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Abstract

:

Featured Application


This work confirms the crystal structures of the ternary compound Cu2SnTi3.




Abstract


A new ternary compound Cu2SnTi3 has been synthesized by vacuum sintering at 900 °C. The atomic structures of CaCu5- and InNi2-like Cu2SnTi3 are calculated using density functional theory methods. The X-ray diffraction (XRD) analysis and selected area diffraction (SAD) patterns of the new ternary compound Cu2SnTi3 are considered to verify the atomic structures of CaCu5- and InNi2-like Cu2SnTi3. The results reveal that the InNi2-like Cu2SnTi3 model has the lowest total energy of −35.239 eV, representing the trigonal crystal structure. The orthorhombic crystal structure of the CaCu5-like Cu2SnTi3 model has the second lowest total energy of −33.926 eV. Our theoretical X-ray diffraction peak profiles of InNi2-like (CaCu5-like) Cu2SnTi3 are nearly identical to experimental one, leading to an error below 2.0% (3.0%). In addition, the hexagonal crystal structure of the CaCu5-like Cu2SnTi3 model has the highest total energy of −33.094 eV. The stability of the Cu2SnTi3 in terms of energy follows the order: the trigonal, orthorhombic, and hexagonal crystal structure.
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1. Introduction


Cu–Sn–Ti alloys are commonly used as brazing alloys for diamond [1,2,3,4,5,6]. The composition of the microstructure of Cu–Sn–Ti alloys can be easily determined. However, the crystal structures of Cu–Sn–Ti alloys, especially those related to ternary intermetallic compounds, have not been thoroughly studied. For example, Cu-15 wt.%Ti-10–wt.%Sn alloys have various binary intermetallic compounds with different morphologies, such as Cu–Sn, Cu–Ti, and Sn–Ti intermetallic compounds, and unidentified phase domains obtained based on compositional analysis [4]. Cu2SnTi was the first found for the ternary intermetallic compound and other ternary alloys have not yet been discovered in the Cu–Sn–Ti alloy [7]. X-ray diffraction (XRD) patterns of unidentified phase can be determined but not be found in JCPDS (Joint Committee on Powder Diffraction Standards) cards. The ternary intermetallic compound of CuSnTi (Phase H) was identified using the XRD patterns [8]. In addition, the ternary intermetallic compound of CuSn3Ti5 (Phase B) and its crystal structure were resolved by the XRD patterns [9,10,11]. Furthermore, the ternary intermetallic compound of CuSnTi3 (Phase E) and its crystal structure were resolved by the XRD patterns and the selected area diffraction (SAD) patterns generated by transmission electron microscope (TEM), which matches bulklike InNi2 structure (space group: 194 P63/mmc) [12]. Recently, the Cu–Sn–Ti diffusion-triple annealed at 823 K for 60 min was extended to demonstrate that CuSnTi is in equilibrium with the stable binary compounds of Sn5Ti6, Sn3Ti2, Cu3Sn, Cu4Ti3, Cu41Sn11, and Cu4Ti [13]. More recently, a new approach based on the Monte Carlo simulation has been extensively used to demonstrate the processes of the sintering/coalescence of Cu–Ni nanoparticles [14]. This technique enables the development of a new generation of polymetallic nanomaterials for catalysts, sensors, and other applications. As of now, ternary intermetallic compounds Cu2SnTi, CuSnTi, CuSn3Ti5, and CuSnTi3 as well as binary intermetallic compounds, such as Cu–Sn, Cu–Ti, and Sn–Ti [15], are currently known crystal structures. We believe that other ternary intermetallic compounds copper, tin and titanium should still exist. Therefore, the purpose of this study is to study new ternary intermetallic compounds in Cu–Sn–Ti alloys.




