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ABSTRACT 
The Ag-rich precipitates formation reaction in the Cu-9.22%at. Al-4.66%at. Ag, Cu-9.31%at. Al-

5.83%at. Ag and Cu-9.37%at. Al-7.08%at. Ag alloys was studied using microhardness change measurements 
with temperature and time, differential scanning calorimetry (DSC), scanning electron microscopy (SEM) 
and X-ray diffractometry (XRD). The results indicated that the Ag-rich phase formation is an interface 
controlled process with a zero-order mechanism, due to the amount of unsolved Ag that makes the 
precipitation reaction rate independent of Ag concentration. 
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1 INTRODUCTION 

In the growth of precipitates from supersaturated solid solutions, the rate of growth depends upon 
the rate at which atoms are brought to, or removed from, the interface by diffusion and the rate at which they 
cross the interface. During the early stage of growth the interface reaction must be the slower of these steps 
because of the limited area of interface and because the distance over which diffusion is necessary tends to 
zero.  At large particle sizes the reverse is true because the diffusional flux gets progressively slower due to 
the continuous removal of solute from solution reducing the concentration gradient which is the driving force 
for diffusion, whilst the flux across the interface increases due to the increase in area [1].  

According to the Cu-Al equilibrium diagram [2, 3], the α-Cu solid solution limit is between 17.97 % 
at. and 18.91 % at. Al below 300 °C. In this way, α-(Cu-Al) alloys in this field are not susceptible to age 
hardening. Silver additions to Cu-Al alloys increase its hardness [4], corrosion resistance [5], and modify the 
aging characteristics of the alloys [6]. Phases in Cu-Al-Ag alloys are structurally analog to those present in 
the binary systems, without ternary intermediary phases [7, 8, 9]. In Cu-Al-Ag alloys the Ag-rich phase 
formation follows a growth and nucleation mechanism influenced by Ag content [10]. 

In this work, the Ag rich phase formation in the Cu-9.22%at. Al-4.66%at. Ag, Cu-9.31%at. Al-
5.83% at. Ag and Cu-9.37% at. Al-7.08% at. Ag alloys was studied using differential scanning calorimetry 
(DSC), microhardness change measurements with temperature and time, scanning electron microscopy 
(SEM) and X-ray diffractometry (XRD). 

2 MATERIALS AND METHODS 

The Cu-9.22 % at. Al-4.66 % at. Ag, Cu-9.31 % at. l-5.83%at. Ag and Cu-9.37 % at. Al-7.08 % at. Ag 
alloys were prepared in an induction furnace under argon atmosphere using 99.95% copper, 99.97% 
aluminum and 99.98% silver as starting materials. Results from chemical analysis indicated a final alloys 
composition very close to the nominal one, with Pb, Fe, and Mn as main impurities (concentration less than 
100 ppm). Cylindrical samples with 2.0 cm diameter and 6.0 cm length were cut in disks of 2.0 mm 
thickness. The disks were cold rolled and flat squares samples of 1.0 mm thickness and about 5.0 mm length 
were used for hardness measurements and scanning electron microscopy. Previous results [6] indicated that 
the Ag dissolution occurs at about 780oC, therefore the samples were solution treated at a higher temperature. 
All samples were annealed during 120 h at 850 °C for homogenization, and some of them were then 
equilibrated for 1 h at 850 °C and quenched in iced water to maintain Ag in solution. Some of the quenched 
samples were equilibrated for 1 h at temperatures ranging from 100 to 900 oC and quenched in iced water, 
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thus characterizing an isochronic process. Other samples, quenched from 850 °C in iced water, were aged at 
five different temperatures chosen at about the maximum Ag precipitation temperature, determined from 
DSC measurements and hardness measurements on the aged samples gave the hardness/ageing time curves. 
After the heat treatments the samples were polished, etched and examined by SEM using a Jeol JSM T330A. 
The XRD diagrams were obtained using a Siemens D5000 4B diffractometer, Cu Kα radiation and solid (not 
powdered) samples. DSC curves were obtained using a Q20 TA Instruments and the Vickers hardness 
measurements were made with a Buehler Micromet 2003 Microhardness Tester using a load of 0.5 kg. Each 
hardness number was calculated from an average of 10 hardness impressions with a standard deviation of 
about 2%. 

