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In our previous studies, the influence of L12 modified Al2.5Cu0.5Ti and Al2.7Fe0.3Ti particles 

on the grain refining performance of an Al cast was studied.  It has been shown that the L12 

modified intermetallic compound particles act as heterogeneous nucleation sites of -Al 

solidification.  Since nuclei are formed on the surface of the heterogeneous nucleation site 

particles, only the surface region of the Al3Ti particles must be modified into an L12 structure.  

In this study, therefore, the formation of the Al2.5Cu0.5Ti phase by the reaction between Al3Ti 

and Cu is studied.  For this purpose, Cu/Al3Ti diffusion couple specimens and specimens 

of Al3Ti particles dispersed in a Cu matrix are fabricated by a spark plasma sintering (SPS) 

method, and the reaction between Cu and Al3Ti during heat treatment of these specimens is 

studied.   It is found that the L12 modified Al2.5Cu0.5Ti phase is formed at the Cu/Al3Ti 

interface by heat treatment. 
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1. Introduction 

The equiaxed grain structure of Al alloy castings ensures uniform mechanical properties, 

reduced ingot cracking, improved feeding to eliminate shrinkage porosity, distribution of 

secondary phases and microporosity on a fine scale, and improved machinability and 

cosmetic features. 1)  As one of the methods of obtaining the equiaxed grain structure of Al 

alloy castings, the addition of refiners, such as Al-Ti, Al-Ti-B, and Al-Ti-C system alloys, 

has been carried out. 1-9)  In these refiners, the Al3Ti, TiB2, and TiC particles act as 

heterogeneous nucleation sites of -Al solidification.  Among them, we have discussed the 

importance of Al3Ti particles. 8,9)  It is well accepted that effective heterogeneous nucleation 

sites have a good lattice registry with a solidified Al matrix; here, solidified Al has the fcc 

structure with a =0.4049 nm. 10)  On the other hand, Al3Ti has a low-symmetry tetragonal 

D022 structure and its lattice parameters are a = 0.3851 nm and c = 0.8608 nm. 11)  Therefore, 

different orientation relationships result in different lattice registry values. 12-14)   

It is known that, upon the replacement of some of the Al atoms with Cu, Fe, Ni, Cr, or 

Zn, the crystal structure changes from the unfavorable low-symmetry tetragonal D022 

structure to the L12 structure. 15-20)  Moreover, by changing the replacing element, the lattice 

constant of L12 phases is controllable.  In our previous studies, the effects of L12 modified 

intermetallic compound particles, such as Al2.5Cu0.5Ti 21) and Al2.7Fe0.3Ti 22,23), on the grain 

refining performance of an Al cast were studied.  It has been shown that L12 modified 

intermetallic compound particles act as heterogeneous nucleation sites of -Al solidification.  

Since nuclei are formed on the surface of heterogeneous nucleation site particles, only the 

surface region of the particles must be modified into the L12 structure.  Therefore, there is 

a need to fabricate an L12 modified intermetallic compound not by melting Al, Ti, and 

replacement elements but by the reaction between Al3Ti and replacement elements.  Figure 

1 shows an Al-Ti-Cu ternary alloy phase diagram. 24)  As can be seen, the Al2.5Cu0.5Ti 

region is located between Al3Ti and Cu.  Therefore, it is expected that the reaction between 

Al3Ti and Cu forms the L12 modified Al2.5Cu0.5Ti phase.  

 On the basis of the above background, in this study, the reaction between Al3Ti and 

Cu is studied using two sets of specimens.  One is a Cu/Al3Ti diffusion couple specimen, 

because the diffusion couple made up of two metals is frequently used to determine the 

number of intermetallic phases in an equilibrium phase diagram. 25)  The other one has 
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Al3Ti particles dispersed in a Cu matrix.  These specimens are fabricated by a spark plasma 

sintering (SPS) method, where SPS simultaneously applies a pulsed current and a uniaxial 

pressure to the punches of a mold system loaded with a mixture of powders to be sintered. 

26)   The SPS method can also be used for solid-state bonding between similar or dissimilar 

materials. 27)  SPS can be carried out at a low temperature with short heating, holding, and 

cooling times 28,29), which can be achieved in a non-equilibrium state.  The Cu/Al3Ti 

diffusion couple specimen and Al3Ti particle dispersed specimen are heat-treated at elevated 

temperatures, and the reaction between Al3Ti and Cu is studied.  

