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30 In this study, we computed the elastic properties of Cu-Zn binary intermetallic compounds, CuZn,
31 CusZng and CuZny, by first-principles calculation and discussed the capability of the improvement in
33 stiffness of aluminum alloys by aging treatment. The disordered CuZn, with random atom
distribution was emulated for the first time by virtual crystal approximation (VCA) model and
36 special quasirandom structure (SQS) model with symmetry-based projection (SBP) technique. From
the present calculation results, it was found that Young’s modulus of polycrystalline aggregate of
39 CuZn, is almost comparable to the highest counterpart of CusZng with lower elastic anisotropy, but
41 the expected volume fraction of Cuzn, is much higher than that of CusZng after aging treatment.
42 According to the rule of mixtures for the aluminum matrix and differently oriented intermetallic
44 compounds, therefore, CuzZn, was rationally recommended as the most suitable intermetallic

compound for improving the stiffness of Al-Cu-Zn alloys.

49 1. Introduction

51 Aging treatment is well known as an effective method to improve the strength of aluminum
alloys. Since age-hardening phenomenon was discovered by Wilm in 1906 [1], heat treatment
54 conditions and alloy compositions have been optimized to obtain higher strength, and thus
56 significant expansion of industrial application of aluminum alloys has been accomplished. However,

58 some structural components of industrial products require not only the resistance to plastic
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deformation; i.e. strength, but also the resistance to elastic deformation; i.e. stiffness. Unfortunately,
the stiffness of aluminum is intrinsically lower than that of other elements (Table 1), and thus
commercially compensated by increasing the area or thickness of cross-sectional shapes of the
components. Therefore, if the stiffness of aluminum alloys can be improved, application ranges will
be further expanded because structural components such as automobile parts have low flexibility in
shapes due to limitations of space. To date, temporal changes in Young’s modulus during aging
treatment have been reported for Al-Cu [4-8], Al-Li [9] and Al-Zn-Mg alloys [8, 10], but none of the
high-strength alloys exhibited large enough increase in stiffness from pure aluminum

In general, the stiffness of alloys is represented by elastic moduli such as bulk modulus B,
shear modulus G and Young’s modulus E, and such elastic moduli are believed to follow the rule of
mixtures for the matrix and second phases. Because aging treatment decomposes a supersaturated
solid solution into a precipitate microstructure by exploiting the difference of solubility limit, solute
elements with larger solubility limit at higher temperatures and smaller solubility limit at lower
temperatures become favorable for increasing the volume fraction of the second phase. Copper and
zinc satisfy these requirements in aluminum (Table 1), but elastic moduli of Al-Cu or Al-Zn alloy
had not been sufficiently improved by aging treatment [4-8, 10]. This is partly attributed to the lower
elastic moduli of aluminum-containing intermetallic compounds formed in the two binary systems,
and thus in this study we focused on the ternary system, where precipitates comprise only solute
elements of Cu and Zn. Note that in the Al-Cu-Zn system Cuzn, CusZng and CuZn, are expected to
precipitate, and thus the most suitable intermetallic compound for improving the stiffness of the
ternary alloy can be rationally recommended.

The elastic moduli of intermetallic compounds are measured experimentally, but no elastic
properties have been reported for CusZng and CuZn,. Computational estimation by first-principles
calculation is a powerful tool to estimate elastic moduli as well as elastic constant Cj; or elastic
compliance S;. The ability to treat not only ordered structures such as CuZn and CusZng but also
disordered structures including CuZn, is another strength of computational estimation. For example,
virtual crystal approximation (VCA) model [11] has been utilized to compute elastic properties of
intermetallic compounds with random atom distribution by assuming virtual atoms with intermediate
properties in case that the lattice sites are stochastically occupied by two or more kinds of atoms.
Although it becomes difficult to compute such an occupation behavior if the elemental atoms are far

from each other on the periodic table, our selected copper and zinc are neighboring elements with
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similar properties, and thus VCA model becomes applicable to the computation of elastic moduli of
disordered CuZn,.

