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Abstract: Full intermetallic compound (IMC) solder joints present fascinating advantages in high-
temperature applications. In this study, the mechanical properties and elastic anisotropy of 1-
CusSns and CusSn intermetallic compounds were investigated using first-principles calculations.
The values of single-crystal elastic constants, the elastic (E), shear (G), and bulk (B) moduli, and
Poisson’s ratio (v) were identified. In addition, the two values of G/B and v indicated that the two
IMCs were ductile materials. The elastic anisotropy of n"-CusSns was found to be higher than CusSn
by calculating the universal anisotropic index. Furthermore, an interesting discovery was that the
above two types of monocrystalline IMC exhibited mechanical anisotropic behavior. Specifically,
the anisotropic degree of E and B complied with the following relationship: 1’-CusSns > CusSn; how-
ever, the relationship was CusSn > 1’-CusSns for the G. It is noted that the anisotropic degree of E
and G was similar for the two IMCs. In addition, the anisotropy of the B was higher than the G and
E, respectively, for 1/’-CusSns; however, in the case of CusSn, the anisotropic degree of B, G, and E
was similar.

Keywords: mechanical properties; elastic anisotropic; intermetallic compounds; first-principles
calculates

1. Introduction

The application of high-powered electronic equipment and third-generation semi-
conductor power devices is currently widespread and requires high service temperatures
(>250 °C) for solder joints [1,2]. The two common tin-based intermetallic compounds
(IMCs) are CusSns and CusSn, the melting point of which is 415 and 676 °C, respectively
[3], and both have excellent thermodynamic and kinetic stability [1,4,5]. As such, full IMC
solder joints have fascinating advantages in high-temperature application fields. Concur-
rently, the volume and mass of these solder joints are reduced due to high-density pack-
aging, which enables increasing the proportion of IMCs in solder joints and creating a full
IMC solder matrix. Several studies have shown that the tensile and shear strength of sol-
der joints will be influenced by the thickness of the IMC layer [6-8]. Furthermore, hun-
dred-micron solder joints only include a small number of grains; this will cause the solder
joints to exhibit obvious anisotropic mechanical properties [9]. It follows that the mechan-
ical properties of materials, based on large-scale specimens, will not accurately character-
ize the mechanical behavior of microscale solder joints. Domestic and foreign research
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both present studies on the mechanical properties of CusSns and CusSn. The Young’s mod-
ulus (E) and hardness (H) of CusSn and CusSns were measured by nanoindentation exper-
iments [10-13]. Ghosh et al. [14] identified the values of E, shear modulus (G), bulk mod-
ulus (B), and Poisson’s ratio (v) using the pulse-echo method. However, due to the influ-
ence of experimental methods, sample manufacturing processes, and mechanical anisot-
ropy, different experimental results were reported. For example, An et al. [15] studied E
anisotropy of CusSn using the first-principles method, and the results showed that the
experimental results of mechanical properties will be influenced by mechanical anisot-
ropy. Mu et al. [16] found that CusSns and (Cu, Ni)sSns reflected high anisotropy in E and
for H. Moreover, because bulk single-crystal IMCs are difficult to prepare using the cur-
rent experimental devices and methods, few reports exist on directly obtaining aniso-
tropic mechanical properties through experiments. Choudhury et al. [17] investigated an-
isotropic mechanical properties for single-grain CusSns using nanoindentation and elec-
tron back-scattered diffraction. However, information about anisotropic mechanical prop-
erties that were obtained through experimental methods is limited because it is difficult
to obtain this information from all directions.

It is noted that first-principles methods have in recent years been applied for investi-
gating the mechanical properties of materials, including predicting the properties of me-
tallic systems subjected to doping [18-22]; this has, to an extent, compensated for the
shortcomings of experimental methods. In addition, CusSns can exist in a variety of crystal
structures, i.e.,, 1, 7, n% N3, N*, and n”, and the n® and n*! superstructures are approxi-
mant structures of the incommensurate 1"’ phase [23]. Importantly, ’-CusSns and CusSn
are the most common phase during the service of solder joints [24]; therefore, they have a
significant effect on the mechanical behavior of microscale solder joints. Although the an-
isotropic mechanical properties of CusSn were investigated by first-principles method, the
anisotropy of B and G have typically been neglected. Furthermore, simulations for detect-
ing the anisotropic mechanical properties of 1’-CusSns are rare. Actually, E, B, and G rep-
resent the resistance to uniaxial stretching, volume deformation, and plastic deformation
capacity, respectively. Elastic anisotropy is related to the generation of microcracks. As
such, there is a need for systematically analyzing the mechanical properties and elastic
anisotropy of 1’-CusSns and CusSn, further contributing to improving the durability of
solder joints.

