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Abstract The completeness of b-phase decomposition

reaction in the Cu–11wt%Al–xwt%Ag alloys (x = 0, 1, 2,

and 3) was studied using differential scanning calorimetry

(DSC), X-ray diffractometry (XRD), and optical micros-

copy (OM). The results indicated that b-phase transfor-

mations are highly dependent on cooling rate and on the

presence of Ag. On slow cooling, the silver presence pre-

vents the b- and b1-phase decomposition; thus, inducing

the martensitic phase formation. After rapid cooling, a new

thermal event is observed and the reverse martensitic

transformation is shifted to lower temperatures.

Keywords Alloys � Phase transitions � Thermal behavior �
b-phase decomposition

Introduction

Cu–Al base alloys quenched in iced water from the b-phase

field can exhibit a thermoelastic martensitic transformation

below the Ms temperature [1]. Since shape memory effect

and high damping capacity of the alloys, in general, have

been associated with the martensitic transformation, this

one has interested many investigators [2]. Ms temperatures

of these alloys are sensitive to the cooling rate during

quenching, because the cooling rate relates to the com-

pleteness of b-phase ordering followed by the decompo-

sition of b and b1 into a and c1 phases and vacancy

concentration. It is known that quenching of a Cu–Al

binary alloy could not completely prevent b- and b1-phase

decomposition in the stable phases [1]. Therefore, an ele-

ment, such as Mn and/or Ni, can be added into Cu–Al

binary alloys as a third element to stabilize b- and b1-

phases [1, 3] and increase the martensitic fraction after

quenching. The purpose of this work is to analyze the

effect of cooling rate on the b-phase transformations in the

Cu–11%Al alloy with additions of 1, 2, and 3%Ag, cor-

relating with the changes in the b-phase decomposition rate

and in the concentration of Ag.

Experimental procedure

The Cu–11wt%Al, Cu–11wt%Al–1wt%Ag, Cu–11wt%Al–

2wt%Ag, and Cu–11wt%Al–3wt%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. Cylindrical samples with 2.0 cm diam-

eter 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 obtained. The samples were annealed during 120 h at

1,173 K for homogenization. Results from chemical anal-

ysis indicated a final alloy composition very close to the

nominal one, with Pb, Fe, and Mn as main impurities

(concentration less than 100 ppm) in annealed samples.

After annealing, the samples were maintained at 1,173 K

for 1 h and quenched in iced water. Optical micrographs

and X-ray diffraction patterns were obtained to identify the

phases present in the alloy at the different quenching
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temperatures. The micrographs were obtained using a Le-

ica DMR optical microscope and the in situ high-temper-

ature X-ray diffraction experiments were performed at the

D10B-XPD X-ray diffraction beam line of the Brazilian

Synchrotron Light Laboratory/MCT with solid (not pow-

dered) samples. The DSC curves were obtained using a

DSC Q20 TA Instruments at different rates. The tempera-

ture and the heat flow were calibrated by measuring the

melting temperatures and the heat of fusion of pure In. In

the DSC measurements, the samples were initially heated

with a rate of 50 K min-1 up to 873 K, cooled down to

658 K with a rate of 1.0 K min-1 and then again cooled

down to 373 K with a rate of 20 K min-1. In sequence, the

samples were heated with a rate of 50 K min-1. In the

second moment, the samples were heated with a rate of

50 K min-1 up to 873 K, cooled down to 658 K with a rate

of 50 K min-1 and then again cooled down to 373 K with

a rate of 20 K min-1. In sequence, the samples were again

heated with a rate of 50 K min-1. This procedure allows

obtaining more precise information about the presence of

martensitic phase formed from incomplete decomposition

of b-phase on the slow cooling (1.0 K min-1, from 873 to

658 K) and the behavior of this phase when rapidly cooled

(50 K min-1, from 873 to 658 K).

Results and discussion

The curves due to the thermal cycles were separated to

facilitate the visualization and analyze of the results, as

shown in Figs. 1, 3, and 6. Figure 1 shows the DSC curves

obtained with a heating rate of 50 K min-1 for the Cu–

11%Al, Cu–11%Al–1%Ag, Cu–11%Al–2%Ag, and Cu–

11%Al–3%Ag alloys initially quenched from 1,173 K in

iced water for producing the martensitic phase, as shown in

the optical micrographs of the Fig. 2. In the DSC curve of

Fig. 1, corresponding to the first heating of the Cu–11%Al

alloy, five thermal events were detected: two exothermic

peaks (P1 and P4) and three endothermic peaks (P2, P3, and

P5). Peak P1 was attributed to the a(Cu)-rich phase pre-

cipitation reaction from martensitic phase produced on

quenching. P2 is related to the b1
0 ¢ b1 ¢ (a ? c1)