In this study, furthermore, a special quasirandom structure (SQS) model [12] was also
employed to emulate random atom distribution in CuZn,. In SQS model, a large supercell composed
of several numbers of unit cells is randomly occupied by atoms, and the randomness of the
arrangement is evaluated by the correlation function between several atoms arranged into the
adjacent lattice sites. The correlation function is then repeatedly renewed in conjunction with the
update of the atomic arrangement, resulting in the minimized bias in the arrangement of atoms into
the lattice sites. SQS model has been successfully applied to emulate random atom distribution of
solid solutions [13, 14] or high-entropy alloys [15, 16], and thus elastic moduli of disordered Cuzn,
are expected to be well estimated even in SQS model.

In this study, elastic properties of Cu-Zn binary intermetallic compounds were computed by
first-principles calculation. The random atom distribution in Cuzn, was emulated through VCA or
SQS model, and the elastic moduli were numerically compared with those of CuzZn and CusZns.
Based on the present calculation results, furthermore, the most suitable intermetallic compound was

rationally recommended for improving the stiffness of Al-Cu-Zn alloy by aging treatment.

2. Computational approach

In this study, elastic properties of pure Cu, pure Zn and three intermetallic compounds of
CuZn, CusZng and Cuzn4 were computed by first-principles calculation using Cambridge Sequential
Total Energy Package (CASTEP) [17] based on the density functional theory (DFT) and plane-wave
pseudopotential method. The reported lattice constants, mass density and elemental atom distribution
of these compounds are compared in Table 2 and Fig.1. In VCA model, disordered CuzZn, was
emulated by occupying all the lattice sites within its hexagonal close-packed (HCP) structure (c/a =
1.568) by virtual atoms, enabling the properties of zinc with a higher occupation probability of 80%
to be strongly reflected by the virtual atoms (Fig.1(c)). In contrast, SQS model was generated using
“mcsqs” code [23] of Alloy Theoretic Automated Toolkit (ATAT) [24]. As illustrated in Fig.1(d),
eleven Cu atoms and forty-three Zn atoms were first arranged in fifty-four sites of 3x3x3 supercell
for Cuzn,, and pairs or triplets of atoms with a distance within 1.6a (a is lattice constant) were
selected for evaluating the correlation function between those atoms in SQS model.

The generalized-gradient approximation (GGA) functional of Perdew-Burke-Ernzerhof



©CO~NOOOTA~AWNPE

(PBE) [25] was utilized as the exchange-correlation term in Kohn-Sham equations, and ultrasoft
pseudopotentials [26] were assumed under a condition that cutoff energy of plane-wave is set at 600
eV for Cu, CuZn, CusZng, CuzZn, (VCA) and Zn or at 450 eV for Cuzn, (SQS). The k-point
sampling grid in Brillouin zone generated by Monkhorst-Pack scheme [27] was 48x48x48 for Cu
(primitive cell), 10x10x10 for CuZn, 8x8x8 for CusZng (primitive cell), 42x42x24 for CuZn,
(VCA), 4x4x2 for CuZn, (SQS) and 44x44x20 for Zn respectively. The geometrical optimization
was performed using Broyden-Fletcher-Goldfarb-Shanno (BFGS) method [28] in accordance with
convergence criteria of 2x10°® eV/atom for energy, 6x107 eV/A for maximum force or 2x10™ A for
maximum displacement. The elastic constants were calculated from variations of stress when elastic
strain of a maximum magnitude of 3x10° is applied, whereas the elastic compliances were obtained

as inverse matrix of the elastic constants.

3. Results

The lattice constants and mass density of Cu, CuzZn, CusZng, CuZn, and Zn after geometry
optimization are listed in Table 2. The difference between the computed and experimentally reported
values is within 1%, and thus the present calculation results appear to be correctly estimated. Note
that although the lattice constants of Cuzn, (SQS) are slightly deviated from the HCP structure; i.e.
a#h, a#p#90° and y#120°, the small deviation can be regarded as allowable error for representing
the hexagonal structure by SQS model.