2. Experimental Procedures


Cu (Cerao, 99.9% purity, average particle size: 10 μm), Sn (Cerao, 99.5% purity, average particle size: 50 μm), and TiH2 (Cerao, 99.5% purity, average particle size: 5 μm) powders were used as starting materials in this study. The powders were mixed to have a composition of 60 at.% Cu, 23 at.% Ti, and 17 at.% Sn (Cu–23Ti–17Sn). The powder was wet-milled by zirconia balls for 48 h and then dried in air. The milled powder was put into a vacuum furnace under high vacuum pressure less than 5 × 10−5 torr. The Cu–23Ti–17Sn was heated at the rate of 15 °C/min from room temperature to 650 °C keeping for 30 min, and then heated at the rate of 10 °C/min to 950 °C. Furthermore, the Cu–23Ti–17Sn was cooled by water quenching or furnace cooling. The morphology and composition of Cu–23Ti–17Sn was studied using a scanning electron microscope (SEM) and an electron probe microanalysis (EPMA), respectively. The crystal structure of Cu–23Ti–17Sn was characterized by XRD with Cu Kα radiation. The microstructure and composition of Cu–23Ti–17Sn was investigated by TEM, SAD patterns, and an energy dispersive spectrometer (EDS).




3. Results and Discussion


Figure 1a shows the backscattered electron imaging (BEI) of the furnace-cooled Cu–23Ti–17Sn specimens, which include Cu2SnTi3 (Phase A), Phase B, Cu-9 at. %Sn (Phase C), and Cu41Sn11 (Phase D) identified using the XRD patterns. The compositions and average atomic mass of Phases A, B, C, and D are presented in Table 1. Figure 1b shows the BEI of the water-quenched Cu–23Ti–17Sn specimens, which include Phase A, Phase B, and Cu-14 at. %Sn (Phase M) for which the composition and average atomic mass of Phase M are listed in Table 1. Our results show that when the Cu–23Ti–17Sn alloy is heated to 900 °C and the base phase of the alloy is a solid solution phase of Cu-Sn. The phase separation occurs to form two phases with different tin contents, namely the C phase and the D phase, because the solubility of tin in solid solution is temperature-dependent and the tin atoms have enough time to diffuse in the furnace-cooled Cu–23Ti–17Sn sample. In contrast, when cooling at a very fast rate (water quenching), no phase separation occurs, and only a single solid solution phase, Phase M, is formed. We noted that Cu2SnTi3, Phase A, is a new phase and has never been reported before.



To further analyze the structures of the ternary intermetallic phases, the sample was immersed in a solution of 20 vol. % sulfuric acid and connected to the positive pole of the DC power supply, resulting in the remaining Cu2SnTi3 and CuSn3Ti5. The XRD plot contains two sets of peaks corresponding to Cu2SnTi3 and CuSn3Ti5. The crystal structure of CuSn3Ti5 has been identified and found in JCPDS [10,16], while Cu2SnTi3 has not been reported yet. We use the regression to estimate the unknown Cu2SnTi3, showing that Cu2SnTi3 could be a hexagonal structure with a = 4.708 Å and c = 6.756 Å, which in turn determines the diffraction angle of hexagonal Cu2SnTi3 and matches bulklike CaCu5 structure (space group: 191 P6/mmm) [12]. Table 2 compares the measured and regression diffraction angles of Cu2SnTi3, and the relative intensity of each individual peak in the measured XRD pattern. The measured and regressed diffraction angles of the crystal plane of (002) are 27.08° and 26.36°, respectively, showing the largest uncertainty.



