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Abstract The eutectoid transformation may be defined as

a solid-state diffusion-controlled decomposition process of

a high-temperature phase into a two-phase lamellar

aggregate behind a migrating boundary on cooling below

the eutectoid temperature. In substitutional solid solutions,

the eutectoid reaction involves diffusion of the solute

atoms either through the matrix or along the boundaries or

ledges. The effect of Ag on the non-isothermal kinetics of

the reverse eutectoid reaction in the Cu–9 mass%Al, Cu–10

mass%Al, and Cu–11 mass%Al alloys were studied using

differential scanning calorimetry (DSC), X-ray diffraction

(XRD), and scanning electron microscopy (SEM). The

activation energy for this reaction was obtained using the

Kissinger and Ozawa methods. The results indicated that

Ag additions to Cu–Al alloys interfere on the reverse

eutectoid reaction, increasing the activation energy values

for the Cu–9 mass%Al and Cu–10 mass%Al alloys and

decreasing these values for the Cu–11 mass%Al alloy for

additions up to 6 mass%Ag. The changes in the activation

energy were attributed to changes in the reaction solute and

in Ag solubility due to the increase in Al content.

Keywords Non-isothermal kinetics � Cu–Al alloys �
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Introduction

The equilibrium solid phases in the Cu-rich corner of the

Cu–Al system are the Cu terminal fcc solid solution, des-

ignated a and the low-temperature ordered phase based on

the fcc structure designated a2; b, the disordered bcc solid

solution stable as a high-temperature phase and c1, with

structure based on c brass. The decomposition of the b
phase at temperatures below 565 �C involves complex

transformations, and a metastable bcc b1 phase is produced

from the b phase by a disorder–order transformation.

Subsequently, both b and b1 decompose into the pearlitic

(a ? c1) equilibrium structure. A two-phase [a ? b] field

exists between the eutectic temperature and the eutectoid

reactions b $ (a ? c1) at 567 ± 2 �C [1, 2]. The eutec-

toid transformation is a phase change of the first order,

whose rate is dominated by volume or boundary diffusion.

The order–disorder transformation occurs as a homoge-

neous reaction, which may be a nucleation and growth

process or a continuous process of atomic interchange [3].

Phases in the Cu–Al–Ag ternary system are structurally

analog to those present in the binary systems, without

intermediate phases [4, 5].

In this study, the effect of Ag on the non-isothermal

kinetics of the reverse eutectoid reaction in the Cu–9

mass%Al, Cu–10 mass%Al, and Cu–11 mass%Al alloys

were studied using differential scanning calorimetry

(DSC), X-ray diffraction (XRD), and scanning electron

microscopy (SEM).

Experimental

The alloys were prepared in an induction furnace under an

argon atmosphere, using 99.97% copper, 99.95% aluminum,
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and 99.98% silver as starting materials. Results from

chemical analysis indicated a final alloy composition very

close to the nominal one. Cylindrical samples of 20-mm

diameter and 60-mm length were cut in disks of 2.0-mm

thickness. The disks were cold rolled, and flat square sam-

ples of 1.0-mm thickness and about 5.0-mm length were
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Fig. 1 DSC curves obtained with different heating rates for alloys initially annealed: a Cu–9 mass%Al, b Cu–9 mass%Al–4 mass%Ag, c Cu–9

mass%Al–6 mass%Ag, d Cu–9 mass%Al–8 mass%Ag, and e Cu–9 mass%Al–10 mass%Ag alloys
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Fig. 2 DSC curves obtained with different heating rates for alloys initially annealed: a Cu–10 mass%Al, b Cu–10 mass%Al–4 mass%Ag, c Cu–

10 mass%Al–6 mass%Ag, d Cu–10 mass%Al–8 mass%Ag, and e Cu–10 mass%Al–10 mass%Ag alloys
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used for SEM and XRD. All samples were annealed during