The calculated elastic constant C;; and elastic compliance Sj; of single crystal of Cu, CuZn,
CusZng, CuZn, and Zn are compared in Table 3 and Table 4 with experimentally reported and
previously computed values. It can be seen from Table 3 that C;; of CuZn, (SQS) does not satisfy the
relationship of hexagonal structures;

C11 = Gy, Ci3 = Cy3, Caq = Css, Cee = (C11 — C12)/2 €Y
because the symmetry of crystal structure of Cuzn, is slightly broken after geometry optimization in
SQS model. In this study, therefore, we employed a symmetry-based projection (SBP) technique [49,
50] to modify elastic tensor of CuzZn,. In SBP technique, elastic tensor is projected to that with a
similar but more-symmetric crystal structure, and thus elastic moduli of asymmetrical SQS model
can be estimated [14, 16, 51]. The elastic constants calculated from the projected HCP structure, C_i]-
[49, 50];

_ 3 1 1 _ 1 3 1
Ciy = g(cn + Cpp) + ZC12 + §C66' Cip = §(C11 +Cp) + ZC12 - §C667
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_ 1 _ _ 1
Ci3 = > (Ci3 + C33), C33 = C33, Cas = > (Caq + Css), 2)

are listed in Table 3, whereas the corresponding elastic compliances obtained by inverse matrix
calculation of C_i]-, 511 are listed in Table 4. Note that all the calculation results hereafter were
estimated by SQS model with SBP technique.

In general, bulk modulus B and shear modulus G of polycrystalline aggregate are estimated

from elastic constant Cj; and elastic compliance Sj; in Voigt-Reuss-Hill (V-R-H) model [52];

1 2
By = 5 (Ciq + Cyp + C33) + §(C12 + Ci3+ Cp3), 3)
By = - 0
R (S + S + S33) + 2(Siz + S13 + 523)°
1 1 1
Gy = 1_5(C11 + Cyp + C33) — 1_5(612 + Ci3+ Cp3) + T (Cyq + Cs5 + Cop) 5)
15

Gr = , 6
R 4(Sy1 + Spp + S33) — 4(S1p + Sy3 4 Sp3) + 3(Sas + Sss + See) ©

where subscripts V and R denote Voigt and Reuss models, respectively. In V-R-H model,
furthermore, B and G in Hill model, By and G, are obtained by taking the average of B or G in Voigt
and Reuss models;

_ By+Bg
H — 2 ’

(7

Gy +Gg
H — 2 .

®)

Because Young’s modulus E is calculated from B and G by

_ 9BG
T 3B+G’

€)

therefore, elastic moduli of polycrystalline aggregate of Cu, CuZn, CusZng, CuZn, and Zn can be
estimated in Table 5. From the fact that elastic moduli of CuzZn, in VCA model and SQS model with
SBP technique are close each other, the latter model was confirmed to be another calculation method
for emulating random atom distribution in CuZn,. It was also found from Table 5 that in any model
E of Cuzn, is almost comparable to the highest E of CusZng, whereas G and E of CuZzn significantly
differ between Voigt and Reuss models due to the elastic anisotropy of CuZn as described below.
Fig.2 shows the mole fraction dependence of the calculated elastic moduli in Hill model for

polycrystalline aggregate of Cu, CuzZn, CusZng, CuZn, and Zn. The present calculation results (red
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cross) are compared with literature values of previous computation (green triangle) or experiments
(blue square and yellow circle): Cu [29-35], CuZn [29, 36-41], CusZng [42, 43] and Zn [29, 44-48].
It can be seen from Fig.2 that Gy and Ey possess a non-monotonic variation tendency against mole
fraction of Zn, whereas By monotonically decreases with increasing Zn content. The similar
monotonic tendency of B is reported in other alloy systems [53-55], and attributed to the mass
density dependence of B. Because bulk modulus B is defined by pressure P and volume V;

B = Vap 10
R 17 (10)

therefore, by replacing V by p the proportional relationship between B and p can be derived. Fig.3
shows the mass density dependence of By of polycrystalline aggregate for Cu, Cuzn, CusZng, CuZn,
and Zn. As expected, By was found to increase linearly with p even through the plots of CuZn, in
VCA model and SQS model with SBP technique, confirming again that the latter model is applicable
to the emulation of random atom distribution in CuZn,.