In this paper, the elastic constants of monocrystalline 1)"-CusSns and CusSn were cal-
culated based on the first-principles method. Then, according to the Voigt-Reuss-Hill ap-
proximation, the E, B, G, and v of polycrystalline could be obtained. Finally, the directional
dependence and anisotropic degree of E, B, and G were investigated.

2. Computational Methods and Details

In this study, a first-principles approach, based on density functional theory inte-
grated with the CASTEP code [25] in the Materials Studio software [26], was employed to
calculate the elastic constants of single crystals. The CusSn is a large one-dimensional long-
period superstructure based on a hcp unit cell. In order to improve computational effi-
ciency, the crystal model established by Burkhardt et al. [27] was employed in first-prin-
ciples calculations. The 1’-CusSns and CusSn are monoclinic and orthorhombic systems,
respectively [27,28]. The atomic site parameters and lattice constants of these two IMCs is
presented in existing research [27,28]. The crystal models of 1"-CusSns and CusSn were
created as shown in Figure 1a, b, respectively.



Crystals 2021, 11, 1562

3 of 12

(a) (b) Front view Left view

Top view

a
| © ©
©

©
© ©

Figure 1. Crystal structures: (a) unit cell of monoclinic 1)’-CusSns; (b) three views of unit cell of or-
thorhombic CusSn.

The exchange-correlation energy was described by the generalized gradient approx-
imation (GGA) with the Perdew and Wang (PW91) [29] functional for 1n’-CusSns and
CusSn. The ultrasoft pseudopotentials [30] was used to describe ionic cores for the two
IMC. The Monkhorst-Pack k-points meshes were 8 x 8 x 10 and 8 x 10 x 9 for 1)’-CusSns
and CusSn, respectively. The two IMCs employed all plane-wave cutoff energy of 550 eV.
The self-consistent field tolerance was set as 5.0 x 107 eV/atom. Once the geometric opti-
mizations were completed, the lattice constants and the atom coordinates of the unit cells
were completely relaxed, and the forces on atoms were less than 0.01 eV/A.

3. Results and Discussion
3.1. Structural Properties

Following geometric optimization, the structural information of 1)"-CusSns and CusSn
was summarized (see Table 1). The calculated results, obtained using the GGA, showed
good agreement with the experimental value. For n-CusSns and CusSn, the lattice constant
errors were lower than 2.2% and 1.8%, respectively; the volume errors of unit cells were
4.4% and 1.6%, respectively. Based on the error analysis, the results of geometry optimi-
zation were reasonable.

Table 1. The lattice constants of 1’-CusSns and CusSn.

Lattice Constants

Structure Method R b (A) o &) Vo R9)
GGA 11.160 7.445 9.901 813.466

n’-CusSns Expt. [31] 11.022 7.282 9.827 779.368
GGA [32] 11.370 7.510 10.020 846.019

GGA 5.391 4.278 4.795 110.586

CusSn Expt. [15] 5.490 4.320 4.740 112.418

GGA [33] 5.537 4.344 4.781 114.996
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3.2. Elastic Properties
3.2.1. The Elastic Constants of Single Crystals

Due to the presence of anisotropy, elastic constants Cjj (the elastic stiffness matrix)
and the elastic compliance matrix Sij were important for describing the relationships be-
tween stress and strain in a single crystal. Based on the crystal symmetry, n"-CusSns and
CusSn had 13 and 9 independent elastic constants, respectively. The (Cy) is an inverse ma-
trix of, (Sy), i-e., (Cij) = (Sj)™. In this paper, elastic constants Cij and Si of n’-CusSns and
CusSn were calculated as shown in Tables 2 and 3. The calculated Cij was in good agree-
ment with previously calculated values and demonstrated the reasonability of the results
in the present work. To ensure stable 1-CueSns and CusSn crystal structures, Cij should
comply with the corresponding mechanical stability criteria given by Equations (1) and
(2) [34], respectively. By substituting the data of Table 2 into Equations (1) and (2), the
above two crystal structures were shown to be mechanically stable.

