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Abstract: To calculate the anisotropy of Al-Sc alloys under high pressure, the second order elastic constants
were obtained from the density functional theorem (DFT) using the EMTO module. The elastic constants of the
Al-1.1Sc and Al-1.9Sc alloys in cubic, fcc, structure were examined depending on the pressure. The elastic
constants of both alloys vary greatly depending on the applied pressure. Elastic constants obtained due to
pressure, center elastic anisotropy (A) were used to calculate defined anisotropy (Acnne) parameters for the
closest neighboring interactions. Anisotropy parameters changed according to both Sc rate and pressure and the
pressure was closer to each other for increasing values. What makes this work special is the detailed examination
of anisotropy in Al-Sc alloys for the first time depending on the pressure.
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Al-Sc Alasimlarinda Elastik Anizotropi Basin¢ Degisiminin Incelenmesi

Oz: Al-Sc alasimlarinin anizotropisini yiiksek basing altinda hesaplamak igin, ikinci dereceden elastik sabitleri
EMTO modiilii kullanilarak yogunluk fonksiyonel teoreminden (DFT) elde edildi. Al-1.1Sc ve Al-1.9Sc
alagimlarinin kiibik, fcc, yapidaki elastik sabitleri, basinca bagli olarak incelenmistir. Her iki alagimin elastik
sabitleri, uygulanan basinca bagli olarak biiyiik 6lciide degisir. Basing nedeniyle elde edilen elastik sabitler, en
yakin komsu etkilesimler i¢in tamimli anizotropi (Acnne) parametrelerini hesaplamak i¢in merkez elastik
anizotropi (A) kullanilmistir. Anizotropi parametreleri hem Sc hizina hem de basinca gore degisti ve degerleri
artirmak i¢in basing birbirine daha yakindi. Bu ¢aligmayi 6zel kilan, Al-Sc alasimlarinda anizotropilerin, basinca
bagli olarak ilk defa detayli bir sekilde incelenmesidir.

Anahtar Kelimeler: Al-Sc, Elastik Sabit, Elastik Anizotropi, Basing, Kiitle Sabitleri.

1. Introduction

Al-based alloys are among the most important raw materials of the industry and experimental and
theoretical studies on these alloys are continuing [1]. Al-Sc alloys are also used in different fields in
the industry due to their lightness and elasticity [2]. The smoothness of crystal structures, small
particle size, ductility and super plastic properties make these alloys more useful [3-6]. Many of the
experimental studies on this subject include x-ray analysis (XRD) and are supported by theoretical
results. Although the Sc element (hcp) in these alloys is dissolved in Al (fcc) element at very low
rate (23%), it increases the strength considerably. Scandium not only strengthens in strength but
also increases the recrystallization at low rates, leading to a significant reduction in crystal sizes [7].
It is known that the solid phase of Al-Sc alloys is in L12 phase and it belongs to space group Pm-
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3m [7-9]. The formation of Al-Sc alloys and mechanical properties were also investigated by
experimental methods [10-12]. The particle and grain sizes of these alloys, recrystallization
conditions, different crystalline precipitates, stress and strain effects, boundary magnitudes,
diffusion properties, macro and micro structures and kinetic properties of the boundaries were
studied at different temperatures [13-16]. Theoretically, studies on Al-Sc alloys are ongoing [9-13].
Although these theoretical studies were mostly related to the mechanical properties of the alloys,
there was no comprehensive study on elastic anisotropy. However, although Y. H. Duan and
colleagues have investigated some elastic properties of AlsSc structure under high pressure [17],
such a study has not been found in the main phases of Al-Sc alloys. In theoretical studies, elastic
anisotropies are calculated as a function of mechanical properties. However, some researchers have
examined the elastic anisotropy in detail under high pressure for the closest neighboring interactions
between the surface, height and central force [18-20].