Table 6 summarizes the Poisson’s ratio v, Young’s modulus to shear modulus ratio in Hill
model B/G and universal elastic anisotropy index Ay of Cu, CuZn, CusZng, CuZn, and Zn. Here, v
was estimated as a ratio of elastic strains generated perpendicular and parallel to applied stress;

3B —-2G

V=8B +2G

(11)

whereas Ay was evaluated as a numerical index to represent the degree of elastic anisotropy of single

crystals [56];

A —SGV+ 6 12

Because v and B/G have been exploited as empirical parameters that determine the fracture
morphology of a material; i.e. ductile fracture is likely to occur when B/G > 1.75 [57] or v > 0.26
[58], polycrystalline aggregate of CuzZn, was suggested to be brittle because CuzZn, does not meet
these criteria (Table 6). Such embrittlement might be the case if CuZn, is polycrystalline aggregate,
but there will still be a possibility that CuZn, embedded into aluminum matrix possesses enough
ductility available for commercial use. The expected stiffness of those composite aluminum alloys is
evaluated and discussed in 4. Discussion.

As for elastic anisotropy, on the other hand, it was found from Table 6 that CuZn has a
larger Ay, and thus higher elastic anisotropy than CusZng and CuZn, because of its large difference

between Gy and Gg (Table 5). This anisotropy can be visually confirmed in Fig.4, where the
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magnitude of Young’s modulus E in each direction is illustrated not only by color-coding according
to each color scale but also by the distance from the center of the three-dimensional (3D) space,
using SC-EMA (Self-consistent Calculations of Elasticity of Multi-phase Aggregates) software
package [59-61]. Here, E of Cu, CuZn and CusZng with cubic structures was calculated [62] by

1
5 Si1 = (2811 = 281, — S4) (F15 + 1315 + 131D), (13)
whereas E of CuzZn, and Zn with hexagonal structures was estimated by

1
B (1= 13)?S11 + 1333 + 15(1 = 15)(2S13 + Saa) (14)
(I, 1, and I3 are the directional cosines). It is suggested from “ameboid” shape of the 3D surface in
Fig.4(b) that single crystal of Cuzn has the highest elastic anisotropy of Young’s modulus; i.e. 43.1
GPa, 101.7 GPa and 185.6 GPa in the <100>, <110> and <111> directions, in agreement with the
larger elastic anisotropy index Ay (Table 6). In the case of polycrystalline aggregate, however,
smaller elastic moduli were inversely estimated for Cuzn than those of CusZng and CuZn, (Table 5),
suggesting that the highest stiffness of optimally aligned grains is averaged out by lower stiffness of
the surrounding grains with the different orientations. In the following section, therefore, more

elastically isotropic CusZng and CuZn, are considered to take advantage of their larger elastic moduli

in polycrystalline aggregate (Table 5).

4. Discussion

In this study, elastic properties of Cu-Zn binary intermetallic compounds were computed and
compared from the viewpoint of not only the magnitude of elastic moduli but also the elastic
anisotropy. The present calculation results revealed that Young’s modulus of polycrystalline
aggregate of CuzZn, is almost comparable to the highest counterpart of CusZng (Table 5) with lower
elastic anisotropy (Table 6 and Fig.4). Therefore, the improvement in stiffness of aluminum alloys
appears to be accomplished by dispersing CuZn, or CusZng into the aluminum matrix through aging
treatment, because the rule of mixtures consists of Young’s moduli of aluminum matrix and
differently oriented intermetallic compounds. In this study, the latter was estimated as Young’s
modulus of polycrystalline aggregate of the compound (Table 5), and thus the expected volume
fraction of Cuzn, or CusZng after aging treatment becomes a determining factor to be investigated.