120 h at 850 �C for homogenization. After the heat treat-

ments, the samples were polished, etched, and examined by

SEM using a Jeol JSM T330 electron microscope with a

Noran energy dispersive X-ray (EDX) microanalyzer. The

XRD patterns were obtained using a Siemens D5000 4B

diffractometer, Cu Ka radiation, and solid (not powdered)

samples. DSC curves were obtained using a Q20 TA

0 100 200 300 400 500 600 700

H
ea

t f
lo

w
/W

g–1

H
ea

t f
lo

w
/W

g–1

H
ea

t f
lo

w
/W

g–1

H
ea

t f
lo

w
/W

g–1

H
ea

t f
lo

w
/W

g–1

Temperature/°C

0 100 200 300 400 500 600 700

Temperature/°C
0 100 200 300 400 500 600 700

Temperature/°C

0 100 200 300 400 500 600 700

Temperature/°C
0 100 200 300 400 500 600 700

Temperature/°C

5 °C min
–1

 

10 °C min
–1

 

20 °C min
–1

 

30 °C min
–1

 

5 °C min
–1

 

10 °C min
–1

 

20 °C min
–1

 

30 °C min
–1

 

5 °C min
–1

 

10 °C min
–1

 

20 °C min
–1

 

30 °C min
–1

 

5 °C min
–1

 

10 °C min
–1

 

20 °C min
–1

 

30 °C min
–1

 

5 °C min
–1

 

10 °C min
–1

 

20 °C min
–1

 

30 °C min
–1

 

E
xo

E
xo

E
xo

(a) (b) (c)

E
xo

E
xo

(d) (e)

Fig. 3 DSC curves obtained with different heating rates for alloys initially annealed: a Cu–11 mass%Al, b Cu–11 mass%Al–4 mass%Ag, c Cu–

11 mass%Al–6 mass%Ag, d Cu–11 mass%Al–8 mass%Ag, and e Cu–11 mass%Al–10 mass%Ag alloys
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Fig. 4 Scanning electron micrograph obtained for the alloys: a Cu–9 mass%Al–6 mass%Ag; b Cu–10 mass%Al–6 mass%Ag; c Cu–11

mass%Al–6 mass%Ag after annealing and d EDX spectrum from the white region on a
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instrument, aluminum pan, nitrogen flux at about

50 mL min-1 and solid samples with 3.0-mm diameter.

Results and discussion

Figures 1, 2 and 3 show the DSC curves obtained at dif-

ferent heating rates for the Cu–9 mass%Al–X mass%Ag

alloys, Cu–10 mass%Al–X mass%Ag alloys, and Cu–11

mass%Al–X mass%Ag alloys, where X = 0, 4, 6 8, and 10,

initially annealed. In Fig. 1a, corresponding to the Cu–9

mass%Al alloy, it is possible to observe two exothermic

peaks. The peak at about 300 �C is associated with the a2

disordering reaction, and the peak at about 560 �C is

attributed to the (a ? c1) ? b reverse eutectoid reaction.

These two peaks were observed for all studied alloys, as

seen from Figs. 1, 2 and 3. In Figs. 1e, 2a and 3c, d, and e,

two additional endothermic peaks were observed. The peak

at about 380 �C is due to the (a ? a2) ? (a ? c1) reverse

peritectoid reaction, and the peak at about 516 �C is

associated with the b1 ? b transition. The martensitic

phase retained on cooling changes into the b1 phase in the

same temperature interval as the a2 disordering process and

then, at about 516 �C the b1 phase changes into the b phase

[6]. These results indicate that the presence of Ag is

increasing the martensitic phase fraction retained on

cooling.

Figures 4 and 5 show the scanning electron micro-

graphs, the EDX spectrum, and the XRD patterns obtained

for annealed alloys and corresponding to the starting point

of curves in Figs. 1, 2 and 3. In the micrographs of Fig. 4a,

b, c, one may observe the presence of the primary a phase

(light) together with the (a ? c1) pearlitic phase (dark) and

Ag-rich precipitates (white). This is confirmed by the EDX

spectrum in Fig. 4d and the XRD patterns in Fig. 5.
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Fig. 5 X-ray diffraction patterns obtained for the annealed alloys: a Cu–9 mass%Al–X mass%Ag; b Cu–10 mass%Al–X mass%Ag; (c) Cu–11

mass%Al–X mass%Ag
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Fig. 6 Plot of activation energy values versus Al concentration,

obtained by the Kissinger and Ozawa methods
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The methods of Kissinger and Ozawa were used to study

the influence of additions of 4, 6, 8, and 10 mass%Ag on

the activation energy of the (a ? c1) ? b reverse eutectoid

reaction in the Cu–9 mass%Al, Cu–10 mass%Al, and Cu–

11 mass%Al alloys, considering the last peak in Figs. 1, 2

and 3 and that this reaction is diffusion controlled and only

occurs on continuous heating [7]. The activation energy of

a transformation, Ea, can be evaluated by measuring the

temperature Tm at the point of maximum reaction rate,

while heating at a constant rate /. In a DSC experiment,

the maxima in reaction rate coincide with the exothermic

peak associated with the transformation in the DSC trace.