Figure 2 shows a TEM bright image of Cu2SnTi3 and its corresponding SAD patterns. The composition analysis based on EDS in TEM shows that this domain is composed of Cu of 32.1~34.7 at. %, Sn of 15.2~17.1 at. %, and Ti of 49.3~52.6 at. %, which the stoichiometry of the domain is approximately Cu2SnTi3, in agreement with results of the EPMA measurement in SEM. To expand our insight into the new ternary compounds Cu2SnTi3 for determining the crystalline structure, we carried out a brief comparative study of the structural, electronic, and energetic properties in the CaCu5-like and InNi2-like Cu2SnTi3. Six Cu2SnTi3 models denoted by model number m (wherem = 1–6) with specific Wyckoff positions of the Cu, Sn, and Ti. Models 1, 2, and 3 are close to CaCu5-like Cu2SnTi3. In Model 1, Cu, Sn, and Ti were assigned to the atomic positions of 2c (x = 1/3, y = 2/3, z = 0), 1a (x = 0, y = 0, z = 0), and 3g (x = 1/2, y = 0, z = 1/2), respectively. In Model 2, two Cu, one Sn, and three Ti were assigned to the atomic positions of (x = 1/2, y = 1/2, z = 1/2), (x = 1/2, y = 0, z = 1/2), 1a (x = 0, y = 0, z = 0), (x = 1/3, y = 2/3, z = 0), (x = 2/3, y = 1/3, z = 0), and (x = 0, y = 1/2, z = 1/2), respectively. In Model 3, two Cu, one Sn, and three Ti were assigned to the atomic positions of (x = 1/2, y = 0, z = 1/2), (x = 0, y = 1/2, z = 1/2), (x = 1/2, y = 1/2, z = 1/2), (x = 1/3, y = 2/3, z = 0), (x = 2/3, y = 1/3, z = 0), and (x = 0, y = 0, z = 0), respectively. Models 4, 5, and 6 are similar to InNi2-like Cu2SnTi3. In Model 4, two Cu, one Sn, and three Ti were assigned to the atomic positions of (x = 1/3, y = 2/3, z = 3/4), (x = 2/3, y = 1/3, z = 1/4), 1a (x = 0, y = 0, z = 0), (x = 0, y = 0, z = 1/2), (x = 2/3, y = 1/3, z = 3/4), and (x = 1/3, y = 2/3, z = 1/4), respectively. In Model 5, two Cu, one Sn, and three Ti were assigned to the atomic positions of (x = 0, y = 0, z = 1/2), (x = 2/3, y = 1/3, z = 3/4), 1a (x = 0, y = 0, z = 0), (x = 2/3, y = 1/3, z = 1/4), (x = 1/3, y = 2/3, z = 1/4), and (x = 1/3, y = 2/3, z = 3/4), respectively. In Model 6, two Cu, one Sn, and three Ti were assigned to the atomic positions of (x = 2/3, y = 1/3, z = 1/4), (x = 1/3, y = 2/3, z = 3/4), (x = 0, y = 0, z = 1/2), (x = 0, y = 0, z = 0), (x = 2/3, y = 1/3, z = 3/4), and (x = 1/3, y = 2/3, z = 1/4), respectively. We conduct first-principles density functional theory (DFT) calculations based on the generalized gradient approximation (GGA) using the Vienna Ab Initio Simulation Package (VASP) [17,18,19]. A plane wave cutoff of 355 eV (350 eV) was used in conjunction with a 7 × 7 × 7(7 × 7 × 8) Gamma centered grid to achieve a force accuracy of 0.01 eV/Å for CaCu5-like (InNi2-like) Cu2SnTi3. Under these conditions, the atomic coordinates were completely relaxed to their zero-force positions, resulting in the optimized six structures shown in Figure 3.



Table 3 shows the space groups, lattice constants, and total energies of Models 1–6. Model 6 has the lowest total energy of −35.239 eV for InNi2-like Cu2SnTi3 and Model 2 has the lowest total energy of −33.926 eV for CaCu5-like Cu2SnTi3. Model 1 follows closely the model proposed by the literature [12] and has the highest total energy of −33.094 eV. We have plotted the three plausible models describing the transformation path for ternary intermetallic phases of Cu2SnTi3 shown in Figure 4. It can be clearly seen that the hexagonal Cu2SnTi3 (space group: 191 P6/mmm) is metastable phase. The hexagonal Cu2SnTi3 tends to a more stable phase or transition phase of the orthorhombic structure.



Cu2SnTi3 (space group: 65 Cmmm) with an energy gain of 0.832 eV from a metastable state. The transition phase of the orthorhombic Cu2SnTi3 finally becomes the most stable phase of the trigonal structure Cu2SnTi3 (space group: 164 P-3m1), and the energy gain obtained from the transition state is 1.313 eV. Note that the energy barrier of the Cu2SnTi3 phase transition is ignored and only a schematic diagram is drawn.