In this study, the anisotropy parameters of the main phase of Al-Sc alloys will be calculated and the
contribution of Sc atom in anisotropy will be investigated. The second order elastic constants [9] in
the equilibrium state of Al-1.1 Sc and Al-1.9 Sc alloys are the main parameters of this study. This
type of work is important because it will be the first for these alloys. For this purpose, the elastic
anisotropy of the Al-1.1Sc and Al-1.9Sc alloys (A) and the anisotropies defined for the closest
neighboring interaction under the central force (Acnnr) effect of the elastic anisotropies and surface
changes (As; and Asy) were calculated separately. The effect of Sc ratio was also examined in all
calculations.

2. Material and Methods

In this study, the second degree elastic constants of Al-1.1Sc and Al-1.9Sc alloys at room
temperature were obtained by EMTO method [9]. These results for Al-1.1Sc: Cy; = 104.35 GPa,
C12 = 65.7 GPa, C44 = 47.05 GPa and Al-1.9Sc: Cy; = 104.3 GPa, Cy, = 65.6 GPa and Cu4 = 46.72
GPa. In the same study, the fcc structure of both alloys was determined by XRD analysis [9]. It is
very difficult for a crystal to remain un-polarized under the influence of internal and external forces.
The crystalline cubic structure does not mean that it is isotropic. In order for a crystal to be isotropic
it must be Cy, = Cyy. In these alloys, it is certain that both elastic constants are quite different and
the samples are anisotropic. Because, cubic crystals are not independent from the direction of their
elastic properties such as hardness, shear and volume constants. These anisotropy parameters can be
calculated by many different methods, regardless of the directions. These are the parameters of
Every (AE) and Zener (AZ) anisotropy, defined as AE = 0 and AZ = 1 [27]. Anisotropy parameters
are calculated in three different directions in non-cubic crystals. Also for the cubic crystals, the
Voigt-Reuss-Hill anisotropy parameter (Avry) IS oObtained depending on the slip constants that
Avru = 0 is the ideal result [9].

In order to be able to calculate the anisotropy parameters at high pressure, firstly the second degree
elastic constants should be calculated at high pressure. For this purpose, by using the second degree
elastic constants [9] calculated in equilibrium conditions, Murnaghan [21] and Birich-Murnaghan

equations for elastic constants were used and the second degree elastic constants under high
pressure were calculated separately for both alloys;

’ AV 1 7 12 AV 1 ! ! ! Av
Ciy = CotCo Co(50) +3 €6 Col Co + DG + £ € Co Co + DG + DG (1)

P(V) = 3¢, [(%)g— (%)g] {1 +ia- can(%)é— 1]} (2)
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Here, Cjj is C11, C12 and Cys respectively, Cj is the derivatives of the second order elastic constants
in equilibrium state, ?/—V pressure induced strain and AV = V-V is the change in volume. Firstly, the
0

volumes of the crystals were obtained from the equation (2) depending on the theoretical pressures
applied to the crystal in equilibrium and second degree elastic constants were calculated by the
equation (1). The theoretical high pressure applied to the crystal was limited to 100 GPa, because
the volume constants of these alloys were smaller than 90 GPa [9]. The results of these calculations
are given in Figures 1 and 2. The volume constants of the crystals were calculated separately both
from B = (Cy1 + 2C4,)/3 equation and from the equation (1). And results were tested given in Figure
3.
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Figure 1. Change of elastic constants with respect to pressure for Al-1.1Sc alloy
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Figure 2. Change of elastic constants with respect to pressure for Al-1.9Sc alloy

Anisotropy parameter for a cubic crystal is also defined as follows; Depending on this definition,
polarization in anisotropy is defined as the surface and length polarization in anisotropy [20].
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Longitudinal polarization Ap, and surface polarizations are caused by shear stresses on the surface.
It has two orientations (Shear Anisotropy) such as As; ve Asy.

C11
2A A 3A
Apz ?; A51= _EI ASZZ - ? (4)
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Figure 3. Change of volume constants with respect to pressure for Al-1.1Sc and Al-1.9Sc alloys.
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Figure 4. Change of anisotropy for Al-1.1Sc and Al-1.9Sc alloys.
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Figure 5. Change of longitudinal anisotropy for Al-1.1Sc and Al-1.9Sc alloys.
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Figure 6. Shear Change for Al-1.1Sc and Al-1.9Sc alloys.