Measuring the peak temperatures at varying heating rates

and determining the slope of a plot of either ln / (Ozawa

method) or ln (//Tm
2 ) (Kissinger method) against 1/Tm

enables the evaluation of the activation energy [8].

Figures 6 and 8 show, respectively, the plots of activa-

tion energy versus Al concentration and activation energy

versus Ag concentration obtained for the (a ? c1) ? b
reverse eutectoid reaction using the Kissinger and Ozawa

methods. In these plots, it is possible to observe that the

results obtained by both methods are similar, indicating

that these two methods can describe well the considered

reaction. It is also observed in these plots an increase in the

activation energy values with the increase of Al concen-

tration (Fig. 6) and with the increase in the Ag additions up

to 6 mass%Ag for the Cu–9 mass%Al alloy (Fig. 8a) and

up to 8 mass%Ag for the Cu–10 mass%Al alloy (Fig. 8b).

For the Cu–11 mass%Al alloy (Fig. 8c), the activation

energy values decrease up to 6 mass%Ag and then increase

with the increase of Ag content.

The results indicated that Ag additions to Cu–Al alloys

interfere on the reverse eutectoid reaction, increasing the

activation energy values for the Cu–9 mass%Al and Cu–10

mass%Al alloys and decreasing these values for the Cu–11

mass%Al alloy for additions up to 6 mass%Ag. These

changes in the activation energy may be ascribed to the

Al–Ag interaction on the Cu–Al matrix. At temperatures

higher than 560 �C, the studied alloys are in the hypoeu-

tectoid [a ? b] field, as may observed from the Cu-rich

part of the Cu–Al phase diagram[9] (Fig. 7), and part of Ag

is dissolved in the a phase and other part in the b phase.

The primary Cu-rich a phase of Cu–Al–Ag alloys is a fcc

solid solution of Al and Ag in copper and the copper–silver

miscibility gap in the Cu–Ag system results from the

excessive disparity between Cu and Ag atoms (large size

factor) while the Ag–Al system is an example of a very

small size factor[4]. So, Ag solubility may be larger at

higher Al content and, for the Cu–9 mass%Al and Cu–10

mass%Al alloys the increase in Ag concentration will

increase the Al relative fraction which is able to react with

Cu to produce the b phase. The increase in the Al relative

fraction will correspond to a decrease in the Cu relative

fraction which participates in the reaction, thus increasing

the activation energy. For the Cu–11 mass%Al alloy with

Ag additions, the increase in the Al concentration will shift

the equilibrium concentration to values close to that of the

eutectoid point and now the b phase formation reaction will
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Fig. 8 Plots of activation

energy changes versus Ag

concentration: a Cu–9

mass%Al–X mass%Ag (X = 0,

4, 6, 8, and 10); b Cu–10

mass%Al–X mass%Ag (X = 0,

4, 6, 8, and 10); c. Cu–11

mass%Al–X mass%Ag (X = 0,

4, 6, 8, and 10) alloys
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occur with Al as the solvent, instead of Cu, and the increase

in the Al content will now decrease the activation energy

for the reaction. From Fig. 8, it is possible to observe that

Ag additions are more effective for lower Ag concentra-

tions. This may be related to changes in Ag solubility with

Al concentration and the results indicate that the Ag sol-

ubility limit in the studied alloys is between 6 and 8

mass%. The decrease in the activation energy values with

the increase in the Al content for Cu–Al hypereutectoid

alloys may be confirmed by the result obtained by Kwar-

ciak [3], who found Ea = 650 kJ mol-1 for the Cu–12.4

mass%Al alloy.

Conclusions

The results indicated that Ag additions to Cu–Al alloys

interfere on the reverse eutectoid reaction, increasing the

activation energy values for the Cu–9 mass%Al and Cu–10

mass%Al alloys and decreasing these values for the Cu–11

mass%Al alloy for additions up to 6 mass%Ag. The

changes in the activation energy were attributed to changes

in the reaction solute and in Ag solubility due to the

increase in Al content.
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