 

2. Experimental methods 

2.1 Cu/Al3Ti diffusion couple specimen 

Firstly, the button-shaped Al3Ti intermetallic compound was prepared by an arc melting 

method in argon atmosphere, as shown in Fig. 2(a).  The button-shaped Al3Ti intermetallic 

compound was homogenized at 1100 °C for 4 h, as shown in Fig. 2(b), and then crushed into 

fine particles with a hammer, as shown in Fig. 2(c).  Hereafter, the particles prepared by 

the crushing of an arc-melted Al3Ti intermetallic compound will be denoted as “crushed 

particles”.   The crushed particles were sieved to obtain particle sizes of 75–150 μm, as 

shown in Fig. 2(d).  Then, a bulk Al3Ti sample of 20 mm diameter and 5 mm height was 

fabricated by SPS, as shown in Fig. 2(e).  Sintering using an SPS apparatus (SPS Syntex 

SPS-515S) was performed at 900 oC under an applied stress of 30 MPa.  A bulk Cu sample 

of 20 mm diameter and 5 mm height was also prepared from Cu powder [Fig. 2(f)] by SPS 

at 800 oC under an applied stress of 30 MPa, as shown in Fig. 2(g).  The surfaces for bonding 

were ground with emery paper and polished with a 1 μm alumina suspension.  By using 

these bulk Al3Ti and Cu samples, a Cu/Al3Ti diffusion couple specimen was fabricated by 

SPS at 600, 700, and 800 oC, as shown in Fig. 2(h).  The Cu/Al3Ti diffusion couple specimen 

fabricated by SPS at 600 oC for 300 s was heated at 600 oC for 0.5, 1, 2, 4, and 8 h. 

 

2.2 Specimen with Al3Ti particles dispersed in Cu matrix  

The specimen with Al3Ti particles dispersed in the Cu matrix (Cu-10 vol% Al3Ti specimen) 

was fabricated similarly to the Al-10 vol% Al2.5Cu0.5Ti refiner 21) and Al-10 vol% Al2.7Fe0.3Ti 

refiner 22,23) reported in previous studies.  Two types of Al3Ti particles are used.  One is 



  Template for JJAP Regular Papers (Jan. 2014) 

4 

crushed particles and the other is gas-atomized particles prepared by a gas atomization 

method.  The sieved Al3Ti particles of 150-250 μm diameter are mixed with pure Cu 

particles (99.5%, 25 μm), where the volume fraction of Al3Ti particles was fixed to 10 vol%.  

The above mixed particles were sintered by SPS at 500, 600, and 700 oC for 300 s under an 

applied stress of 30 MPa.  The specimens with crushed and gas-atomized Al3Ti particles 

dispersed in the Cu matrix will be denoted as “crushed particle dispersed specimen” and 

“gas-atomized particle dispersed specimen”, respectively.  The crushed particle dispersed 

specimen and the gas-atomized particle dispersed specimen were heat-treated at 600 oC for 

0.5, 1, 2, 4, and 8 h. 

 

2.3 Evaluation of microstructures  

A scanning electron microscopy (SEM; JEOL JSM-5900LV) apparatus equipped with an 

energy dispersive X-ray spectrometer (EDS; JEOL JED-2200) was employed to examine the 

microstructures and determine the chemical compositions of Al, Ti, and Cu elements around 

the Cu/Al3Ti interface.  An X-ray diffraction (XRD; Rigaku RINT-2100) apparatus with 

copper Kα radiation was used to identify the crushed particles and gas-atomized particles.  

However, XRD analysis is not the best way to identify the crystal structure of the reaction 

phases, since their thickness is extremely narrow.  In addition, observation by transmission 

electron microscopy (TEM) would also be difficult for these specimens, since the technique 

requires thinning at the interface.  Alternatively, the crystal structure of the reaction phases 

at the Cu/Al3Ti interface is investigated by electron back-scattering diffraction (EBSD; TSL 

OIM analysis 7.3) analysis.  On the basis of the results obtained by EDS and EBSD, the 

reaction phases of the Cu/Al3Ti interface are identified. 

 

3. Results and discussion  
3.1 Cu/Al3Ti diffusion couple specimen 

Figure 3 shows the XRD pattern of the crushed particles, indicating the presence of the 

tetragonal D022 Al3Ti phase.  After the SPS process to obtain bulk-shaped Al3Ti and the 

SPS bonding process to obtain the Cu/Al3Ti diffusion couple specimen, the tetragonal D022 

structure is still observed.  The Cu/Al3Ti diffusion couple specimen with the tetragonal 

D022 Al3Ti phase can be fabricated by the SPS route. 
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The cross-sectional SEM morphologies at the interface between Cu and Al3Ti in the 

Cu/Al3Ti diffusion couple specimen before heat treatment are shown in Figs. 4(a)-4(d), for 

which bonding is carried out at 600 oC for 300 s, at 600 oC for 600 s, at 700 oC for 600 s, 

and at 800 oC for 600 s, respectively.  No reaction was found at the interface region for the 