¢,>0,¢C,>0,C,>0,C,>0,C,;,>0,C, >0, [C,,+C,, +C,, +2(C,, +C,, +C,;)] > 0,

(C33C55 - C§5) >0, (C44C66 - Cie) >0, (sz + C33 - 2C23) >0,
[sz (C33C55 - C§5) + 2C23C25C35 - C;3C55 - C§5C33] >0,

@
{2[C15C25 (C33C12 - C13C23) + C15C35 (C22C13 - Clzcza )+ C25C35 (Cucza - C12C13 )]
- [C125 (C22C33 - C§3 ) + st (C11C33 - C123) + C§5 (CllCZZ - C122 )] + CSSg} >0

8= C11C22C33 - C11C§3 - C22C123 - C33C122 + 2C12C13C23'

¢, >0,¢,>0,C,>0,C,>0,C,C,>C:

1122 127

c.c,.C,+2C,C.C,.-C C:-C C>-C,.C>>0 @)
1-2%33 12513723 T 1123 T S 13 T -3 .

Table 2. The Cjj of n’-CusSns and CusSn (GPa).

Structure Cn C2 Css Ca Cs5 Ce6 Ciz Cus Cis Cs C»s  Css Cas Note
1/-CueSns 136.2 1645 1463 382 441 442 658 583 -106 630 04 -30 1.1 Present
156.4 165.2 155.8 423 519 48.0 622 694 - 60.6 - - - Theo. [32]
213.6 218.6 185.0 542 523 63.1 968 994 - 108.1 - - - Present
CusSn 154.6 173.7 1482 50.2 442 550 789 765 - 95.1 - - - Theo. [35]
207.0 226.0 1940 58.0 47.0 570 93.0 94.0 - 94.0 - - - Theo. [15]
Table 3. The Sij of 1)"-CusSns and CusSn (x107%, GPa™).
Structure Sn S22 Sa3 Su Sss Se6 Sz S13 S1s5 S23 Sas Sss Su6
n'-CusSns 1013 8.19 892 2620 2320 2263 -3.03 269 227 -234 -095 -0.02 -0.66
CusSn 6.64 685 8.62 1845 19.13 1585 -1.65 -2.60 - -3.11 - - -
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3.2.2. Elastic Constants for Polycrystalline Aggregates

Mechanical properties of polycrystalline aggregate, such as B and G could be ob-
tained by Voigt—Reuss-Hill approximation [36, 37]. The Voigt, Reuss, and Hill approxi-
mations obtain the maximum, minimum, and average value of B and G, respectively.
Voigt bulk modulus Bv, Voigt shear modulus Gv, Reuss bulk modulus Bg, and Reuss shear
modulus Gr can be calculated by Equations (3)-(6) [38].

B, :%(CHJrC22 +C33)+§(C12+C13+C23) 3)

G, = %(Cn +Cyy +Cyy =Cpy —=Cy —Cpy) + é(CM +Cyy +Cy) (4)
B, =[(S +S,, +S5)+2(S,, +S, +S,)I" ()

G, =15[4(S, +S,, +5,,)—4S, +S; +5,,) +3(S,, + S +S ) (6)

According to empirical formulas proposed by Hill [39], the B and G of polycrystalline
aggregates satisfy Equations (7) and (8), respectively.

B=(B, +B,)/2 7)

G=(G,+G,)/2. ®)
The E and v of polycrystalline aggregates are defined as:
E=9BG/(3B+G) )

v=(3B-2G)/(6B+2G). (10)

The theoretical results of E, G, B, and v for 1)’-CusSns and CusSn are summarized in
Table 4. The theoretical values and the reported experimental results showed excellent
consistency for CusSn. Although reports on experimental results are rare for n’-CusSns,
the present work is supported by previously computed values (see Table 4). Therefore, in
this paper, the results calculated using the first-principles method is reasonable.

