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larger than that of the initial particles. The milling was carried 
out under dry conditions, and the result was different from that 
observed in a similar experiment under wet conditions, with 
the size consistently decreasing with an increase in milling 
time [13]. In the backscattered electron (BSE) image showing 
a cross-section of alloyed particles (Fig. 2(b)), the domains of Ag 
and Cu phases are not distinguishable, and a lamellar structure 
was not observed. Moreover, in the XRD pattern, there are no 
peaks corresponding to pure Ag and Cu phases. Hence, all the 
new peaks measured for the milled particles are attributable to 
Ag-40Cu mechanical alloy and Cu oxide [11,12,14,15]. The 
absence of peaks corresponding to pure Ag and Cu indicates the 
formation of a non-equilibrium supersaturated face-centered-
cubic (FCC) solid solution phase that cannot be achieved by 
a normal casting process [11,12,14,15]. The lattice parameter of 
the synthesized FCC phase was estimated to be around 3.90 Å, 
using Vegard’s law [11]. These results imply that the added Ag 
and Cu are mixed homogeneously at atomic scale in the particles. 
Hence, the completely alloyed Ag-40Cu powder can be used as 
a filler material for the die-attach process. Although peaks for 
pure Ag and Cu were clearly observed after incomplete alloying 
following milling for 3 h in a similar experiment [12], peaks for 
the pure metals were not observed after 3 h in this experiment 
due to higher milling energy. The amount of Cu oxide phase 
formed seems to be low because the milling was conducted 
using a closed vial.

To confirm the functional benefit of mechanically alloyed 
Ag-40Cu powder, weight gain by oxidation was measured 
while heating in air. Figure 3 shows the TG results obtained 
using three types of powders (Ag, Cu, and mechanically al-
loyed Ag-40Cu) during dynamic heating. The heating rate was 
10°C/min. Although Cu powder is continuously oxidized at 
a temperature above 150°C, the oxidation of Ag does not oc-
cur. The Ag-40Cu powder is slightly oxidized at a temperature 
above 200°C, which is delayed compared with the behavior of 
Cu. The extent of weight gain is also lower than that estimated 
from the composition of Ag-40Cu. These results suggest that the 
oxidation sensitivity of mechanically alloyed Ag-40Cu powder is 

not significant, and that the powder is a suitable material for the 
bonding process at 225°C. The anti-oxidation characteristics of 
the Ag-40Cu powder might be due to both a blocking effect by 
Ag, preventing contact between oxygen and Cu, and the slight 
oxidation of Cu during the milling. Ag atoms in the Ag-40Cu 
particle and the surface render the Cu oxidation difficult [16].

Figure 4 shows the shear strength of chips bonded using the 
paste containing the alloyed Ag-40Cu powder under different 
bonding conditions. Note that the conditions indicated on the 
X-axis include two different external pressures and two different 
bonding times. After sintering at a pressure of 5 MPa for 5 min, 
the chips were very slightly bonded on the DBC substrate, ir-
respective of the bonding temperature. These incomplete bond-
ing results are not included in the results shown in Fig. 4. The 
chips sinter-bonded at a pressure of 5 MPa for 10 min exhibited 
relatively low shear strength (not exceeding 8 MPa) regardless 
of the temperature. However, at a temperature of 225°C, the 
strength was enhanced significantly by an increase in pressure 
to 10 MPa. The value increased to 15.3 (±1.4) MPa after sinter 
bonding for 10 min. This strength value is similar to that meas-
ured for the sample sinter-bonded at 220°C and 0.07 MPa for 
60 min using a paste containing micron-sized Ag particles or at 
275°C and 1 MPa for 20 min using nanoscale Ag paste [3,4]. 
Furthermore, after bonding at 250°C, the strength was similar or 
slightly enhanced for a higher pressure of 10 MPa. As a result, the 
strength after sinter-bonding for 10 min was just 9.0 (±0.9) MPa, 
indicating that the higher bonding temperature was less effective 
in enhancing the bonding strength.

Fig. 4. Shear strength of chips bonded using the mechanically alloyed 
Ag-40Cu powder with different bonding temperatures, external pres-
sures, and bonding times

Cross-sectional BSE images of bond-lines formed with dif-
ferent external pressures and bonding times at 225°C using the 
mechanically alloyed Ag-40Cu powder are displayed in Fig. 5. 
The upper, middle, and lower images indicate low-magnification 
bond-line images, images showing the sinter-bonding between 
Ag-40Cu particles in the magnified bond-line, and images 
showing the sinter-bonding between the Ag finish and Ag-40Cu 
particles, respectively. In the sample bonded at 5 MPa for 5 min, 

Fig. 3. TG results of Ag, Cu, and mechanically alloyed Ag-40Cu pow-
ders during dynamic heating in air



510

the interface between Ag finish and particles split after the epoxy 
used for mounting the sample was cured, owing to weak adhe-
sion between them, although sinter-bonding between particles 
was clearly observed (Fig. 5(a)). However, when the bonding 
time was increased to 10 min at this pressure, a bonded interface 
was observed due to the reinforcement of the adhesion at the 
interface, as shown in Fig. 5(b). When the pressure was increased 
to 10 MPa, the voids between particles diminished, resulting in 
a decrease in bond-line thickness (Fig. 5(c, d)). The degree of 
sinter-bonding between particles at this pressure was not very 

different with respect to bonding time. As the representative 
fracture surface was the interface between the Ag finish on 
a chip and the Ag-40Cu particles, the enhanced shear strength 
due to an extended bonding time of 10 min can be attributed to 
improvement in adhesion between the Ag finish and the particles.