Cu/Al3Ti diffusion couple specimen obtained by SPS carried out at 600 oC for 300 s, as 

shown in Fig. 4(a).  Therefore, the initial Cu/Al3Ti diffusion couple specimen without the 

formation of the Al2.5Cu0.5Ti phase can be obtained by SPS at a lower sintering temperature 

for a shorter sintering time.  On the other hand, some reaction layers are formed at the 

Cu/Al3Ti interface during sintering at a higher sintering temperature for a longer sintering 

time, as shown in Figs. 4(b)-4(d).  The results of EDS analysis are listed in Table I.  As 

can be seen, one of the layers that appeared in Figs. 4(b)-4(d) has a nearly stoichiometric 

composition of the Al2.5Cu0.5Ti phase.  It is speculated that Cu atoms can diffuse into the 

Al3Ti phase to form an Al2.5Cu0.5Ti phase.  The thicknesses of the Al2.5Cu0.5Ti layer, x, in 

the specimens obtained at 600, 700, and 800 oC for 600 s are 2.3, 13.6, and 67.1 m, 

respectively.  In this way, with increasing SPS temperature, the thickness of the Al2.5Cu0.5Ti 

layer, x, increases significantly. 

Figures 5(a)-5(e) show SEM images of the Cu/Al3Ti interface in the Cu/Al3Ti diffusion 

couple specimens heated at 600 oC for 0.5, 1.0, 2.0, 4.0, and 8.0 h, respectively.  The gray, 

dark gray, and dark regions shown in the images correspond to Cu, formed layers and Al3Ti, 

respectively.  The EDS results are listed in Table II, which shows that the composition of 

one of the formed layers is also close to that of Al2.5Cu0.5Ti.  The Al2.5Cu0.5Ti layer was 

formed on the Al3Ti side rather than on the Cu side.   Cu atoms diffuse into the Al3Ti phase 

and replace some of the Al atoms in the Al3Ti phase.  Moreover, diffusion along the grain 

boundary is also observed, especially on the Al3Ti side.  The Al2.5Cu0.5Ti layer gradually 

thickens with heating time.  Under the heating condition of 600 oC for 0.5, 1.0, 2.0, 4.0, and 

8.0 h, the thickness of the Al2.5Cu0.5Ti layer formed in the bonded Cu/Al3Ti samples was 

found to be 4.7, 6.1, 7.3, 9.9, and 15.6 m, respectively. 

The thickness of a reaction layer in the diffusion couples can be generally expressed by 

a simple parabolic equation. 30-33)  At a given temperature, the dependence of the layer 

thickness x on heating time t can be described by the following simple empirical relationship: 

x = k t n,         (1) 
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ln x = ln k + n ln t,        (2) 

 

where k is the growth rate constant and n is the kinetic exponent.  A kinetic exponent, n, of 

0.5 suggests standard diffusion limited growth, while an n larger than 0.5 indicates interface 

controlled growth. 33)  Taking Eq. (2) into account, the relationship between ln x and ln t is 

obtained; the results are shown in Fig. 6.  Note that ln x vs ln t shows a linear relationship.  

The kinetic exponent n is found to be 0.42.  Therefore, the formation of the Al2.5Cu0.5Ti 

layer is mainly controlled by diffusion. 

To confirm that the reaction phase at the Cu/Al3Ti interface is the Al2.5Cu0.5Ti phase, the 

distribution of the crystal structure around the interface is investigated for the Cu/Al3Ti 

diffusion couple specimen heated at 600 oC for 4.0 h.  In this measurement, the L12 and fcc 

structures are detected as cubic structures, since the crystal structures of the L12 Al2.5Cu0.5Ti 

phase and Cu are quite similar.  An SEM image, an inverse pole figure (IPF) map, and a 

phase map of the specimen are shown in Figs. 7(a)-7(c), respectively.  As shown in Fig. 7, 

the crystal structure of the reaction phase found on the Al3Ti side has a cubic structure.  In 

addition, the reaction phase has the composition of Al2.5Cu0.5Ti.  Hence, it is natural to 

conclude that the reaction phase is an L12 modified Al2.5Cu0.5Ti phase, which may be formed 

by the replacement of some of the Al atoms in the Al3Ti phase by diffused Cu atoms. 

