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g r a p h i c a l a b s t r a c t
� The activation energy for the bainite
precipitation in the Cu69.3Al18.8M-
n10.3Ag1.6 alloy is around 33 kJ/mol.

� During bainite precipitation the
Cu2AlMn phase formation occurs.

� The Cu3Al(DO3) / Cu2AlMn(L21)
ordering reaction interferes in the
activation energy value.
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In this work the kinetics of bainite precipitation in the Cu69.3Al18.8Mn10.3Ag1.6 alloy was studied using
measurements of microhardness change with aging time, scanning electron microscopy (SEM), energy
dispersive X-ray (EDX) analyses, measurements of magnetization change with applied field and high-
resolution transmission electron microscopy (HRTEM). The results showed that the bainite precipita-
tion is responsible for the hardness increase in the Cu69.3Al18.8Mn10.3Ag1.6 alloy. The activation energy
value obtained for the bainite precipitation is lower than that found in the literature. This was attributed
to the presence of Ag dissolved in matrix and the occurrence of the Cu3Al(DO3) / Cu2AlMn(L21)
ordering reaction together with the bainite precipitation.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

The Cu-Al system is between the sets of most important alloys
studied, since it presents almost all kinds of phase transformations
described in literature. Besides that, Cu-Al alloys can have a great
technologic importance related to light alloys for aeronautic in-
dustry in Al-rich corner, and the presence of the martensitic
transformation in Cu-rich corner. The martensitic phase is associ-
ated with shape memory effect [1,2]. Normally these alloys are
found as ternary and quaternary systems. The addition of other
. Silva).
alloying elements to Cu-Al alloys is quite attractive and can modify
different properties of these alloys [1,3e6]. The manganese addi-
tion introduces magnetic effects ascribed to the presence of the
Cu2AlMn phase [3,6], stabilizes the b phase [7e9] and produces Cu-
Al-Mn alloys with shape memory effect and remarkable features
[10]. The addition of silver to Cu-Al alloys is responsible for the
increase in the martensitic transformation temperature [11], in
hardness [12] and in corrosion resistance in these materials [13].
The silver also modifies the phase relations in Cu-Al alloys and can
decrease the martensitic decomposition rate into (aþg1) in some
compositions of Cu-Al-Ag alloys [12]. The Cu-Al-Ag and Cu-Al-Mn
alloys are very sensitive to heat treatments and, therefore, the ag-
ing effects can promote interesting modifications in its micro-
structures. In this work the kinetics of bainite precipitation in the
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Cu69.3Al18.8Mn10.3Ag1.6 alloy was studied to evaluate the extension
of Mn and Ag contributions for the microstructure and micro-
hardness changes in the quaternary alloy.

2. Experimental procedure

The Cu69.3Al18.8Mn10.3Ag1.6 alloy (at.%) was prepared in an arc
furnace under argon atmosphere using 99.95% copper, 99.97%
aluminum, 99.98% silver and 99.95% manganese as starting mate-
rials. Cylindrical samples of 10 mm diameter and 40 mm length
were cut in disks of 2.0 mm thickness used for microhardness
measurements and high-resolution transmission electron and
scanning electron microscopies. These samples were annealed for
120 h at 850 �C for homogenization and after annealing they were
maintained at 850 �C for 1 h and quenched in water at 0 �C. After
the heat treatments the samples were polished and etched with a
solution consisting of 10 g FeCl3.6H2O(s) þ 25 mL HCl(aq) 36.5% to
prepare 100 mL of aqueous solution. The Vickers microhardness
measurements were made with a HMV-2T SHIMADZU TESTER
using a load of 9.8 N for 30 s. Each hardness number was calculated
from an average of 10 hardness impressions, with a standard de-
viation of about 2%. The measurements of microhardness changes
with the aging timeweremade in samples quenched from850 �C in
water at 0 �C and then aged in the temperature range from 200 �C
to 450 �C. Scanning electron micrographs (SEM) were obtained at
different aging times to characterize the microstructures of the
alloy. The scanning electron micrographs were obtained using a
FEI-QUANTA 650 FEG High-resolution microscope with energy
dispersive X-ray (EDX) analyses and High-resolution transmission
electron micrographs (HRTEM) were obtained using a Philips mi-
croscope, model CM200, operating at 200 kV. The magnetization
measurements with applied field were made using a PPMS 9
Evercool Quantum Designwith samples aged at 400 �C for different
times, mass at about ~2 mg and magnetic field from 0 to 50 kOe at
25 �C.