If it is assumed that Cu.Zn, is formed from a supersaturated solid solution with a

concentration of Al-k Cu- (y/x)xk Zn (k is atomic fraction) and all solute atoms are used up for the
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formation of CuxZny, the maximum volume of Cu,Zn, formed from 1 mol of this alloy can be

estimated as follows;
Nav k
h=—to, (15
n
Cu-p
where Ny is the number of Cu atoms in the unit cell of Cu,Zny, v, is the volume of the unit cell of
Cu,Zny and Na is Avogadro number. At this time, the volume of Al matrix can be estimated as

follows;

Mavm (1- 222

Va = X , (16)
Al Nal-Al

where na.ar is the number of Al atoms in the unit cell of Al, vu; is the volume of the unit cell of Al.

Therefore, the maximum volume fraction of the precipitated intermetallic compound f, can be

described as follows;

nal-A1Vpk

fo= (17)

nal-aVpk + Neu—pval (1 -z 1— yk) .
This assumption is plausible because solubility limit of copper in aluminum is much lower than that
of zinc, allowing f; to be determined only by mole fraction of copper in the supersaturated solid
solution. Using naiai = 4, Ncup(CusZng) = 20, Neyp(CuZng) = 0.4, va = 66.40 A3 and Vp(CusZng) =
699.8 A® and Vp(CuZn,) = 27.88 A3, the maximum volume fraction of the two precipitates were
estimated as f,(CusZng) = 4.26 vol% and f,(CuZn,) = 8.53 vol% when k = 2.0 at% in consistent with
the fact that smaller mole fraction of copper within CuZn, can lead to the higher volume fraction of
CuZn, than CusZng.

When two phases are arranged in parallel to or in series to tensile direction, Young’s
modulus of a composite material consisting of the two phases, E., can be described by the
following rule of mixtures, respectively [63, 64];

E. =E (1 - f3) + Exfy (18)
1 1-f, N é

(19)

E.~ E E’
where the subscripts 1 and 2 denote each phase. The E. values obtained from Eq.(18) and (19)
correspond to upper and lower bounds of elastic moduli for the composite material, respectively.
Young’s modulus of a composite material containing particulate secondary phases takes a value
between these bounds. By substituting Young’s modulus of aluminum, E(AIl) = 70.6 GPa (Table 1),
for E;, and Young’s modulus of the precipitated intermetallic compound, E(CusZng) = 138.9 GPa or

E(Cuzny) = 135.0 GPa (Table 5), for E,, therefore, the increment in Young’s modulus from pure



©CO~NOOOTA~AWNPE

aluminum was found to be 1.5-2.9 GPa by CusZng or 3.0-5.5 GPa by CuZn,. This indicates that the
most suitable intermetallic compound for improving the stiffness of Al-Cu-Zn alloys is high-stiffness
but less-anisotropic CuZn, due to its larger volume fraction after aging treatment. The experimental
assessment of the validity of this guideline will be reported elsewhere using a newly developed

Al-4wt%Cu-20wt%Zn alloy.

5. Conclusions

The elastic properties of the three Cu-Zn binary intermetallic compounds of CuZn, CusZng
and Cuzn, were computed by first-principles calculations. The random atom distribution of
disordered Cuzn, was emulated by virtual crystal approximation (VCA) model and special
quasirandom structure (SQS) model with symmetry-based projection (SBP) technique. Based on the
present calculation results, the most suitable compound for improving the stiffness of Al-Cu-Zn
alloys was recommended as follows.
1. The single crystal of CuzZn had higher Young’s modulus in a specific direction of <111> than
CusZng and CuZn,. In the case of polycrystalline aggregate, however, smaller elastic moduli were
inversely estimated for CuZn, suggesting that the highest stiffness of optimally aligned grains is
averaged out by lower stiffness of the surrounding grains with the different orientations.
2. The elastic moduli of disordered Cuzn, were identically computed by VCA model and SQS
model with SBP technique, confirming that the latter model is also effective in emulating random
atom distribution in CuZn,.
3. Young’s modulus of polycrystalline aggregate of CuZn, was almost comparable to the highest
counterpart of CusZng with lower elastic anisotropy. This suggests that the most suitable
intermetallic compound for improving the stiffness of Al-Cu-Zn alloys is high-stiffness but

less-anisotropic CuZn, due to its larger volume fraction after aging treatment.
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Fig.4 Directional anisotropy of Young’s modulus E of single crystal for Cu, Cuzn, CusZns,
CuZn, and Zn. The magnitude of E in each direction is illustrated not only by color-coding
according to each color scale but also by the distance from the center of the three-dimensional
space.