 

3.2 Crushed particle dispersed specimen 

Back-scattering electron (BSE) images showing the cross-sectional morphologies of crushed 

particle dispersed specimens fabricated by SPS at 500, 600, and 700 oC before heat treatment 

are shown in Figs. 8(a)-8(c), respectively.  As can be seen from these figures, granular Al3Ti 

particles are successfully embedded homogeneously in the Cu matrix.  The magnified 

microstructures and EDS results of the above specimens are shown in Figs. 8(a’)-8(c’), and 

Table III, respectively.  No significant reaction between the Al3Ti particle and the Cu matrix 

occurs at the interface in the specimen obtained by SPS at 500 oC, as shown in Fig. 8(a’).  

The initial crushed particle dispersed specimen without the Al2.5Cu0.5Ti phase can be 

obtained by SPS at a lower SPS temperature.  However, the particles in the specimens 

obtained by SPS at 600 and 700 oC have reaction layers, as shown in Figs. 8(b’) and 8(c’), 

respectively.  Point 6 shown in Fig. 8(b’) and point 11 shown in Fig. 8(c’) have the chemical 
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composition of Al2.5Cu0.5Ti, as shown in Table III.  This is in accordance with the Cu/Al3Ti 

diffusion couple results, which show that Al2.5Cu0.5Ti is the main compound that can be 

observed at the Cu/Al3Ti interface.  The thickness of the Al2.5Cu0.5Ti layer increases with 

increasing SPS temperature and is 3.2 m for the specimen obtained by SPS at 600 oC and 

12.3 m for that obtained by SPS at 700 oC. 

Heat treatment at 600 oC is carried out for the crushed particle dispersed specimen 

obtained by SPS at 500 oC.  Figure 9 shows a set of IPF and phase maps of the granular 

Al3Ti particles in the crushed particle dispersed specimen heated for 0.5 h.  The SEM 

images of the specimens heated for 0.5, 1.0, 2.0, 4.0, and 8.0 h are shown in Figs. 10(a)-

10(e), respectively.  The EDS results listed in Table IV are evidence of the formation of the 

Al2.5Cu0.5Ti layer, except in the specimen heated for 0.5 h.  Figure 9 show that granular 

Al3Ti particles prepared by crushing arc-melted Al3Ti have no grain boundary.  The 

thickness of the Al2.5Cu0.5Ti layer increases with increasing heating time: the thicknesses in 

the specimens heated for 0.5, 1.0, 2.0, 4.0, and 8.0 h are 1.3, 2.8, 5.5, and 10.5 m, 

respectively.  These values are smaller than those observed in the Cu/Al3Ti diffusion couple 

specimen.  One of the main microstructural differences between these specimens is the 

grain structure of the Al3Ti phase.  As shown in Figs. 4, 5, and 7, the Al3Ti phase in the 

Cu/Al3Ti diffusion couple specimen is polycrystal, while no grain boundary is found in the 

crushed Al3Ti particles, as shown in Fig. 9.  It is known that the grain boundary and 

dislocations provide extra diffusion channels.  If grain boundary diffusion is significant, the 

reaction between Al3Ti and Cu is accelerated.  This is the case for the Cu/Al3Ti diffusion 

couple specimen.  On the other hand, the crushed Al3Ti particles do not have grain 

boundary, as shown in Fig. 9.  Therefore, a slower migration of Cu atoms in crushed Al3Ti 

particles causes the formation of a thinner layer in the crushed particle dispersed specimen. 

 

3.3 Gas-atomized particle dispersed specimen 

Figure 11 shows the result of XRD analysis for gas-atomized Al3Ti particles.  In agreement 

with the crushed particles, the D022 structure of the Al3Ti phase was confirmed by XRD 

analysis. 

Figures 12(a)-12(c) show the cross-sectional morphologies of gas-atomized particle 

dispersed specimens obtained by SPS at 500, 600, and 700 oC, respectively.  Figure 12 



  Template for JJAP Regular Papers (Jan. 2014) 

8 

indicates that spherical Al3Ti particles prepared by the gas-atomization method are 

polycrystals.  The compositions obtained by EDS analysis of SEM images are listed in 

Table V.  It is worth noting that the progress of the reaction is found for the gas-atomized 

Al3Ti particle dispersed specimens but small for the crushed Al3Ti particle dispersed 

specimens shown in Figs. 8(a)-8(c).  It is found that the formation of the Al2.5Cu0.5Ti layer 

is mainly controlled by diffusion, which is enhanced by the presence of grain boundaries.  

Figures 12(b) and 12(c) also indicate that grain boundaries are important diffusion channels 

during the reaction, as shown by the migration of Cu atoms along grain boundaries of Al3Ti. 