reaction, in which the first process corresponds to the

reverse martensitic reaction and the second to the partial

decomposition of b1-phase. Peak P3 is associated with

b1 ? b transition [4]. Peak P4, at about 840 K, is ascribed

to the a(Cu)-rich phase precipitation reaction that precedes

the eutectoid reaction. The formation of the c1 (Al4Cu9) at

P2 causes a decrease in the Al content dissolved into the

matrix. This change on the chemical composition of the

alloy promotes the a(Cu)-rich phase precipitation reaction

at P4. Peak P5, at about 870 K, is related to the

(a ? c1) ¢ b eutectoid reaction [4]. The DSC curves in

Fig. 1, corresponding to the Cu–11%Al–1%Ag and Cu–

11%Al–2%Ag alloys, show a thermal behavior similar to

that observed for the Cu–11%Al alloy, without additional

phase transitions, whereas in the curve associated with the

Cu–11%Al–3%Ag alloy some modifications are observed.

In this curve, it is possible to verify that peak P2, due to the

b1
0 ¢b1 ¢(a ? c1) transition, is now separated into two

thermal events. The narrower peak, first thermal event, can

be associated with the reverse martensitic transformation

(faster process) and the second can be attributed to the b1-

phase decomposition (slower process). It is also noticed

that peak P3 related to the b1 ? b reaction is quite inten-

sified, suggesting that the b1-phase decomposition reaction

at P2 is delayed in the presence of 3%Ag. In the sequence,

the samples were cooled as described for Fig. 3a.

Figure 3a shows the DSC curves obtained with a cool-

ing rate of 1.0 K min-1 (down to 658 K) and with a

cooling rate of 20 K min-1 (down to 373 K) for the

studied alloys. The exothermic peak P6, associated with the

b ? (a ? c1) eutectoid reaction, was observed for all

studied alloys, whereas the exothermic peak P7 due to the

martensitic transformation was only detected for the Cu–

11%Al–3%Ag alloy. In Cu–Al–Ag alloys, when the

b ? (a ? c1) decomposition reaction is incomplete the

remaining b-phase produces the b1-phase, in the same

temperature range of the b ? (a ? c1) eutectoid reaction,

at P6 and this b1-phase is transformed in the b1
’ martensitic

phase by a diffusionless process in the temperature range

from 573 to 473 K. This transition is called forward mar-

tensitic transformation [5]. The absence of peak P7 in the

temperature range here considered indicates that the cool-

ing rate of 1.0 K min-1 promotes the complete decompo-

sition of b-phase into (a ? c1) in the Cu–11%Al,

Cu–11%Al–1%Ag, and Cu–11%Al–2%Ag alloys, as
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Fig. 1 DSC curves obtained for the Cu–11%Al–x%Ag alloys (x = 0,

1, 2 and 3) during first heating
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shown in the optical micrographs of Fig. 4. For the Cu–

11%Al–3%Ag alloy, the presence of Ag seems to retard the

b-phase decomposition reaction, thus contributing for the

occurrence of the forward martensitic transformation in the

temperature range from 550 to 490 K (peak P7).

After the cooling shown in Fig. 3a, the samples were

heated with a rate of 50 K min-1 and the obtained curves

are shown in Fig. 3b. Two thermal events were detected for

the Cu–11%Al alloy: BL8, corresponding to a change on

the baseline, is due to the a2-phase disordering reaction [6],

whereas P5
0 is associated with the reverse eutectoid reac-

tion. The change in the intensity of P5
0, as compared with

Fig. 1, is related to the increase of the b-phase relative

fraction decomposed on slow cooling (peak P6, Fig. 3a). In

the curves corresponding to the Cu–11%Al–1%Ag, Cu–

11%Al–2%Ag, and Cu–11%Al–3%Ag alloys, the peak

ascribed to the b1 ? b transition was observed (P3
0). This

effect can be seen in Fig. 3b and in its enlarged portion in

the temperature range from 700 to 820 K (inside Fig. 3b).

This peak P3
0 confirms that a small fraction of the mar-

tensitic phase was retained on slow cooling and that this

fraction depends on Ag concentration. It also suggests that

on slow cooling the b-phase decomposition reaction is

incomplete in the presence of Ag. For the curve corre-

sponding to the Cu–11%Al–3%Ag alloy, the peak P2
0 due

to the b1
0 ¢b1 ¢ (a ? c1) reaction is now observed at

temperatures lower than those in the first heating of this

sample (Fig. 1), suggesting that this reaction is disturbed

by the cooling rate. Peak P5
0 is ascribed to the eutectoid

reaction, as already discussed for the Cu–11%Al alloy.