A simulated SAD of Cu2SnTi3 along the [001], [−101], and [221] in Figure 5 using the optimized parameters and atomic structures of Models 1, 2, and 6 (see Figure 3) shows that the simulated SAD pattern along the [221] zone axes is very similar to the experimental SAD pattern (see Figure 2b), which represents orthorhombic Cu2SnTi3. This finding is remarkably similar to that predicted by our detailed simulations as shown in the energy diagram in Figure 4.



In order to understand the XRD analysis of the CaCu5-like (InNi2-like) Cu2SnTi3 models, we simulate XRD curves of Models 1–6 to compare the experimental one as shown in Figure 6. The main diffraction peaks at 40.10 (40.70) degrees 2θ of Model 2 (Model 6) and 40.52 degrees 2θ of experimental XRD have only a slight error of 1.03% (0.44%). To compare the experimental XRD depicted in Figure 6, the diffraction peaks at 34.90 (58.10) degrees 2θ of Model 2 (Model 6) has a maximum error of 3.0% (2.0%), and the other characteristic peak errors are less than 1.5%. In view of the fact that hexagonal, orthorhombic, and trigonal structure Cu2SnTi3 all have a relatively small difference in XRD, it is perhaps not surprising that all three phases exist. Figure 7 shows the ternary Cu–Sn–Ti phase diagram, including Phases A, B, C, D, and M. Three phases of Cu–23Ti–17Sn, Phases A, B, and M, exist in equilibrium with each other at the temperature of 900 °C. Phase M decomposes into Phases C and D under slow cooling conditions. The composition triangle becomes a quadrangle under the furnace cooling conditions, i.e., Phases A, B, C, and D.




4. Conclusions


We have described crystal structures of the new ternary compound of Cu2SnTi3. Our results indicate that three possible crystal structures are hexagonal (space group: 191 P6/mmm), orthorhombic (space group: 65 Cmmm), or trigonal (space group: 164 P-3m1) structure of Cu2SnTi3. Our calculations show that trigonal Cu2SnTi3 is more favorable than hexagonal and orthorhombic ones. From a synthetic perspective, these approaches based on identifying Cu2SnTi3 compounds are very promising for exploring the brazing characteristics of Cu2SnTi3.
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Figure 1. Microstructures of the Cu-23 at. %Ti–17 at. %Sn alloy under (a) furnace-cooled and (b) water-quenched. 
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Figure 2. Transmission electron microscope (TEM) bright field image (a) and its corresponding selected area diffraction (SAD) pattern (b) of Phase A. 
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Figure 3. Models 1–6 showing the most favorable atomic structures. Red, gray, and dark green spheres represent Cu, Ti, and Sn atoms, respectively. 
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Figure 4. Energy profile of Models 1, 2, and 6. Red, gray, and dark green spheres represent the atoms Cu, Ti, and Sn, respectively. 
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Figure 5. Density functional theory (DFT) simulated SAD of Models 1, 2, and 6 along the [001], [−101], and [221]. 






Figure 5. Density functional theory (DFT) simulated SAD of Models 1, 2, and 6 along the [001], [−101], and [221].



[image: Applsci 10 08776 g005]







[image: Applsci 10 08776 g006 550] 





Figure 6. Comparison of XRD of Cu2SnTi3 and DFT simulated XRD of Models 1–6. 
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Figure 7. Phases A, B, C, D, and M in the ternary Cu–Sn–Ti phase diagram. The dashed triangle indicates a three-phase equilibrium of Cu–23Ti–17Sn at 900 °C. The arrows show phase separation occurs at temperatures below 900 °C. 
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Table 1. The chemical formula and composition of the Phases A, B, C, D, and M in the Cu-23 at. %Ti–17 at. %Sn alloy.
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Phase

	
Chemical Formula

	
Composition (at. %)