When the gas-atomized Al3Ti particle dispersed Al matrix specimens (Al-10 vol% 

Al3Ti specimens) are heated at an elevated temperature, spherical Al3Ti particles are found 

to be divided into smaller parts. 34)  The gas-atomized Al3Ti particle dispersed Cu matrix 

specimens (Cu-10 vol% Al3Ti specimens) obtained by SPS at 500 oC without reaction are 

heated at 600 oC, and the results are shown in Fig. 13.  Moreover, IPF and phase maps of 

the specimen heated at 600 oC for 0.5 h are shown in Fig. 14.  As already mentioned above, 

the spherical Al3Ti particles fabricated by gas-atomization are polycrystals.  No division of 

gas-atomized Al3Ti particles after heating was observed when the matrix is Cu.  Instead, 

the reaction between Al3Ti and Cu was found, as shown in Table VI  Again, the enhanced 

reaction between Al3Ti and Cu is observed in gas-atomized particle dispersed specimens, 

suggesting that the grain boundaries in the Al3Ti particles are beneficial to the reaction 

subsequent to grain boundary diffusion.  Numerous grain boundaries of gas-atomized Al3Ti 

particles became diffusion paths, which results in the enhancement of the reaction between 

Al3Ti and Cu.  

 

4. Conclusions 

In this study, Cu/Al3Ti diffusion couple specimens, specimens with crushed Al3Ti particles 

dispersed in the Cu matrix (crushed particle dispersed specimens), and specimens with gas-

atomized Al3Ti particles dispersed in the Cu matrix (gas-atomized particle dispersed 

specimens) are fabricated by SPS.  These specimens are heated at 600 oC for up to 8 h, and 

the reaction between Cu and Al3Ti is studied.  The main results are as follows.   

1) The Cu/Al3Ti diffusion couple specimen and the specimens with Al3Ti particles 

dispersed in the Cu matrix (Cu-10 vol% Al3Ti specimen) without the Al2.5Cu0.5Ti phase 
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can be obtained by SPS. 

2) During the heat treatment, an Al2.5Cu0.5Ti layer is formed at the Cu/Al3Ti interface in the 

Cu/Al3Ti diffusion couple specimen.  The thickness of the Al2.5Cu0.5Ti layer increases 

remarkably when the heating time is increased.  The layer thickness is linear with the 

square root of heating time, since the formation of the Al2.5Cu0.5Ti layer is mainly 

controlled by diffusion. 

3) During the heat treatment of the crushed particle dispersed specimens, an Al2.5Cu0.5Ti 

layer is formed at the interface.  The thickness of the Al2.5Cu0.5Ti layer increases with 

increasing heating time.  Compared with the diffusion couple specimen, the crushed 

particle dispersed specimen with the same heat treatment showed a thin layer. 

4) An enhanced reaction between Al3Ti and Cu is found for gas-atomized particle dispersed 

specimens.  This is because the gas-atomized Al3Ti particles are polycrystals, and form 

numerous grain boundaries.  The grain boundaries in the Al3Ti phase are beneficial to 

the reaction subsequent to grain boundary diffusion. 
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Figure caption list  

 

Fig. 1. (Color online)  Al-Ti-Cu ternary alloy phase diagram cited from Ref. 24. 

Fig. 2. (Color online)  Flow diagram for fabrication of Cu/Al3Ti diffusion couple 

specimens. 

Fig. 3. (Color online)  XRD profile of crushed Al3Ti particles.  

Fig. 4. (Color online)  SEM images of microstructures of Cu/Al3Ti diffusion couple 

specimens bonded at 600 oC for 300 s (a), at 600 oC for 600 s (b), at 700 oC for 600 s (c), 

and at 800 oC for 600 s (d) without heat treatment. 

Fig. 5. (Color online)  SEM images of microstructures of Cu/Al3Ti interface in the 

Cu/Al3Ti diffusion couple specimens heated at 600 oC for 0.5 (a), 1 (b), 2 (c), 4 (d), and 8 

(e) h.  SPS bonding was carried out at 600 oC for 300 s. 

Fig. 6. (Color online)  Relationship between thickness of Al2.5Cu0.5Ti layer and heating 

time.  Note that this figure is plotted using a log-log plot. 

Fig. 7. (Color Online) (a) SEM image showing microstructure around Cu/Al3Ti interface in 

the specimen heated at 600 oC for 4 h. (b) and (c) show the IPF map and phase map of the 

white rectangular region shown in (a), respectively.   
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Fig. 8. (Color online)  BSE images of microstructures of crushed particle dispersed 

specimens obtained by SPS at 500 oC (a) and (a’), 600 oC (b) and (b’), and 700 oC (c) and 

(c’) without heat treatment. 

Fig. 9. (Color Online) IPF and phase maps of granular Al3Ti particles in the crushed 

particle dispersed specimen heated at 600 oC for 0.5 h. 