3 RESULTS AND DISCUSSION 
Figure 1-a shows the DSC curves obtained with a heating rate of 20°C.min−1 for samples initially 

quenched and Figure 1-b shows the plot of hardness values vs. isochronic quenching temperature obtained 
for the Cu-9.22%at. Al-4.66%at. Ag, Cu-9.31%at. Al-5.83%at. Ag and Cu-9.37%at. Al-7.08%at. Ag alloys. 
In the DSC curves of Figure 1-a one can observe an exothermic peak at the temperature range from 475 to 
575 oC. This thermal event is associated with Ag precipitation retained by quenching [10]. In the curves of 
Figure 1-b it is possible to observe that the alloy hardness increases with isochronic quenching temperature 
and with the silver content. All alloys show a hardness maximum at about 450 oC. Considering that the 
studied alloys are in the Cu-rich corner (α field) of the Cu-Al–Ag system [9], it is possible to attribute the 
hardness peaks to Ag precipitation. This was confirmed by the XRD patterns shown in Figure 2 and by the 
micrographs in Figure 3. These micrographs show that after quenching from 300 °C (Figure 3-a) there are 
silver precipitates at the grain boundaries and after quenching from 450 oC (Figure 3-b) the Ag precipitates 
fraction is increased.  
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Figure 1: (a) DSC curves obtained with a heating rate of 20 oCmin-1 for  samples initially quenched  from 
850 oC (b) Plots of microhardness changes vs. isochronic quenching temperature. 
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Figure 2: X-ray diffraction patterns obtained for the Cu-9.22%at. Al-4.66%at. Ag alloy initially quenched 
from 850 oC. 

    

(a)                                                                    (b) 

Figure 3: Scanning electron micrographs (BEI) obtained for the Cu-9.37%at. Al- 7.08%at. Ag alloy: (a) 
quenched from 300 oC; (b) quenched from 450°C. 

The thermal behavior of α-Cu–Al–Ag alloys, or those with Al content up to 17.97at.%, when 
compared with other systems, e.g. Cu–Be–Mg, shows some interesting features. α-Cu–Al alloys show no 
thermal events due to the complete Al solubility in this range, while α-Cu–Al–Ag alloys show a new thermal 
event due to Ag dissolution or precipitation (see Figure 1-a and 1-b). This behavior is ascribed to the weak 
interaction (small electronegativity difference) between Cu and Ag atoms. On the other hand, the Cu–Be 
system shows four thermal events, which are disturbed by the presence of Mg, due to the strong interaction 
between Mg atoms and vacancies [11]. It is known that the fraction of particles in a system having energy E 
is proportional to the Boltzmann factor e−Ea/RT. The number of particles taking part in a reaction has to 
surmount the activation energy barrier and, in this way, the Boltzmann factor may be associated with the 
reaction rate [1]. Hence, considering that with the increase in the quenching temperature the Ag atoms 
fraction that precipitates during the isochronal process is increased, its maximum value may be associated 
with the major possible fraction of precipitates formed at constant time. So, the hardness peak in Figure 1-b 
may indicate that the maximum rate for precipitation reaction is at about the temperature corresponding to 
this maximum. The maximum for all curves in Figure 1-b is at about 450°C and the precipitation process is 
also close to a maximum at this temperature. A more precise indication of this maximum temperature is 
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given by the DSC curves in Figure 1-a, where one can verify that the reaction maximum is at about 500 oC. 
The aging temperatures were then selected up to this maximum and all studied alloys were aged at 300, 350, 
400, 450 and 500°C. This was due considering that for transformations in metals and alloys involving a 
change from a high temperature phase to a low temperature phase during isothermal annealing the reaction, 
once started, proceeds slowly both at high temperature near to the transition temperature and at low 
temperatures [12]. Figure 4-a shows the isothermal hardness vs. aging time curves for alloys aged at 450 °C. 
Similar curves were obtained for all studied alloys at the selected aging temperatures. It is possible to verify 
that age hardening occurred in all alloys with silver additions, providing evidence that (a) the hardness 
increase was always preceded by an incubation period, the magnitude of which depends on the aging 
temperature and on the silver content and (b) there is little variation of the peak-hardness values with the 
aging temperature for each alloy.  
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Figure 4: (a) Plots of microhardness changes vs. aging time and (b) Plots of dHV/dt vs. aging time. 