Table

Table 1 Young’s modulus of polycrystalline aggregate of Al, Cu, Zn and Fe
at room temperature, E_,, and maximum solubility limit of Cu, Zn and Fe in
Al S.

poly

Epoy (GP2) [2] S (at%) [3]
Al 70.6

Cu 129.8 2.48
yd) 104.5 66.4

Fe 211.4 0.025




Table 2 Lattice constants a, b, ¢, a, f, y and mass density p of Cu, CuZn, CuzZng, CuZn, and Zn.
The present calculation results are compared with experimentally reported values.

Phase

3
Space group a(d b@A) c@) a(deg) P(deg) y(deg) p(glcmd)
Cu Present 3.630 - - - - - 8.824
Fm-3m (225) Exp. 3.615 - - - - - 8935  [18]
cuzn Present 2.959 - - - - - 8.264
Pm-3m (221) Exp. 2.958 - - - - - 8270  [19]
CusZn, Present 8.858 - - - - - 8.035
1-43m (217) Exp. 8.878 - - - - - 7981  [20]
Present(VCA)  2.747 i 4.291 - - - 7.702
Cuzn, Present(SQS) 2744 2748 4291  90.00 9001 12099  7.782
P65 /mmc (194) ' ' ' ' ' ' '
Exp. 2.738 - 4.294 - - - 7744 [21]
7n Present 2.640 - 4977 - - - 7.231
P6;/mmc (194) Exp. 2.665 - 4.947 ; . - 7138 [22]




Table 3 Elastic constants C; of single crystal of Cu, Cuzn, CusZng, CuZn, and Zn. The present calculation
results are compared with experimentally reported and previously computed values.

Elastic constant of single crystal (GPa)

Cll C12 ClB C22 CZS C33 C44 C55 C66

Cu Present 170.8 1215 75.3
Cal. 176.0 1182 81.9 [29]
Cal. 1835 125.9 80.9 [30]
Cal. 1712 1231 72.4 [31]
Cal. 1711 1222 75.3 [32]
Exp.at42K 1762 1249 81.8 [33]
Exp.at RT 170.0 1225 75.8 [34]
Exp.at RT 168.1 1215 75.1 [35]
Cuzn Present 1348 104.7 75.4
Cal. 126.3 1105 89.3 [36]
Cal. 130.2 1125 83.1 [29]
Cal. 124.0 108.7 78.6 [37]
Cal. 1234 1109 84.3 [38]
Exp.at42K  139.6  109.2 82.3 [39]
Exp. at RT 1311 1015 73.8 [40]
Exp. at RT 1271 1071 80.3 [41]
CusZng Present 204.3 59.7 44.4
Cal. 195.6 615 41.7 [42]
Cal. 185.3 72.9 60.5 [43]
Cuzn, Present(VCA) 1494 52.4 57.9 182.2 58.7

Present(SQS) 157.9 49.8 63.8 148.0 63.7 170.3 76.0 63.8 359

(Sgrsej‘;gp) 1451 577 637 1703 69.9

Zn Present 175.5 43.2 51.2 58.7 36.1
Cal, 1707 298 404 613 446 [44]
Cal, 171.0 373 519 637 413 [29]
Exp.at42K 1791 375 554 688  46.0 [45]
Exp.at42K 1770 348 528 685 459 [46]
Exp.atRT 1609 335  50.1 610 383 [47]

Exp. at RT 159.0 32.3 48.2 62.1 40.0 [48]




Table 4 Elastic compliances S;; of single crystal of Cu, Cuzn, CusZng, CuZn, and Zn. The present

caicuiation resuits are compared with exoerimenteiiy reporied and praviousiy compuied vaiues.