Fig. 10. (Color online)  SEM images of microstructures of crushed particle dispersed 

specimens heated at 600 oC for 0.5 (a), 1 (b), 2 (c), 4 (d), and 8 (e) h.  

Fig. 11. (Color online)  XRD profile of gas-atomized Al3Ti particles.  

Fig. 12. (Color online)  SEM images of microstructures of gas-atomized particle dispersed 

specimens obtained by SPS at 500 oC (a) and (a’), 600 oC (b) and (b’), and 700 oC (c) and 

(c’) without heat treatment. 

Fig. 13. (Color online)  SEM images of microstructures of gas-atomized particle dispersed 

specimens heated at 600 oC for 0.5 (a), 1 (b), 2 (c), 4 (d), and 8 (e) h. 

Fig. 14. (Color Online) IPF and phase maps of gas-atomized Al3Ti particles in the gas-

atomized particle dispersed specimen heated at 600 oC for 0.5 h. 
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Table I.  Compositional analysis of the Cu/Al3Ti interface in Cu/Al3Ti diffusion couple 

specimen without heat treatment, shown in Fig. 4 (mol%). 

 
 

Al Cu Ti 

Theoretical value of Al2.5Cu0.5Ti 62.5 12.5 25.0 

1 [Cu side in Fig. 4(b)] 0.05 99.29 0.66 

2 [Cu side in Fig. 4(b)] 18.11 81.89 0.00 

3 [Cu side in Fig. 4(b)] 19.72 80.28 0.00 

4 [Cu side in Fig. 4(b)] 31.56 67.93 0.51 

5 [Cu side in Fig. 4(b)] 30.39 69.61 0.00 

6 [Al3Ti side in Fig. 4(b)] 72.01 0.00 27.99 

7 [Cu side in Fig. 4(c)] 0.00 99.60 0.40 

8 [Reaction layer in Fig. 4(c)] 19.92 79.56 0.52 

9 [Reaction layer in Fig. 4(c)] 22.57 56.03 21.40 

10 [Reaction layer in Fig. 4(c)] 61.55 13.13 25.32 

11 [Al3Ti side in Fig. 4(c)] 73.08 0.53 26.39 

12 [Cu side in Fig. 4(d)] 0.00 99.79 0.21 

13 [Reaction layer in Fig. 4(d)] 17.59 81.95 0.47 

14 [Reaction layer in Fig. 4(d)] 19.58 57.75 22.67 

15 [Reaction layer in Fig. 4(d)] 58.92 15.81 25.28 

16 [Reaction layer in Fig. 4(d)] 58.90 16.06 25.05 

17 [Reaction layer in Fig. 4(d)] 62.99 10.65 26.35 

18 [Al3Ti side in Fig. 4(d)] 72.12 0.18 27.71 
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Table II.  Compositional analysis of Cu/Al3Ti interface in the Cu/Al3Ti diffusion 

couple specimens heated at 600 oC, shown in Fig. 5 (mol%). 

 
 

Al Cu Ti 

Theoretical value of Al2.5Cu0.5Ti 62.5 12.5 25.0 

1 [Cu side in Fig. 5(a)] 0.00 100.00 0.00 

2 [Cu side in Fig. 5(a)] 27.34 71.95 0.70 

3 [Reaction layer in Fig. 5(a)] 61.56 14.10 24.34 

4 [Al3Ti side in Fig. 5(a)] 71.00 0.09 28.91 

5 [Cu side in Fig. 5(b)] 0.00 99.68 0.32 

6 [Cu side in Fig. 5(b)] 27.75 71.75 0.49 

7 [Reaction layer in Fig. 5(b)] 22.65 61.20 16.15 

8 [Reaction layer in Fig. 5(b)] 61.93 12.98 25.09 

9 [Cu side in Fig. 5(c)] 4.68 95.27 0.05 

10 [Reaction layer in Fig. 5(c)] 27.83 71.84 0.33 

11 [Reaction layer in Fig. 5(c)] 44.26 41.05 14.69 

12 [Reaction layer in Fig. 5(c)] 59.36 15.04 25.6 

13 [Al3Ti side in Fig. 5(c)] 72.02 0.08 27.9 

14 [Cu side in Fig. 5(d)] 0.04 99.57 0.39 

15 [Reaction layer in Fig. 5(d)] 22.66 76.84 0.49 

16 [Reaction layer in Fig. 5(d)] 43.12 40.51 16.37 

17 [Reaction layer in Fig. 5(d)] 60.27 14.74 24.98 

18 [Al3Ti side in Fig. 5(d)] 72.45 0.00 27.55 

19 [Reaction layer in Fig. 5(e)] 23.55 76.24 0.20 

20 [Reaction layer in Fig. 5(e)] 42.51 40.46 17.02 

21 [Reaction layer in Fig. 5(e)] 60.85 12.79 26.35 
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Table III.  Compositional analysis of crushed particle dispersed specimens before heat 

treatment shown in Fig. 8 (mol%). 