	
Average Atomic Mass




	
Cu

	
Sn

	
Ti






	
A

	
Cu2SnTi3

	
32.92

	
15.95

	
51.13

	
64.34




	
B

	
CuSn3Ti5

	
12.15

	
32.25

	
55.60

	
72.63




	
C

	
Cu-9 at. %Sn

	
90.95

	
8.84

	
0.21

	
68.39




	
D

	
Cu41Sn11

	
79.68

	
20.02

	
0.30

	
74.54




	
M

	
Cu-14 at. %Sn

	
85.35

	
14.38

	
0.27

	
71.10
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Table 2. The X-ray diffraction (XRD) data of Cu2SnTi3 using Cu Kα radiation (λ = 0.1541 nm).






Table 2. The X-ray diffraction (XRD) data of Cu2SnTi3 using Cu Kα radiation (λ = 0.1541 nm).





	
Diffraction Angles 2θ (deg.)

	
h  k  l

	
Intensity

I/I0 (%)




	
Measured

	
Regressive

	
Error (%)






	
21.80

	
21.78

	
0.1

	
1  0  0

	
12




	
25.18

	
25.50

	
1.2

	
1  0  1

	
16




	
27.08

	
26.36

	
2.7

	
0  0  2

	
36




	
33.86

	
34.45

	
1.9

	
1  0  2

	
20




	
38.20

	
38.21

	
0

	
1  1  0

	
45




	
40.52

	
40.55

	
0.1

	
1  1  1

	
100




	
44.34

	
44.41

	
0.2

	
2  0  0

	
50




	
46.44

	
46.50

	
0.1

	
2  0  1

	
25




	
47.02

	
47.02

	
0.0

	
1  1  2

	
18




	
52.44

	
52.38

	
0.1

	
2  0  2

	
27




	
54.90

	
54.27

	
1.2

	
0  0  4

	
21




	
56.70

	
56.51

	
0.3

	
1  1  3

	
10




	
59.34

	
59.16

	
0.3

	
1  0  4

	
10




	
61.48

	
61.29

	
0.3

	
2  0  3

	
13




	
66.10

	
66.66

	
0.8

	
2  1  2

	
12




	
68.90

	
69.06

	
0.2

	
3  0  0

	
35




	
70.44

	
70.65

	
0.3

	
3  0  1

	
21




	
72.80

	
72.64

	
0.2

	
2  0  4

	
17




	
73.12

	
73.82

	
1.0

	
1  0  5

	
18




	
74.60

	
74.56

	
0.1

	
2  1  3

	
18




	
75.20

	
75.32

	
0.2

	
3  0  2

	
16




	
82.96

	
82.91

	
0.1

	
3  0  3

	
13




	
85.28

	
85.17

	
0.1

	
2  1  4

	
11




	
87.56

	
87.75

	
0.2

	
2  2  2

	
14
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Table 3. Space groups, lattice constants, and total energies of Models 1–6, showing Model 6 is preferred.
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Model

	
Space Group

	
Lattice Constants (Å)

	
Angle (˚)

	
Total Energy

(eV)




	
a

	
b

	
c

	
α

	
β

	
γ






	
Model 1

	
P6/mmm

	
5.110

	
5.110

	
4.523

	
90.00

	
90.00

	
120.05

	
−33.094




	
Model 2

	
Cmmm

	
5.134

	
4.980

	
4.650

	
90.00

	
90.00

	
119.01

	
−33.926




	
Model 3

	
Cmmm

	
5.113

	
5.113

	
4.728

	
90.00

	
90.00

	
123.22

	
−33.909




	
Model 4

	
P-3m1

	
4.419

	
4.419

	
5.636

	
90.00

	
90.00

	
120.00

	
−35.232




	
Model 5

	
P3m1

	
4.520

	
4.520

	
5.445

	
90.00

	
90.00

	
120.00

	
−34.730




	
Model 6

	
P-3m1

	
4.425

	
4.425

	
5.665

	
90.00

	
90.00

	
120.00

	
−35.239
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