3. Results and discussion

Fig. 1(aeb) shows the plots of microhardness changes with ag-
ing time obtained for the Cu69.3Al18.8Mn10.3Ag1.6 alloy aged at
200 �C and 400 �C. The starting points of these curves correspond to
samples quenched from 850 �C in water at 0 �C. From Fig. 1(aeb)
and similar curves obtained at 250, 300, 350 and 450 �C it is
possible to observe an incubation period, which decreases with the
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Fig. 1. Microhardness change curves with ag
temperature increase and a hardness maximum for all tempera-
tures. This hardness peak is shifted to lower aging times with the
increase of temperature and at temperatures higher than 350 �C a
hardness decrease is observed for higher aging times, and the
microhardness reaches values close to those verified at the initial
stages of aging.

Fig. 2 shows the scanning electron micrographs (SEM) obtained
for the alloy aged at 400 �C for different aging times. In these SEM
images it is possible to see the lamellae formation, which become
thicker with the increase of aging time. According to the literature
[7] these lamellae correspond to the bainite phase. Plots of micro-
hardness changes with aging time obtained at 400 �C (Fig. 1-b) and
the SEM image shown in Fig. 2-c indicate that the bainite lamellae
thickening is responsible for the hardness decrease at higher aging
times. Moreover, Cu-rich nanoprecipitates were observed among
the bainite lamellae after longer aging times, as seen in Fig. 2-d.
These precipitates show an Ag content higher than that observed in
the metallic matrix, as indicated in Fig. 3-a. No precipitate of the
Ag-rich phase was observed by SEM, suggesting that the remaining
silver is dissolved into the matrix. Fig. 3-b shows the plots of
magnetization as function of the applied field obtained at 25 �C for
samples aged at 400 �C at different times. In these curves it is
possible to see that the saturation magnetization of the alloy is
increased up to 5400 s, and then decreased up to 60000 s. This
shows that the ferromagnetic Cu2AlMn phase is produced up to
5400 s and then it is partially decomposed up to 60000 s. Therefore,
the bainite precipitation occurs together with the formation of the
ferromagnetic Cu2AlMn phase. The Cu2AlMn phase decomposition
can lead to formation of the stable phases: T3-Cu3Al2Mn, bMn and a.
Fig. 4 shows the selected area diffraction pattern and high-
resolution transmission microcopy (HRTEM) image obtained for a
sample aged at 400 �C for 60000 s. These results confirm the
presence of the bMn phase after longer aging times.

Fig. 5-a shows the plots of the transformed fraction as a function
of the aging time obtained from microhardness curves with time.
Considering that the bainite precipitation shows nucleation and
growth after an incubation period and that there is a linear rela-
tionship between transformed fraction andmicrohardness increase
(see Fig. 5-b), the kinetic process of bainite precipitation may be
described by the Johnson-Mehl-Avrami-Kolmogorov (JMAK)
equation [7],

y ¼ 1 � exp [�(kt)n] (1)
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Fig. 2. Scanning electron micrographs (SEM) obtained for samples of the Cu69.3Al18.8Mn10.3Ag1.6 alloy aged at 400 �C for (a) 600 s, (b) 5400 s and (c) 60000 s. (d) Precipitates formed
after aging at 400 �C for 30000 s.
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which can be rewritten as

ln[�ln (1 � y)] ¼ n ln k þ n ln t, (2)
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Fig. 3. (a) EDX spectrum obtained at regions defined in Fig. 2-d. (b) Curves of magnetization
times.
where y is the fraction of the product phase, k is the temperature-
dependent rate constant, t is the time, n is the time exponent
parameter depending on the nucleation mechanism.

The fit of equation (2) to the linear portion of the plot shown in
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Fig. 4. (a) Selected area diffraction pattern from bMn phase and (b) HRTEM image showing details from bMn phase.

10 100 1000 10000 100000
-0,25

0,00

0,25

0,50

0,75

1,00

1,25
 200 oC

Tr
an

sf
or

m
ed

 fr
ac

tio
n 

(y
)

Time (s)

(a)

 250 oC
 300 oC
 350 oC
 400 oC
 450 oC

0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0
200

220

240

260

280

300

320

340

360

380

400

420

440  200 oC

M
ic

ro
ha

rd
ne

ss
 (V

H
)

y

 250 oC
 300 oC
 350 oC
 400 oC
 450 oC

VH = 182y + 214

(b)

6,0 6,5 7,0 7,5 8,0 8,5 9,0 9,5 10,0 10,5 11,0 11,5 12,0
-2,0

-1,5

-1,0

-0,5

0,0

0,5

1,0

1,5

2,0

ln
[-l

n(
1-

y)
]

ln t (s)

 200 oC
 250 oC

(c)

 300 oC
 350 oC
 400 oC
 450 oC

Fig. 5. (a) Transformed fraction changes with aging time. (b) Plot of microhardness with transformed fraction. (c) Plot of ln[�ln(1 � y)] vs. ln t.