The sigmoidal curves in Figure 4-a may be associated with changes in the transformed fraction with 
time for the Ag precipitation reaction and the derivative of these curves, (∂HV/∂t)T or the hardening rate at 
constant temperature, may correspond to the precipitation reaction rate. Figure 4-b shows the hardening rate 
vs. time curves obtained for alloys aged at 450 °C. From this figure and from similar curves obtained at the 
other aging temperatures, one can observe that the hardening rate is increased up to a maximum value and 
then decreases down to values close to those initially obtained. This initial raise can be due to the increase of 
growth rate and the subsequent decrease to a growth rate decrease of Ag precipitates. The transformed 
fraction vs. time curves, in Figure 4-a, show an induction or incubation period that can be related to the 
nucleation process and, in this case, corresponds to silver-rich nuclei formation. During this period, 
nucleation is the dominant process and the growth of silver-rich precipitates starts to dominate at the end of 
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the incubation period. This is evidenced by the hardness increase, and also indicates that in this case 
nucleation and growth can be interpreted as consecutive processes. Then, one can consider that after the end 
of the incubation period the nuclei grow continuously and any dimension of the transformed region is a linear 
function of time. This corresponds to an almost linear hardness change with time at a constant temperature. 
The growth rate reduction, observed from the inflection point of Figure 4-a and evidenced by the derivative 
curve in Figure 4-b after the maximum, is due to the mutual impingement of regions transforming from 
separate nuclei[12], and is also possibly due to coarsening and to the slowest silver diffusion from bulk to 
grain boundary. In this way, the maximum in Figure 4-b can be associated with the maximum rate of Ag 
precipitation from the matrix. 
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Figure 5: (a) Plots of log (dHV/dt)max vs. log xAg obtained at the temperature range from 300 to 500 °C and 
(b) Plots of ln kap vs. 1000/T. 

From what was proposed in the discussion of Figure 4-b, the rate equation for the Ag precipitation 
reaction, which is associated with the precipitates growth, may be written as 

n
ap Agk

dt
dHV ][=  (1) 
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or 

apkAgn
dt

dHV log]log[log +=  (2) 

Substitution of the reaction rate maxima at each aging temperature and the corresponding (xAg) Ag 
mole fraction values, for all studied alloys, in Eq. (2) gives the linear plots shown in Figure 5-a, with slope 
corresponding to the precipitation reaction order (n) and linear coefficient corresponding to the apparent rate 
constant kap. The obtained values for n and kap are shown in Table 1. 

From this approach one may observe that Fig 5-a, corresponding to the temperatures of 300, 350, 
400, 450 and 500°C, indicates a zero-order reaction for all Ag concentrations. Considering that the 
Boltzmann factor may be associated with the reaction rate, the dependence of kap with T may be described by 
the Arrhenius equation  








 −
=

TR
Ekk a

oap exp  (3) 

where ko is the pre-exponential factor, Ea is the activation energy for the precipitation process and R is the 
gas constant. Figure 5-b shows the plot of ln kap vs. 1000/T. The activation energy values obtained for the 
zero-order process was Ea = 116.0 kJ/mol.  

Table 1: Values of the reaction order (n) and kinetic constant (kap). 

Temperature 300 oC 350 oC 400 oC 450 oC 500 oC 

n 0 0 0 0 0 

kap/10-3 2.69 4.47 25.6 65.2 199 

The Ag solubility limit for α-(Cu–Al) alloys is at about 6wt% [13] and is greater than the Ag 
solubility in pure copper. This greater solubility may be associated with the presence of Al, whose chemical 
affinity with Ag is greater than the corresponding Cu–Ag affinity. For the Cu-9.22%at. Al-4.66%at. Ag, Cu-
9.31%at. Al-5.83%at. Ag and Cu-9.37%at. Al-7.08%at. Ag alloys, the amount of unsolved Ag provides a 
source of available Ag atoms that makes the precipitation reaction rate independent of Ag concentration. This 
reaction mechanism is ascribed to the lower chemical potential in the system due to the unsolved Ag, which 
decreases the diffusion path to grain boundaries of the Cu-rich matrix. Due to this lower chemical potential, 
the amount of Ag atoms dragged to grain boundaries is almost the same for all alloys and hence the diffusive 
process is practically independent of Ag concentration at each sample, or the reaction is of zero order. The 
higher activation energy value obtained for this zero-order process, when compared with that obtained for the 
Cu-6 % wt. Al with Ag additions [10], seems to indicate a relation between the activation energy and Al 
content. This was expected considering that the lower Al concentration can decrease Ag dissolution into α-
(Cu-Al) matrix, thus increasing the unsolved Ag fraction. This great amount of unsolved Ag will correspond 
to Ag saturation at the precipitate interface and to a lower chemical potential in this region, thus leading to a 
lower jump frequency and to higher activation energy. This suggests that the interfacial process is dominant 
in the Ag-rich phase formation. 

4. CONCLUSIONS 

The results indicated that the Ag precipitation reaction in Cu-9.22%at. Al-4.66 % at. Ag, Cu-9.31 % 
at. Al-5.83 % at. Ag and Cu-9.37 % at. Al-7.08%at. Ag alloys corresponds to a zero-order reaction. This 
indicates a constant Ag diffusion rate at each studied sample in the considered temperature range, which was 
attributed to the characteristics of the Cu-Al-Ag system. The results also showed that the Ag-rich phase 
formation is an interface- controlled process. 
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