 
 

Al Cu Ti 

Theoretical value of Al2.5Cu0.5Ti 62.5 12.5 25.0 

1 [Matrix in Fig. 8(a’)] 0.18 99.19 0.63 

2 [Matrix in Fig. 8(a’)] 0.00 100.00 0.00 

3 [Particle in Fig. 8(a’)] 71.39 0.84 27.76 

4 [Matrix in Fig. 8(b’)] 0.57 99.43 0.00 

5 [Reaction layer in Fig. 8(b’)] 20.40 60.79 18.81 

6 [Reaction layer in Fig. 8(b’)] 61.20 13.18 25.62 

7 [Particle in Fig. 8(b’)] 72.30 0.56 27.15 

8 [Matrix in Fig. 8(c’)] 0.00 99.67 0.33 

9 [Reaction layer in Fig. 8(c’)] 18.21 81.38 0.41 

10 [Reaction layer in Fig. 8(c’)] 20.64 61.32 18.04 

11 [Reaction layer in Fig. 8(c’)] 61.59 13.12 25.29 

12 [Particle in Fig. 8(c’)] 72.18 0.61 27.20 
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Table IV.  Compositional analysis of crushed particle dispersed specimens heated at 

600 oC, shown in Fig. 10 (mol%). 

 
 

Al Cu Ti 

Theoretical value of Al2.5Cu0.5Ti 62.5 12.5 25.0 

1 [Matrix in Fig. 10(a)] 0.24 99.47 0.29 

2 [Particle in Fig. 10(a)] 75.65 0.53 23.83 

3 [Particle in Fig. 10(a)] 73.95 0.02 26.03 

4 [Particle in Fig. 10(a)] 75.16 0.51 24.33 

5 [Reaction layer in Fig. 10(b)] 60.41 12.48 27.11 

6 [Reaction layer in Fig. 10(b)] 61.31 11.36 27.33 

7 [Particle in Fig. 10(b)] 72.07 0.33 27.60 

8 [Particle in Fig. 10(b)] 72.59 0.00 27.41 

9 [Matrix in Fig. 10(c)] 0.00 99.56 0.44 

10 [Reaction layer in Fig. 10(c)] 62.24 14.18 23.59 

11 [Reaction layer in Fig. 10(c)] 62.54 12.79 24.67 

12 [Particle in Fig. 10(c)] 73.07 0.00 26.93 

13 [Reaction layer in Fig. 10(d)] 62.87 12.02 25.12 

14 [Reaction layer in Fig. 10(d)] 61.03 13.14 25.82 

15 [Particle in Fig. 10(d)] 72.82 0.00 27.18 

16 [Particle in Fig. 10(d)] 73.12 0.30 26.58 

17 [Reaction layer in Fig. 10(e)] 21.24 66.29 12.46 

18 [Reaction layer in Fig. 10(e)] 60.65 13.22 26.13 

19 [Reaction layer in Fig. 10(e)] 61.44 12.58 25.98 

20 [Particle in Fig. 10(e)] 72.10 0.49 27.41 
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Table V.  Compositional analysis of gas-atomized particle dispersed specimens before 

heat treatment shown in Fig. 12 (mol%). 

 
 

Al Cu Ti 

Theoretical value of Al2.5Cu0.5Ti 62.5 12.5 25.0 

1 [Matrix in Fig. 12(a’)] 0.00 100.00 0.00 

2 [Particle in Fig. 12(a’)] 72.25 0.17 27.59 

3 [Particle in Fig. 12(a’)] 72.66 0.00 27.34 

4 [Matrix in Fig. 12(b’)] 0.00 100.00 0.00 

5 [Reaction layer in Fig. 12(b’)] 18.25 81.75 0.00 

6 [Particle in Fig. 12(b’)] 70.69 2.12 27.18 

7 [Matrix in Fig. 12(c’)] 0.00 100.00 0.00 

8 [Reaction layer in Fig. 12(c’)] 14.62 85.17 0.21 

9 [Reaction layer in Fig. 12(c’)] 20.31 60.46 19.24 

10 [Particle in Fig. 12(c’)] 61.90 12.59 25.51 
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Table VI.  Compositional analysis of gas-atomized particle dispersed specimens heated 

at 600 oC, shown in Fig. 13 (mol%). 

