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Abstract 
The Cu-Sn-Ti ternary system and its three boundary binary systems are of critical importance in practice. The Ti/Sn and Cu/Sn 

solid/liquid diffusion couples and the Cu/Ti diffusion couples are made and examined. Only Sn3Ti2 forms if Ti/Sn solid/liquid 

diffusion couples are annealed at 873 K for 30~160 minutes. When annealed at 808 K for 10 minutes, only Cu3Sn forms in Cu/Sn 

solid/liquid diffusion couple. With the annealed time increasing, Cu41Sn11 layer forms between Cu and Cu3Sn in 30 mins and then 

Bcc_a2 layer forms between Cu and Cu41Sn11 in 60 mins. After annealing at 1023K for 1000 hours, four compounds, CuTi2, CuTi, 

Cu4Ti3 and Cu4Ti form in Cu/Ti diffusion couple while Cu3Ti2 is absent. The interfacial reaction process and phase formation 

sequence has been predicted with the maximum driving force model using the thermo calc software. 
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Introduction 

Brazing diamond grits onto a steel substrate in the form of a single layer configuration has been deemed as an effective route to 

the manufacturing of high performance diamond abrasive tools [1]. When compared with electroplated diamond tools, it is 

possible to expose higher protrusion heights of diamond grits above the level of the brazing alloy but still achieve stronger 

adhesion strength between the diamond grits and the brazing alloy. Such a unique characteristic can yield diamond abrasive tools 

exhibiting higher material removal rates as well as longer tool lives. The success of brazing the diamond grits onto the steel 

substrate depends on the adhesion strength between the diamond grits and the brazing alloy, which is usually enhanced by the 

incorporation of active elements, such as Ti, Cr, V and Zr into the brazing alloy [2,3]. These active elements can easily develop 

interracial compounds with the diamond grits during the brazing operation, which can alleviate the interfacial stress caused by the 

different crystallographic lattices and thermal expansion coefficients between the diamond grits and the braze matrix. Among 

various systems, alloys composed of Ag, Cu and a low concentration of active Ti (less than 5 wt pct) are commonly used as the 

brazing alloys for the diamond and the other ceramic materials [4-8]. 

In fact, segregation of Ti atoms to the interfacial area was widely recognized in several prior reports, not only in the brazing of 

diamond, but also in the brazing of various oxide carbide and nitride ceramic materials. Such interfacial layers were widely 

recognized to be beneficial to the adhesion strength between the braze matrix and the ceramic materials. Nevertheless, excessive 

development of the interfacial reaction layers can lead to the formation of defects, which inevitably impart weakening to the bond 

[9,10]. 

Alloys based on Cu-Sn-Ti are effective alternatives to Cu-Ag-Ti alloys for the processing of single layered brazed diamond tools 

and metal bonded diamond tool bits [11]. Both tool life and cutting speed have been increased. Up to now Cu-Sn-Ti filler metals 

show the best combination of properties, especially due to their relatively high strength and erosion resistance if compared to Ag-

Cu alloys and their lower melting point if compared to Ni-base ones [12]. In the concentration range defined, the concentration of 
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Ti dissolving in Cu-Ag-Sn-Ti alloys decreased with increasing Ag concentration, but increased with increasing Sn concentration. 

The addition of Sn not only could reduce the melting temperatures of these alloys, but also could promote the dissolution of a 

higher concentration of Ti into the liquid phase. The coexistence of high concentrations of Sn and Ti in the liquid phase can 

possibly cause precipitation of reinforcing Sn-Ti intermetallic phases in the braze matrix during cooling. Based on the previous 

analyses, the alloying concentration of Ti in the brazing alloy can be increased and the hardness of the braze matrix can be 

enhanced with the substitution of Sn for Ag. 

In order to predict which compound will form first, the nucleation activation energy for each compound should be compared. The 

nucleation activation energy depends on the driving force and the interface energy, but information on the interface energy is 

lacking. Besides, the interface energy, which is experimentally determined based on the macroscopic concept, tends to be 

modified for a smaller cluster such as the critical nucleus. For practical purposes, the driving force can be an approximate 

criterion to predict the first forming compound. 

Materials and Methods 

Preparation of Sn/Ti liquid/solid diffusion couples: Ti plate (99.9 wt%) and Sn ingot (99.999 wt%), were used as starting，
materials. Small pieces of Sn and Ti were cut off and the surfaces of each piece were polished metallographically and cleaned 

with ultrasonic.  Each pair of Sn and Ti was sealed in an evacuated quartz tube filled with argon (to avoid floating of Ti in molten 

Sn, Ti pieces were fixed in the tubes with Mo wires). 