Table 4. The E (GPa), G (GPa), B (GPa), v, and G/B of 1-CusSns and CusSn.

Structure E Gv Gr G Bv Br B v G/B Note
109.8 42.6 42.0 42.3 91.2 90.0 90.6 0.30 047 Present

1/ -CueSns 944 - - 35.9 - - 84.4 0.31 0.43 Expt. [14]
116.7 - - 45.0 - - 95.5 - 047 Theo. [32]
107.9 - - 424 - - 79.4 0.27 0.53 Theo. [20]
143.9 54.8 53.9 54.4 136.2 135.6 135.9 0.32 0.40 Present

CusSn 123.2 - - 46.7 - - 113.8 0.32 041 Expt. [14]

143.0 - - - - - - - - Expt. [10,40]
147.0 - - 56.0 - - 132.0 0.32 0.42 Theo. [15,41]

Generally, G/B and v [19] are employed to evaluate the brittleness of materials. If G/B
>0.57 and v < 0.26, the materials will be brittle, or, alternatively, will show ductility. Table
4 shows that n’-CusSns and CusSn all conformed to the following criterion: G/B < 0.57, v >
0.26; as such, they were ductile materials.
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3.3. Elastic Anisotropy

Elastic anisotropy is related to the generation of microcracks; it also causes poor con-
sistency in the results of tests reviewing the mechanical properties of materials. Therefore,
the investigation of elastic anisotropy related to 1"-CusSns and CusSn is favorable for bet-
ter understanding the failure behaviors in these materials and, accordingly, improving
their mechanical durability. In this paper, three anisotropic indexes were applied to assess
the elastic anisotropy of ’-CusSns and CusSn, i.e., universal anisotropic index AY, as well
as the anisotropic percentage in the compression (Acomp) and shear (Ashear) modes [36]. The
three anisotropic indexes can be expressed as follows:

A" =5G, /G, +B,/B, -6 (11)
Acomy = (B, =B, )/ (B, +By) (12)
Ashear = (GV _GR)/(GV +GR) (13)

Furthermore, shear anisotropy in different crystal planes can be evaluated by shear
anisotropy factors, i.e., A1, A2, and As denote the anisotropic degree in the (100), (010), and
(001) crystal planes, respectively [33]. The three shear anisotropy factors for the mono-
clinic, and orthorhombic structures can be defined as follows [33,42]:

A1 = 4C44 /(Cn +C33 _cha) (14)
A, =4C,, /(C,, +C,, —2C,;) (15)
A, =4C, /(C, +C,,—2C,,) (16)

Generally, AU = Acomp = Ashear = 0, and A1 = A2 = As =1, which represent isotropy; oth-
erwise, AV # 0, Acomp # 0, Ashear # 0, A1 # 1, A2 # 1, and As # 1, which represent anisotropy.
For AY, Acomp, and Ashear, the deviation between 0 and actual values was used to describe
the anisotropic degree. For A1, A2, and As, the deviation of from 1 represent the anisotropic
degree. The calculated AY, Acomp, Ashear, A1, A2, and As of n’'-CusSns and CusSn are summa-
rized in Table 5. The values of AU were 0.0848 and 0.0838 for 1)’-CusSns and CusSn, respec-
tively, which showed that the elastic anisotropy of 1"-CusSns was higher. Meanwhile, the
Acomp of CusSn were all close to 0; this indicated modest compression anisotropy. It is
worth noting that the Ashear of 1)"-CusSns and CusSn were 0.0071 and 0.0079, respectively,
and the shear anisotropy of 1’-CusSns was lower. Moreover, according to the calculated
values of Ai, Az, and As, the shear anisotropy of 11-CusSns was low and similar in three
crystal planes and was the highest and lowest in the (010) and (001) planes for CusSn,
respectively.

Table 5. The anisotropic indexes of '-CusSns and CusSn.