 
 

Al Cu Ti 

Theoretical value of Al2.5Cu0.5Ti 62.5 12.5 25.0 

1 [Matrix in Fig. 13(a)] 0.29 99.34 0.37 

2 [Particle in Fig. 13(a)] 70.57 3.09 26.35 

3 [Particle in Fig. 13(a)] 71.68 0.85 27.47 

4 [Particle in Fig. 13(a)] 71.18 1.18 27.63 

5 [Matrix in Fig. 13(b)] 0.00 99.93 0.07 

6 [Particle in Fig. 13(b)] 63.33 10.27 26.40 

7 [Particle in Fig. 13(b)] 63.16 11.45 25.39 

8 [Particle in Fig. 13(b)] 73.16 0.68 26.16 

9 [Matrix in Fig. 13(c)] 0.77 99.23 0.00 

10 [Reaction layer in Fig. 13(c)] 62.36 10.88 26.76 

11 [Reaction layer in Fig. 13(c)] 61.49 12.81 25.70 

12 [Core in Fig. 13(c)] 71.72 0.19 28.09 

13 [Matrix in Fig. 13(d)] 0.00 100.00 0.00 

14 [Reaction layer in Fig. 13(d)] 33.19 66.10 0.71 

15 [Reaction layer in Fig. 13(d)] 61.54 13.54 24.92 

16 [Core in Fig. 13(d)] 72.47 0.37 27.17 

17 [Matrix in Fig. 13(e)] 11.78 88.22 0.00 

18 [Reaction layer in Fig. 13(e)] 18.88 80.71 0.41 

19 [Reaction layer in Fig. 13(e)] 59.91 15.59 24.50 

20 [Core in Fig. 13(e)] 49.86 24.89 25.25 
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Fig. 1. (Color online)  Al-Ti-Cu ternary alloy phase diagram cited from Ref. 24. 
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Fig. 2. (Color online)  Flow diagram for fabrication of Cu/Al3Ti diffusion couple 

specimens. 

 

 

Fig. 3. (Color online)  XRD profile of crushed Al3Ti particles.  
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Fig. 4. (Color online)  SEM images of microstructures of Cu/Al3Ti diffusion couple 

specimens bonded at 600 oC for 300 s (a), at 600 oC for 600 s (b), at 700 oC for 600 s (c), 

and at 800 oC for 600 s (d) without heat treatment. 
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Fig. 5. (Color online)  SEM images of microstructures of Cu/Al3Ti interface in the 

Cu/Al3Ti diffusion couple specimens heated at 600 oC for 0.5 (a), 1 (b), 2 (c), 4 (d), and 8 

(e) h.  SPS bonding was carried out at 600 oC for 300 s. 
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Fig. 6. (Color online)  Relationship between thickness of Al2.5Cu0.5Ti layer and heating 

time.  Note that this figure is plotted using a log-log plot. 

 

 

 
 

Fig. 7. (Color Online) (a) SEM image showing microstructure around Cu/Al3Ti interface in 

the specimen heated at 600 oC for 4 h. (b) and (c) show the IPF map and phase map of the 

white rectangular region shown in (a), respectively.   
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Fig. 8. (Color online)  BSE images of microstructures of crushed particle dispersed 

specimens obtained by SPS at 500 oC (a) and (a’), 600 oC (b) and (b’), and 700 oC (c) and 

(c’) without heat treatment. 
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Fig. 9. (Color Online) IPF and phase maps of granular Al3Ti particles in the crushed 

particle dispersed specimen heated at 600 oC for 0.5 h. 
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Fig. 10. (Color online)  SEM images of microstructures of crushed particle dispersed 

specimens heated at 600 oC for 0.5 (a), 1 (b), 2 (c), 4 (d), and 8 (e) h.  
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Fig. 11. (Color online)  XRD profile of gas-atomized Al3Ti particles.  
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Fig. 12. (Color online)  SEM images of microstructures of gas-atomized particle dispersed 

specimens obtained by SPS at 500 oC (a) and (a’), 600 oC (b) and (b’), and 700 oC (c) and 

(c’) without heat treatment. 
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Fig. 13. (Color online)  SEM images of microstructures of gas-atomized particle dispersed 

specimens heated at 600 oC for 0.5 (a), 1 (b), 2 (c), 4 (d), and 8 (e) h. 

 

 

 

 



  Template for JJAP Regular Papers (Jan. 2014) 

30 

 

 

Fig. 14. (Color Online) IPF and phase maps of gas-atomized Al3Ti particles in the gas-

atomized particle dispersed specimen heated at 600 oC for 0.5 h. 

 

 