Elastic compliance of single crystal (TPal)

Su S Si3 Sp S Sa3 S Sss S
Cu Present 1435 597 13.29
Cal. 1233  -4.95 12.20 [29]
Cal. 12.34 -5.02 12.36 [30]
Cal. 1465 -6.13 13.82 [31]
Cal. 1444  -6.01 13.28 [32]
Exp.at42K 1378 -5.72 12.22 [33]
Exp.at RT 14.84 -6.21 13.19 [34]
Exp.at RT 1512  -6.34 13.31 [35]
CuZzn Present 23.18 -10.14 13.26
Cal. 43.15 -20.14 11.20 [36]
Cal. 38.75 -17.97 12.04 [29]
Cal. 4455 -20.81 12.72 [37]
Cal. 5430 -25.70 11.86 [38]
Exp.at42K  22.86 -10.03 12.15 [39]
Exp.at RT 2352 -10.26 13.55 [40]
Exp. at RT 3431 -15.69 12.45 [41]
CusZng Present 5.64 -1.28 22.51
Cal. 6.02  -1.44 23.98 [42]
Cal. 6.94 -1.96 16.53 [43]
Cuzn, Present(VCA) 8.19 -2.12 -1.93 6.72 17.04
Present(SQS) 8.19 -2.33 -2.15 9.61 -2.80 7.74 1352 16.10 32,59
(Sgrsei‘;rgp) 894  -249 241 768 1431
Zn Present 7.64 0.08 -6.74 28.80 27.74
Cal. 6.95 -0.15 -4.48 2222 2241 [44]
Cal. 7.79 0.31 -6.60 2647 2421 [29]
Exp.at4.2K 7.46 0.39 -6.32 2472 2176 [45]
Exp.at4.2K 7.35 0.32 -5.92 23.72  21.79 [46]
Exp. at RT 838 054  -7.33 2843  26.11 [47]
Exp.at RT 8.24 0.35 -6.66 26.45  25.00 [48]




Table 5 Bulk modulus B, shear modulus G, and Young’s modulus E, of polycrystalline aggregate
of Cu, CuZn, CusZng, CuZn, and Zn. The present calculation results in VVoigt, Reuss and Hill models are
compared with experimentally reported and previously computed values.

B,y (GPa) Gpay (GP2) E oy (GP)
By Bq B, Gy Gr Gy E, Eq E,
Cu Present 137.9 1379 1379 550 413 481 1457 1126 1294
Cal. 1374 1374 1374 607 473 540 1588 127.3 1433  [29]
Cal. 1451 1451 1451 601 469 535 1583 1271 1429  [30]
Cal. 139.1 1391 1391 530 401 466 1412 1099 1257  [31]
Cal. 1385 1385 1385 550 411 480 1456 1122 1292 [32]

Exp.at42K 1420 1420 1420 593 436 515 1563 1187 137.8 [33]
Exp.atRT 1383 1383 1383 550 404 477 1456 1104 1283  [34]
Exp.atRT 1370 1370 1370 544 398 471 1441 1087 1267 [35]

CuZn Present 1147 1147 1147 51.3 28.9 40.1 133.8 80.0 107.7
Cal. 1158 1158  115.8 56.7 174 37.1 146.3 49.8 100.5  [36]
Cal. 1184 1184 1184 53.4 19.0 36.2 139.2 54.1 98.5 [29]
Cal. 113.8 1138 1138 50.2 16.7 33.5 131.3 47.7 914 [37]
Cal. 1151 1151 1151 53.1 141 33.6 138.0 40.5 91.8 [38]

Exp.at4.2 K 1193 1193 1193 555 29.8 42.6 1441 82.4 1142 [39]
Exp. at RT 1114 1114 1114 50.2 28.4 39.3 130.9 78.6 105.5  [40]
Exp. at RT 113.8 113.8 113.8 52.2 21.1 36.6 135.8 59.5 99.2 [41]

CusZng Present 107.9 1079 107.9 55.6 52.5 54.0 1423 1356 1389
Cal. 106.2  106.2  106.2 51.8 49.1 50.5 133.8 1277 130.7 [42]
Cal. 1104 1104 1104 58.8 58.7 58.7 149.8 1496  149.7 [43]