Structure AU Acomp Ashear Ai A2 As
n’-CusSns 0.0848 0.0066 0.0071 0.9210 0.9545 1.0455
CusSn 0.0838 0.0022 0.0079 1.0847 1.1164 1.0574

To reveal the elastic anisotropy more concretely, the directional dependences of E, B,
and G were obtained, and the results are exhibited as three-dimensional (3D) surfaces in
Cartesian coordinates. Furthermore, the deviation between the 3D surfaces and the sphere
shape denotes the degree of anisotropy. The 3D surfaces of E can be obtained by Equation
(17) [43] as follows:
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1/E(m) =S, n; +S,n, + 5,1, +(S,, +2S,,)n,n; +(S,, + 25, )n;n; +(S,, +25,,))nn,

+2m,1,[(S,, + S5, ) +S,,15 + 5,15 |+ 20,1, [S 17 +(S,5 + S, )15 + S5 ] (17)

1/G(n,m)=4[2S, —(5,, +S,,

+4[2S,, — (54 +S,, =S5 ) Inymun,m, +4(nm, +n,m,)[(S,, — Sy )M, +(S, — Sy )n,m, |

+21,1,[S, 17 + S, +(Sy + 5,513 ]

where n1, n2, and ns denote the directional cosines of loading-direction n with three prin-
cipal directions. For the two IMCs, the 3D surfaces and their cross-sections of E are illus-
trated in Figures 2 and 3, respectively. In this study, anisotropy ratio Emay/Emin was em-
ployed to quantify the amount of anisotropy; the larger the anisotropy ratio, the higher
the anisotropy [44]. For n'-CusSns, Emax = 124.6 GPa, Emin = 89.5 GPa, and the anisotropy
ratio was 1.39. The directions of Emax and Emin were (1, 0, —0.76) and (1, 0, 0.42), respectively.
The anisotropic ratios, maximum and minimum values of E is listed Table 6 for n’-CusSns
and CusSn. Obviously, E anisotropy in the xz plane was the highest for n’-CusSns. For
CusSn, the results showed that the 3D plot of E was non-spherical (see Figure 2b); moreo-
ver, Emax and Emin were 153.9 GPa and 116.0 GPa, respectively. The anisotropy ratio was
1.33, and the directions of Emax and Emin were (1, 0.84, 0) and (0, 0, 1), respectively. It is
noted that E anisotropy of the yz and xz planes was similar for CusSn. Overall, the anisot-
ropy ratio of 1"-CusSns was higher, which showed that E anisotropy of n’-CusSns was
higher. This conclusion is also supported by the AV values shown in Table 5. Furthermore,
the 3D surfaces of G could be obtained by the following formula [43]:

=S )Immn,m, +4[2S,. —(S,, +S,, =S, )n,m,n,m,

+4(n,m, +n,m,)[(S,, =S, n,m, +(S,, =S, )n,m,]
+4(nym, +1,m,)[(Sy — Sy5 )11, + (S5 — Sy )1,m, ]
+8,,(n,m, —n,m,)* + S, (nym, —nym,)* + S, (n,m, —n,m,)*
+25,,(n,m, +nym,)(n,m, +mn,m,)

+2S, (n,m, +nm,)(n,m, +n,m,)+2S,, (n,m, +n,m,)(n,m, +n,m,)

Pa GPa
120 150
110 140
1105 135

130
100

< 125

05 180

120
90

Figure 2. The 3D directional dependence of E for (a) n)"-CusSns, (b) CusSn.

(@) (b) (©)

180 n'-Cu,Sn, —CuSn| 180 n'-Cu,Sn, —Cu,Sn| 180 n'-Cu,Sn, —Cu,Sn
120 120 120
60 60 60
0 0 0
-60 —60 —60
-120 —-120 -120
—180} ¥z plane —180} Xz plane —180} xv plane
-180 -120 =60 0 60 120 18 -180 —120 =60 0 60 120 18 -180 —120 =60 0 60 120 18

(18)

Figure 3. Cross-sections of E in the yz, xz, and xy planes for 1’-CusSns and CusSn: (a) the yz plane; (b) the xz plane; (c) the

xy plane. The green and red lines denote the cross-sections for 1)’-CusSns and CusSn, respectively.
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Table 6. The anisotropic ratios, maximum and minimum values of E for n’-CusSns and CusSn.