Place the tubes into annealing furnace vertically, subsequently rise the temperature to 873 K and make Sn pieces molted. Shake 

the tubes to make Ti pieces merged into molten Sn and Sn/Ti liquid/solid diffusion couples were obtained. The tubes were kept at 

873 K for 30 and 160 mins. 

Preparation of Cu/Sn solid/liquid diffusion couples: Cu plate (99.97 wt%) and Sn ingot (99.999 wt%), were used as starting 

materials. The diffusion couples were made with the similar progress as making Sn/Ti diffusion couples. The annealing 

temperature was 808 K and the annealing time were 10, 30 and 60 mins respectively. 

Preparation of Cu/Ti diffusion couple: Cu and Ti pieces of 5 mm × 8 mm were cut off and diffusion welded at 1023 K, 4 MPa 

pressure for 15 mins, sealed in an evacuated quartz tube filled with argon and annealed at 1023 K for 1000 h. 

The tubes were quenched in water and broken. The taken out samples were mounted, grounded and polished metallographically. 

Then the samples were analyzed with Scanning Electronically Microscope (SEM) and EPMA (JEOL JXA-8800R), in order to 

determine the formed intermetallic compounds. 

Results and Discussion 

The first phase forms in Ti/Sn diffusion couple: Based on the former literature, Kuper found a new binary phase Sn3Ti2. Based 

on work of workgroup member Liu Chunlei’s work, the author reevaluated the Ti-Sn binary phase diagram, as shown in Figure 2. 

From Ti-Sn binary phase diagram, there are five binary compounds, SnTi3, SnTi2, Sn3Ti5, Sn5Ti6 and Sn3Ti2, exist stably at 873 

K. Figure 1 shows the Backscattered Electron (BSE) images of Ti/Sn diffusion couples annealed at 873 K. The EPMA result

shows there is only Sn3Ti2 a form at the interface (Figure 2 and Table 1).
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FIG. 1. The Back Scattered4 Electron (BSE) images of Ti/Sn diffusion couples annealed at 873K (a) 30 mins; (b) 160 

mins. 

FIG. 2. Calculated Sn-Ti binary phase diagram. 

TABLE 1. The formation driving force of the intermetallic compounds under the metastable equilibrium of hcp 

(Ti)+liq (Sn) at 873 K. 

Metastable equilibrium Hcp (Ti)+liquid (Sn) 

Phases stable at 873 K Sn3Ti2 Sn5Ti6 Sn3Ti5 SnTi2 SnTi3 

Driving force (KJ/mol) 4996.27 3242.93 1847.19 211.21 -897.10

The formation driving force of the intermetallic compounds under the metastable equilibrium of hcp (Ti)+liq (Sn) at 873 K are 

listed in Table 1. As can be seen in table, at 873 K, under the metastable equilibrium state of hcp (Ti) and liquid, the phase with 

the highest formation driving force is Sn3Ti2. According to largest driving force criteria, the first forming phase should be Sn3Ti2 

and the theoretical calculated results agree well the experiment results (Figure 3). 

The formation sequence in Cu/Sn diffusion couples 

FIG.3. Shows the morphology of Cu/Sn solid-liquid diffusion couples anneals at 808 K. 

From Figure 3, it can be seen that after annealing for 10 mins, there is only Cu3Sn forms in the couple. With the annealing time 

increasing to 30 mins, Cu41Sn11 appears in the diffusion layer between Cu and Cu3Sn. After annealing for 60 mins, another phase 

bcc-a2 between Cu and Cu3Sn can be detected. 
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BSE image of Cu/Sn diffusion couple annealed at 808 K. The types of phase are detected with EPMA. The interface between 

Cu41Sn11 and Cu3Sn are indicated in dashed lines (a) -10 mins (b) -30 mins (c) -60 mins. 

In this work, the thermodynamic parameters estimated by shim are applied for calculating. The calculated Cu-Sn binary phase 

diagram is shown in Figure 4. From Cu-Sn binary phase diagram, the phases exist stably at 808 K are Cu3Sn, Cu41Sn11 and 

Bcc_a2. There formation driving forces are listed in Table 2. 

FIG. 4. Cu-Sn binary estimated by Shim. 

TABLE 2. The formation driving force of the intermetallic compounds in Cu-Sn system at 808 K. 

