215.77 | 215.19 | 215.18 | 213.19 212.46 191.59
1.0 | 206.57 | 206.16 | 205.74 | 205.60 | 205.94 | 205.42 | 205.41 | 203.93 | 262.08,260.34 | 189.98

Figure 2 is given to display the trend of variation of F; with respect to the concentration (X). It can be seen from
Figure 2 that the Fy is continuously decreasing with respect to concentration (X). The similar type of trend is observed
in experimental data [5]. As all correction functions are providing the almost similar results, presently only the result of
H-functions are provided in order to avoid overlapping of plots of Fy.
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Figure 2. Helmholtz free energy (—Fy * 1073) au

CONCLUSION
The variational approach with Gibbs-Bogoliubov inequality [8] is applied for the calculation of thermodynamical
properties of liquid K;_xRbx alloys. The results for the internal energy (F;,;) and Helmholtz free energy (Fy) at various
concentration (X) of participating metals are provided. Good agreement for F; at many higher value of X is obtained
between present results and other theoretical results of Vora [2] and Thakor [19] and experimental data [5]. Very less
influence of correction function is found and hence the results by various local field correction function generates results
very near to each other in the present study.
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BAPIAIIMHAN METOJ TEPMOIWHAMIKH PITKNAX CILJIABIB K, _xRbx
Paoacew C. Manan®, Aoims M. Bopa®
“@akynvmem NPUKIAOHUX MA SYMAHIMAPHUX HAVK, Ypaooesuil iHocenepHull kKoaeddc, Barbcao-396001, I'voscapam, Inoia
bDizuunuii paxynomem, Yuisepcumemcwra wixona nayk, Yuieepcumem I'vooicapam, Axmedabao-380009, Indis

HocmimkyroTtbest piaki 6inapai crutaBu Ky xRby 3 pisHUMH TepMoanHAMIYHEME [IPOMOPLISMH €IEMEHTIB, 0 OepyTh ydacTh. Y wii
pobori Oynu po3paxoBaHi BHyTpitHs eneprist (Fiy,;), BiibHa enepris ['enpmromnsua (Fy) i entpormist (S) B giana3oHi KOHIEHTpALi Bif
X =10.0 10X = 1.0 , o 36inbuIyt0THCs 3 KpokoMm 0,1. B mocmimkeHHs BKIIOYEH] BIaCTUBOCTI TEPMOJHHAMIYHOTO XapakTepy. OKpiMm
BHyTpiuHboi eneprii (Fiy), B il cTaTTi TAKOX PO3PaxOBYIOTHCS i OKPEMO BiJOOPa)xyrOThCs Pi3Hi BKIAAH B 10 eHeprito. st ioro
po3paxyHKy Oyj0 3acTOcoBaHO BapiauiiiHmii migxin. us po3paxyHKy BCIX BIACTHBOCTEH CIUIaBiB BUKOPHCTOBYETHCS €IWHHMA
MOTEHIIIaJT 13 HabopoM BOX mapaMeTpiB. CTaTudHa QyHKIis TokadpHOTO Mot XapTpi (H) BUKOpUCTOBYEThCS 1S ypaxyBaHHS eQEKTY
expaHyBaHHs. 11 BpaxyBaHHS e(eKTy 0OMiHy Ta KOpelsnii BUKOPUCTOBYIOThCS Pi3Hi (yHKIIT TOKaIbHOT Kopekii mosst. [TopiBHIHHS
3 eKCIIEPUMEHTAJIbHIMH JaHUMHU IIPH TIEBHIil KOHIIEHTpALlil CBITYUTH PO rapHHi 30ir 3 OTPHMaHUMH Ha [ei yac JaHUMH. STK IToKa3aiu
MOTOYHI pe3yJbTaTH, 3aCTOCOBAHUH MOJEIbHUH ITOTEHILial BUSIBHUBCS JOyXXE INPHIATHAM JUIS OKPEMHX IapaMeTpiB HpH
TepMOANHAMIYHOMY JociipkeHHi. OCKUNBKM I pe3ynbTaTH 3a0e3MedyroTh JaHi HaBiTh NPH MIHIMAIBHIN JOCTYIHOCTI
eKCIIePUMEHTAIbHUX BUCHOBKIB, BOHH MOXYTb CIy)KUTH 023010 JaHUX AJsi MOy THIX PO3paxyHKIB, sIKi CTOCYIOTBCS TEPMOANHAMIKH
pinkux craBiB. HaBeneHi pe3ynbTaTi JO3BOJISIOTH OTPUMATH BIACTHBOCTI, MiAiOpaHi Ha OCHOBI nponopiii K;_yRby mis pizHEX
BUMOT.

KJIFOYOBI CJIOBA: tepMoauHaMiuHi BIACTHUBOCTI, PIAKHHA JIy>)KHHH CIIaB, TEOpis ICEBIOMOTEHIANy, BapiallifHU mMmiaxim,
HepiBHIicTh ['106ca-boronrodosa