1’-CusSns CusSn
Whole  yz xz xy Whole yz Xz xy
Emax (GPa) 1246 1221 1246 1221 1539 149.7 1506 177.8
Emin (GPa) 895 1032 895 987 1160 116.0 116.0 125.1

Anisotropic ratios ~ 1.39 118 139 124 1.33 129 130 142

where m1, m2, and ms are the directional cosines of measurement direction m, and m is
perpendicular to n. In a particular direction n, G will be changed with a change in m. For
the two IMCs, the directional dependences of maximum and minimum G are plotted in
Figure 4. In addition, the cross-sections of maximum and minimum G in the yz, xz, and xy
planes are shown in Figure 5. In this study, anisotropy ratio Gmax/Gmin was employed to
describe the anisotropic degree of G. For 1)’-CusSns, the directions of Gmax =48.3 GPa and
Gmin=36.6 GPa were (0.71, 1, -0.71) and (-0.67, 0.60, —1), respectively; hence, the anisotropy
ratio was 1.32. The anisotropic ratios, maximum and minimum values of G is listed Table
7 for 1-CusSns and CusSn. The anisotropic degree of n’-CusSns was similar in the yz, xz,
and xy planes. For CusSn, Gmax = 63.1 GPa, Gmin = 46.1 GPa, and the Gmax/Gmin was 1.37 for
CusSn. The directions of Gmax and Gmin were (0, 1, 0) and (0, 1, 1), respectively. Obviously,
G anisotropy of the yz, xz, and xy planes was similar for CusSn.

P, GPa
is 63

47 e

46 2(1)
45

. 59
58
43

{57
42 56
41

55
40 54
53
a GPa

54
44

53
43

52
42
41
40
39
38
37

Figure 4. The 3D directional dependence of G: (a) the maximum G of 1)’-CueSns; (b) the maximum G
of CusSn; (c) the minimum G of ’-CusSns; (d) the minimum G of CusSn.

() (b) (©)

90 —Cu,Sn(Max.) 90 —Cu,Sn(Max.) 90 —Cu,Sn(Max.)
---Cu,Sn(Min.) ---Cu,Sn(Min.) ---Cu,Sn(Min.)
60, 60 60
30 ) 30 30
0 0 0
=30 ) =30 B =30
e n'-Cu,Sn,(Max.) 60 N'-Cu,Sn(Max.) 60 N'-Cu,Sn(Max.)
~90 yz plane --n'-Cu Sn (Min.) -90 xz plane --n-CuSn (Min.) -90 xy plane --n'-CuSn,(Min.)
-90 60 -30 0 30 60 90 90 -60 =30 0 30 60 90 =90 —60 -30 0 30 60 90

Figure 5. Cross-sections of G in the yz, xz, and xy planes for 1)’-CusSns and CusSn: (a) the yz plane;
(b) the xz plane; (c) the xy plane. The solid and dotted lines denote the maximum and minimum
values, respectively. The green and red lines denote the cross-sections for 1)’-CusSns and CusSn, re-
spectively.
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Table 7. The anisotropic ratios, maximum and minimum values of G for ’-CusSns and CusSn.

1'-CusSns CusSn
Whole yz Xz xy Whole yz Xz xy
Gmax (GPa) 48.3 46.6 466 47.0 63.1 63.1 631 63.1
Gmin (GPa) 36.6 38.0 380 372 46.1 489 489 523
Anisotropic ratios 1.32 123 123 1.26 1.37 129 129 1.21

In summary, for the two IMCs, G anisotropy of CusSn was higher. This conclusion is
also supported by the Ashear values shown in Table 5. Finally, the directional dependences
of B are described by formula (19) [45].