Phase Driving force (J/mol) 

Cu
+ 

liquid (Sn) Cu
+
 Cu3Sn Cu

+
 Cu41Sn11

Cu3Sn 105.01 0 -151.22

Cu41Sn11 -977.44 114.12 0 

Bcc_a2 -202.32 104.51 31.69 

As can be seen in this table, under the metastable equilibrium state of liquid and fcc-Cu, the phase with the highest driving force 

of formation is Cu3Sn. According to largest driving force criteria, the first formatting phase should be Cu3Sn and this can be seen 

in Figure 3. According to essential rules of thermodynamics and diffusion couple approach, formation of any phase must 

combining with decrease of Gibbs Energy, it means phases with negative driving force cannot form. However, after Cu3Sn 

appearing, diffusion couple made of Cu and Cu3Sn are obtained. According to the driving force of other phases under metastable 

equilibrium Cu
+
Cu3Sn, which are listed in table, both formation driving forces of Cu41Sn11 and Bcc_a2 are positive and that of

Cu41Sn11 is larger. Therefore, after Cu3Sn, the second phase forms in diffusion couple should be Cu41Sn11 and the phase appears 

at last should be Bcc_a2. As illustrated in Figure 3, the theoretical calculated results agree well with the experiment results 

(Figures 5 and 6). 

The phase absent in Cu/Ti diffusion couple 
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FIG. 5. BSE image of Cu/Ti diffusion couple annealed at 1023 K for 1000 hours. 

FIG. 6. Cu-Ti binary phase diagram evaluated by Kumar. 

Figure 6 shows the Cu-Ti binary phase diagram evaluated by Kumar. From the phase diagram, it can be seen there are 5 stable 

binary compounds in this system at 1023 K. However, Figure 5 shows the morphology of Cu/Ti diffusion couple annealing at 

1023 K for 1000 h, there are four compounds CuTi2, CuTi, Cu4Ti3, Cu4Ti3, appears in the sample, while Cu3Ti2 is absent. 

To explain the reason that Cu3Ti2 does not appear when all other stable phase exist, the formation driving force of intermetallic 

compounds are calculated and listed in Table 3. Meanwhile, the metastable have no relations with this experiment result are not 

given. 

TABLE 3. The forming driving force of the intermetallic compounds in Cu-Ti system at 1023 K. 

Phase Driving force (KJ/mol) 

Fcc (Cu)+hcp (Ti) Fcc (Cu)+CuTi2 Fcc (Cu)+Cu4Ti3 

CuTi2 5528.09 0 -4889.85

CuTi 3553.86 2834.4 -699.41

Cu4Ti3 1725.91 3069.65 0 

Cu3Ti2 809.34 2977.70 126.48 

Cu4Ti -2608.37 1998.27 724.38 

Combining Cu-Ti binary phase diagram and table, we can deduce the reacting process of Cu/Ti diffusion couple is in this way. At 

1023 K, under the metastable equilibrium of fcc (Cu)+hcp (Ti), the phase CuTi2 with maximum formation driving force forms 

firstly. According the binary phase diagram, the equilibrium between Ti and CuTi2 is stable (there is no other stable phase 

between them), so the equilibrium will no longer being considered. The next step should be considering the metastable 

equilibrium Cu+CuTi2 and the intermetallic phase with largest driving force is Cu4Ti3. Once Cu4Ti3 forms between Cu and 

Cu4Ti3, other two metastable equilibria appear. Because the composition of Cu3Ti2 locates between Cu and Cu4Tui3 and the 

compound, CuTi2, between CuTi2 and Cu4Ti3 has formed in the sample, there is only one metastable equilibrium, Cu+Cu4Ti3, 

needs further study. As indicated in this table, the two phases between Cu and Cu4Ti3 are Cu3Ti2 and Cu4Ti and both of them 

have positive driving force. However, the formation driving force of Cu4Ti is larger than that of Cu3Ti2. Until now, it is explain 

theoretically that Cu3Ti2 is the phase forms at last in Cu-Ti binary system. In addition, it is the very reason for the absence of 

Cu3Ti2 when all of CuTi2, CuTi, Cu4Ti3 and CuTi appear. 

Conclusion 

Only Sn3Ti2 forms if Ti/Sn solid/liquid diffusion couples are annealed at 873 K for 30~160 mins. When annealed at 808 K for 10 

mins, only Cu3Sn forms in Cu/Sn solid/liquid diffusion couple. With the annealed time increasing, Cu41Sn11 layer forms between 

Cu and Cu3Sn in 30 mins and then bcc-a2 layer forms between Cu and Cu41Sn11 in 60 mins. After annealing at 1023 K for 1000 
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hours, four compounds, CuTi2, CuTi, Cu4Ti3 and Cu4Ti3 form in Cu/Ti diffusion couple while Cu3Ti2 is absent. 

The interfacial reaction process and phase formation sequence has been predicted with the maximum driving force model using 

thermo calc software. 
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