CuZn, Present(VCA) 90.8 89.8 90.3 54.0 53.5 53.8 1352 1339 1346

(sggig;p) 923 916 919 551 524 538 137.8 1321 1350

zn Present 779 578 678 452 340 396 1137 852  99.4
Cal. 69.3 559 626 514 419 467 1236 1006 1121  [44]
Cal. 764 615 690 475 366 421 1181 916 1049  [29]

Exp.at4.2 K 80.4 66.1 73.2 51.1 394 453 126.5 98.7 1126  [45]
Exp.at4.2 K 78.1 64.9 71.5 51.4 40.2 45.8 1264 100.1 1132  [46]
Exp. at RT 72.2 59.0 65.6 447 34.0 39.3 1111 85.6 98.4 [47]
Exp. at RT 70.8 59.0 64.9 45.4 35.6 40.5 112.3 89.0 100.6  [48]




Table 6 Poisson’s ratio v, bulk modulus to shear modulus ratio B,,/G, and universal
elastic anisotropy index A, of Cu, CuZn, CusZng, CuZn, and Zn. The present calculation
results are compared with experimentally reported and previously computed values.

Cu Present 0.34 2.87 1.66
Cal. 033 254 142 [29]
Cal. 034 271 140 [30]
Cal. 035 299 161 [31]
Cal. 034 288 169 [32]

Exp.at42K 034 276 180 [33]
Exp. at RT 035 290 181 [34]
Exp. at RT 035 291 184 [35]

Cuzn Present 0.34 2.86 3.87
Cal. 0.36 3.26 11.27  [36]
Cal. 0.36 3.27 9.03 [29]
Cal. 0.37 3.40 10.05  [37]
Cal. 0.37 3.43 13.87  [38]

Exp.at42K 034 280 432 [39]
Exp. at RT 034 283 382 [40]
Exp. at RT 035 311 739  [41]

CugZng Present 0.29 2.00 0.29
Cal. 0.29 2.10 0.28  [42]
Cal. 0.27 1.88 001 [43]

Cuzn, Present(VCA) 0.25 1.68 0.06

(Sggefesrgp) 026 171 026

Zn Present 0.26 1.71 2.01
Cal. 020 134 137  [44]
Cal. 025 164 174 [29]

Exp.at42K 024 162 170 [45]
Exp.at42K 024 156 159  [46]
Exp. at RT 025 167 179  [47]
Exp. at RT 024 160 158  [48]
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Fig.1 Elemental atom distribution of (a) CuZn, (b) CuzZng and CuZn, in (c)
VCA model or (d) SQS (3X3X3 supercell) model before geometry
optimization.



+ Present A Cal. [O Exp.(4.2 K) Exp.(RT)
160' Cu (a) i
140¢ ﬁ CuZn
) CugZng
A 120t =
O 100l Y& cuzn,
= 30! T Zn _
=
60}t =
70} (b) -
- 60} A
Q. 5O} @ A N -
Q a0l o o CusZng U4 9|
(D i CU Z ¥
30_ n .
CuZn
20t
160¢t . (C) -
140} 4 + .
® 0 A
% 120' cu 5'- Cu52n8 CuZn4 O i
o 100t 8
A
807 CuZzn n -
60t

0.0 0.2 0.4 0.6 0.8 1.0
Mole fraction of Zn

Fig.2 Mole fraction dependence of (a) bulk modulus B,,, (b) shear modulus G,, and (c)
Young’s modulus E, of polycrystalline aggregate for Cu, CuZn, Cu:;Zng, CuZn, and Zn.
The present calculation results in Hill model are compared with experimentally reported
and previously computed values.
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Fig.3 Mass density dependence of bulk modulus By, of polycrystalline aggregate for Cu,
CuZn, CusZng, CuZn, and Zn. The present calculation results in Hill model are
compared with experimentally reported and previously computed values.
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Fig.4 Directional anisotropy of Young’s modulus E of single crystal for Cu, CuZn, CuzZng,
CuZn, and Zn. The magnitude of E in each direction is illustrated not only by color-coding
according to each color scale but also by the distance from the center of the three-dimensional
space.
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