1/B(n) =(S,, +S,, +S;,)n; +(S,, + Sy + S5 )11, +(S5 + S, + Sy )nyn,
+ (512 + S22 + SZ3 )n§ + (514 + 524 + 534 )n2n3 (19)

+(S,5 + Sy, +S,,)13

The directional dependence of B is shown in Figure 6. The cross-sections of B in the
yz, xz, and xy planes are shown in Figure 7. Anisotropy ratio Bmax/Bmin was performed to
describe the anisotropic degree of B. For n'-CusSns, Bmax = 354.2 GPa was located on the yz
and xy planes, and the Bmin = 206.1 GPa was located on the xz planes. The anisotropy ratio
was 1.72, and the directions of Bmax and Bmin were (0, 1, 0) and (1, 0, 0.67), respectively. The
anisotropic ratios, maximum and minimum values of B is listed Table 8 for n’-CusSns and
CusSn. The B anisotropy of n’-CusSns was found to be the highest in the xy plane. For
CusSn, Bmax=480.7 GPa, Bmin =343.9 GPa, and the anisotropy ratio was 1.40. The directions
of Bmax and Bmin were (0, 1, 0) and (0, 0, 1), respectively. The anisotropic degree of B was
highest in the yz plane of CusSn. It is noted that B anisotropy of n’-CusSns was higher than
CusSn, which can be confirmed by Acomp (see Table 5).

GPa GPa

(a) 480
340
460
320
440
300
230 420
260 400
380
360
Figure 6. The 3D directional dependence of B: (a) ’-CusSns; (b) CusSn.
(a) (b) (©)
600 n'-Cu,Sn —Cu,Sn 600 n'-Cu,Sn, —Cu,Sn 600 n'-Cu,Sn, —Cu,Sn
400 400 400
200 200, 200
0 0 0
-200 -200 -200
—400 =400 —400
vz plane xz plane xy plane

—600
—600 —400 —200 0 200 400 6

—600 —600
0  —600 —400 —200 0 200 400 600 —600 —400 —200 0 200 400 600

Figure 7. Cross-sections of B in the yz, xz, and xy planes for ’-CusSns and CusSn: (a) the yz plane; (b) the xz plane; (c) the
xy plane. The green and red lines denote the cross-sections of 1)’-CusSns and CusSn, respectively.
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Table 8. The anisotropic ratios, maximum and minimum values of B for n’-CusSns and CusSn.

1’-CusSns CusSn
Whole  yz xz xy Whole yz Xz xy
Bmax (GPa) 354.2 3542 2899 3542 4807 480.7 419.0 480.7
Bmin (GPa) 206.1 2573 206.1 2264 3439 3439 3439 4189

Anisotropic ratios ~ 1.72 138 141 156 1.40 140 122 115

4. Conclusions

Clarifying the mechanical properties of IMCs is helpful to provide basic material
properties for finite element analysis and improve the reliability of microscale solder
joints. In this work, the mechanical properties and elastic anisotropies of n’-CusSns and
CusSn were investigated using the first-principles calculations method. The conclusions
of the present work are as follows.

1.  For n’-CusSns and CusSn, the elastic constants of single crystals and polycrystalline
aggregates were obtained using first-principles calculations. Accordingly, E, G, B,
and v of the two IMCs all exhibited the following relationship: CusSn > 1’-CusSns.
Moreover, the values of G/B and v showed that the two IMCs were ductile materials.

2. The directional dependence analysis of E had anisotropy ratios of 1.39 and 1.33 for
monocrystalline 1"-CusSns and CusSn, respectively. The E anisotropy reflected the
following relationship: n’-CueSns > CusSn.

3. The two monocrystalline IMCs exhibited evident anisotropy of G; the anisotropy ra-
tios were 1.32 and 1.37 for 1’-CusSns, and CusSn, respectively. Accordingly, G anisot-
ropy abided by the following relationship: CusSn >1n’-CuesSns. In addition, the aniso-
tropic degree of E and G was similar for 1)’-CusSns and CusSn.

4.  For B of the two monocrystalline IMCs, the anisotropy ratio of ’-CusSns was higher,
reaching 1.72. For CusSn, the anisotropy ratios were 1.40. The relationship for B ani-
sotropy was 1)"-CusSns > CusSn. Furthermore, the anisotropy of B was higher com-
pared with G and E for 1"-CusSns; however, in the case of CusSn, the anisotropic de-
gree of B, G, and E was similar.
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