Cross-sectional BSE images of bond-lines formed with dif-
ferent external pressures and bonding times at a higher bonding 
temperature of 250°C are presented in Fig. 6. The increase in 
bonding temperature induced a slight change in the bond-line 
region. The Ag finish/particles interface formed at 5 MPa for 

Fig. 5. Cross-section BSE images of bond-lines formed with different conditions (external pressure/bonding time) at 225°C using mechanically 
alloyed Ag-40Cu powder: (a) 5 MPa/5 min (b) 5 MPa/10 min, (c) 10 MPa/5 min, and (d) 10 MPa/10 min

Fig. 6. Cross-section BSE images of bond-lines formed with different conditions at 250°C using mechanically alloyed Ag-40Cu powder: (a) 5 MPa/5 
min (b) 5 MPa/10 min, (c) 10 MPa/5 min, and (d) 10 MPa/10 min
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5 min was still observed to split (Fig. 6(a)), and a weak interface 
was maintained, with the images showing fractured or a slightly 
bonded interface after an increase in just one parameter value 
(Fig. 6(b, c)). A clear enhancement in bonding was observed 
only in the sample fabricated by applying 10 MPa for 10 min 
(Fig. 6(d)). These images confirm that an increase in the bond-
ing temperature to 250°C is detrimental to the bonding, which 
is similar to the trend seen in Fig. 4.

To determine the effect of die-attach heating on phase 
change in the mechanically alloyed Ag-40Cu, XRD patterns 
were recorded after heating the powder at various temperatures. 
These are presented in Fig. 7. The peaks observed for the initial 
mechanically alloyed powder shift to lower angles as the tem-
perature increases. As a result, the peaks of the alloyed Ag-40Cu 
after heating at 225°C decompose into Ag and Cu peaks. The 
decomposition becomes intense, with the formation of sharper 
peaks, after heating at 250°C. For heating in air, the oxidation 
of Cu also seemed more intense with an increase in temperature.

Fig. 7. XRD patterns after heating of mechanically alloyed Ag-40Cu 
powders at different temperatures

To determine the reasons for the detrimental effect of an 
increase in bonding temperature on the bonding as well as degree 
of oxidation, EDS mapping was conducted after the mechanically 
alloyed Ag-40Cu particles were sintered at 10 MPa for 10 min 
at 225 and 250°C. The results are displayed in Fig. 8. Although 
phase decomposition into Ag and Cu phases occurred at these 
temperatures, domains of pure Ag and Cu are not defined in 
the mapping images, which implies that the Ag and Cu phases 
exist only at the nanoscale. Moreover, the mapping intensity 
for oxygen increases, in general, as the temperature increases, 
confirming the TG result that the extent of Cu oxidation increases 
with an increase in temperature. The intensity of oxygen is 
maximum at the edges of the particles that are not sinter-bonded 
with a neighboring particle. Therefore, we conclude from the 
results of lower shear strength at higher temperature shown in 
Fig. 4, and from the higher oxygen content at higher temperature 
shown in Fig. 8, that an increase in Cu oxidation severely hinders 
sinter-bonding with neighboring particles and the Ag finish in 
the metallization of chips and substrates. 

Fig. 8. EDS mapping results of mechanically alloyed Ag-40Cu particles 
sintered at 10 MPa for 10 min at different temperatures: (a) 225°C and 
(b) 250°C

4. Conclusions

The 60Ag/40Cu powder mixture was completely mechani-
cally alloyed by dry high-energy milling for 3 h. Ag and Cu were 
completely dispersed in the cross-section of the alloyed particles 
because the Ag and Cu were mixed at atomic scale. The XRD 
peaks of the alloyed powder are those of a non-equilibrium phase 
that cannot be realized by casting. Furthermore, the antioxidation 
properties of the alloyed powder are higher than that estimated 
from the composition, mainly due to a shielding effect of Ag 
against contact between Cu and oxygen. In the die-attach at 
225°C in air, a high pressure and long bonding time increased 
the shear strength of the bonded die. The combination of 10 MPa 
and 10 min induced a sufficient strength of 15.3 MPa. However, 
an increase in temperature to 250°C was detrimental to the bond-
ing strength, due to excessive oxidation of the alloyed particles. 
The alloy clearly begins to decompose into nanoscale Ag and 
Cu phases above 225°C during the heating process. 
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