The X-ray diffraction patterns shown in Fig. 5a indicate

that at the start of the heating curves in Fig. 1 the mar-

tensitic phase (b1
0) appears in all alloys, whereas in Fig. 5b,

corresponding to the start of second heating in Fig. 3b, the

(a ? c1) phase is dominant and the martensitic phase is

only detected for the Cu–11%Al–3%Ag alloy. This con-

firms that in the presence of 3%Ag the b-phase decom-

position is incomplete and the remaining b-phase

transforms to martensite at lower temperatures. The mar-

tensitic phase is also formed in the alloys with 1 and

2%Ag, as shown in Fig. 3b and its enlarged portion (peak

P3
0, associated with presence of the martensitic phase), but

this phase is detected by X-ray diffraction only at the alloy

with 3%Ag. Hence, the DSC apparatus allows the detection

of small relative fractions of martensitic phase in the Cu–

11%Al–1%Ag and Cu–11%Al–2%Ag alloys.

The samples were again quenched from 1,173 K in iced

water and heated with a rate of 50 K min-1 up to 873 K.

The obtained curves were similar to those shown in Fig. 1.

Fig. 2 Optical micrographs

obtained for alloys quenched

from 1173 K in iced water:

a Cu–11%Al–1%Ag and

b Cu–11%Al–2%Ag
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Fig. 3 DSC curves obtained for the Cu–11%Al–x%Ag alloys (x = 0,

1, 2 and 3): a on cooling and b on second heating
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In sequence, the samples were cooled down to 658 K with

a rate of 50 K min-1 and down to 373 K with a rate of

20 K min-1, as shown in Fig. 6a. On rapid cooling (at

about 50 K min-1), it is possible to see that peak P6 is

intensified while the forward martensitic transformation,

P7, is detected for all alloys. P6 was attributed to the

b ¢ b1 reaction. The increase in the amount of b1-phase

for all alloys produces the forward martensitic transfor-

mation at lower temperatures, peak P7. When the b-phase

Fig. 4 Optical micrographs

obtained at the end of the

cooling curves in Fig. 3a: a Cu–

11%Al–1%Ag alloy and b Cu–

11%Al–2%Ag alloy
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Fig. 5 X-ray diffraction patterns obtained for the studied alloys:

a before the first heating and b before the second heating
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Fig. 6 DSC curves obtained for the Cu–11%Al–x%Ag alloys (x = 0,

1, 2 and 3): a on cooling and b on second heating
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is cooled, two reactions can occur in the temperature

range of peak P6; the b ? b1 ordering reaction and

b ? (a ? c1) decomposition reaction. The ordering reac-

tion is a short-range process while the decomposition

reaction is a diffusive process; therefore, the former must

be faster than the latter. In this way, when samples are

cooled with a rate of 50 K min-1 the ordering reaction is

dominant in relation to the decomposition reaction and the

produced b1-phase contributes for martensitic transforma-

tion at lower temperature, peak P7. In sequence, the sam-

ples were again heated with a rate of 50 K min-1, as shown

in Fig. 6b.

In the curves of Fig. 6b one can observe the presence of

peaks P2
0, P3

0, and P5
0 for all studied alloys. It is interesting

to note that P2
0 is now observed at lower temperatures, as

compared with samples initially quenched from 1,173 K in

iced water, Fig. 1. The changes in peak temperatures

decrease with the increase in Ag concentration, as shown in

Fig. 7. This variation can be associated with the lower

vacancies content in samples cooled at about 50 K min-1,

as compared with those cooled in iced water, and to

vacancies annihilation due to Ag.

Figure 6b also shows a new thermal event at about

800 K, which is only detected in alloys with additions of

1%Ag and 2%Ag. For the alloy with 3%Ag this peak

seems to occur in the same temperature range of peak P3
0.

It is known [7] that Ag precipitation in Cu–Al–Ag alloys

occurs at about 723 K during heating and that these pre-

cipitates dissolve preferentially in the (a ? c1) phase [8],

due to Al excess in this phase and to the Ag–Al interaction.

Hence, this peak can be related with Ag precipitates dis-

solution in the (a ? c1) phase, formed from the martensitic

phase decomposition at P2
0.

Conclusions

The results obtained for samples initially cooled at

1.0 K min-1 showed that, in the absence of Ag, the thermal

event associated with the forward martensitic transforma-

tion does not occur, indicating that the b ? (a ? c1)

decomposition reaction is completed. The increase of Ag

concentration in the Cu–11%Al alloy decreases the b-

phase decomposition reaction rate and induces the mar-

tensitic phase formation at slow cooling (1.0 K min-1). For

samples submitted to rapid cooling (50 K min-1), the

reverse martensitic transformation temperature is shifted to

lower values. The samples with 0, 1, and 2%Ag showed a

new thermal event, between the reverse eutectoid reaction

and the b1-phase disordering reaction, which was attributed

to the dissolution of Ag precipitates.
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