The anisotropy parameter resulting from the closest neighbor interactions in the central force effect
is calculated for the cubic crystals [20] with the following equation and the results are given in
Figure 6.

Acnnr = ZC - (5)

In addition, the Ag, Az and Aygry anisotropy parameters defined in the literature are calculated from
the following equations [22] and results are given in Figure 7.

C11—C12—2C44

Ap = (C11—C12) (6)
_ 264_4
Az = (€11— C12) (7)
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Gy—GR

Aypn = (8)

Gy+Ggr

—*— Al-1,1Sc; C,q=constant

—4+— Al1,1S¢; C;1=Cy; (P)

4 H—v—Al1,95sc; Cllzconstant

||+ A-L1Sc Cp4=Cp 1 (P)

P =52.05 GPa

0O 10 20 30 40 50 60 70 80 90

P (GPa)

Figure 7. Central exchange anisotropy changes for Al-1.1Sc and Al-1.9Sc alloys.
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Figure 8: Change of anisotropy for Al-1.1Sc and Al-1.9Sc alloys.

3. Result and Discussion

It is understood from the analysis of Figures 1, 2 that the second degree elastic and volume
constants of Al-1.1 Sc and Al-1.9 Sc alloys change linearly under high pressure. Accordingly, the
linear equations for both alloys were obtained as; C11(P) = C11(0) + 5,15P, C12(P) = C12(0) + 3,225P
ve Cy4(P) = Cy4(0)+1,45P. Bulk constants: B (P) = B (0) + 3,8667P were obtained from the analysis
of Figure 3. These results were consistent with the results obtained for different alloys under high
pressure [17, 18, 20, 21]. It was also observed from the analysis of the results that the Sc ratio did
not have any effect on the change of pressure. A = 0 is the isotropic condition of the elastic
anisotropy of crystals (3). Although the alloys we studied are cubic, they are not isotropic (Ci, #
Ca4). Anisotropy, defined as a measure of the intrinsic orientation of the crystals, is also a measure
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of good crystallization. It is understood that high pressure makes crystal orientations in these
samples significantly, and therefore, better crystallization. Because the pressure, the size of the
elastic anisotropy is markedly reduced, which means that it can both thicken the orientations in
certain directions and makes the crystallization better. This explains the crystalline polarization of
anisotropy Ap in [100] direction [20]. When Figure 4 is examined, it is seen that increased
polarization increases with high pressure. Surface polarizations, S; and S, give information about
the orientation of crystals on surfaces of (-110) and (001), respectively [20]. Figure 5 shows the
positive effect of high pressure in both cases. The anisotropy of the Acnnr resulting from the closest
neighborhood strength effect is calculated according to the pressure. Anisotropy was 0.5 in P =0
and P = C;1 numerical equation and it was observed that it increased very high with high pressure.
The reason for this is that in the nearest neighborhood the central force limits the crystal
orientations.

In addition, taking C;; = Fixed, it was observed that this value increased faster up to the ideal value
of elastic anisotropy (A = 1) (Figure 6). The size of the pressure at this point was calculated as
52.05 GPa. This pressure can be considered the highest limit for these alloys. Because in a different
study related to Als;Sc applied pressure was restricted to 40 Gpa [17].

Figure 7 shows that the results of Ag, Az and Aygry elastic anisotropy vary with the high pressure.
The change in Ag shows that anisotropy increases with pressure, and in Az it is in form of a
decrease. And in both cases, alloys are far from isotropic condition.

4. Conclusions

In this study, it was concluded that the second degree elastic constants, volume constants and elastic
anisotropy of Al-1.1Sc and Al-1.9Sc alloys changed significantly with high pressure but Acnne and
Avru anisotropy changed very little. Moreover, it was seen that the ratio of Sc was not effective in
the change of these parameters with pressure. It is concluded that the highest pressure that can be
applied to these alloys is 52.05 GPa, which is anisotropic in both alloys.
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