M.B.J.L. Motta et al. / Materials Chemistry and Physics 188 (2017) 125e130128
Fig. 5-a provides straight lines with slope and linear coefficients
related to the kinetic parameters of the bainite precipitation in the
Cu69.3Al18.8Mn10.3Ag1.6 alloy.

Table 1 shows the values of n and k obtained from Fig. 5-c. The
analysis of the n values obtained for the Cu69.3Al18.8Mn10.3Ag1.6
alloy indicates a diffusion controlled growth with all shapes
growing from small dimensions: with zero nucleation rate (n¼ 1½)
at 200 �C; increasing nucleation rate (n > 2½) at 250 and 300 �C;
constant nucleation rate (n ¼ 2½) at 350 �C; increasing nucleation
rate (n > 2½) at 400 �C and decreasing nucleation rate (n < 2½) at



Table 1
Values of n and k obtained from Fig. 5-c.

Temperatures/�C 200 250 300 350 400 450

Kinetic parameters n k/s�1 n k/s�1 n k/s�1 n k/s�1 n k/s�1 n k/s�1

Values 1.50 2.47 � 10�5 10.0 5.88 � 10�5 2.90 1.60 � 10�4 2.50 2.12 � 10�4 11.4 2.61 � 10�4 2.12 4.97 � 10�4

Table 2
Activation energies for aged alloys in the same temperature range.

Alloys Activation energies References

Cu69.3Al18.8Mn10.3Ag1.6 33 kJ/mol In this work
Cu81Al19 42 kJ/mol [16]
Cu78.7Al19.2Ag2.1 60 kJ/mol [12]
Cu71.9Al16.6Mn9.3Ni2B0.2 60 kJ/mol [7]
Cu67.7Zn19.2Al13.1 72 kJ/mol [17]
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450 �C [14].
These values of n suggest that at 200 �C the growth process of

bainite lamellae did not have started, from 250 �C to 300 �C this
phase growths and reaches a maximum at about 350 �C. From this
stage the growth process is completed and the thickening step
begins, as seen in Fig. 2. These results are according to literature
data for the Cu71Al18Mn11 alloy [8] that show an isochronal curve
with maximum hardness at about 300 �C. At 400 �C there is a new
increase in the nucleation rate, probably due to the diffusion of Ag
to the Cu-rich precipitates, as seen in Fig. 2-d and Fig. 3-a. Pre-
cipitates of Ag can be formed at about 400 �C, as reported in the
literature [15]. This effect is concluded at about 450 �C because of
high temperature and the beginning of Ag dissolution, and then the
nucleation rate decreases again at 450 �C.

Considering the Arrhenius equation,

k ¼ koexp(�Ea/RT), (3)

where k0 is the pre-exponential factor, Ea is the activation energy
for the process, T is the absolute temperature and R is the gas
constant, the k values shown in Table 1 can be used to estimate the
activation energy for the bainite precipitation from the slope of the
plot of ln k vs. 1/T, as seen in Fig. 6. For the Cu69.3Al18.8Mn10.3Ag1.6
alloy the activation energy was Ea ¼ (33.0 ± 2.5) kJmol�1. This value
is lower than activation energies found in the literature for aged
alloys in the same temperature range (see Table 2). The error
associated with the activation energy value obtained in this work
can be related to the presence of variable fractions of other phases
together with the bainitic phase.

It is known [16] that in the Cu81Al19 alloy the aging in the
temperature range from 200 to 600 �C promotes the (aþg1) phase
formation, while in the Cu71.9Al16.6Mn9.3Ni2B0.2 alloy the presence
of Mn stabilizes the b phase on quenching and during aging the
(aþg1) phase formation is suppressed, and only the bainite pre-
cipitation is detected [7]. In the Cu78.7Al19.2Ag2.1 alloy the formation
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Fig. 6. Plot of ln k vs. 1/T.
of Ag-rich precipitates occurs and a decrease in the (aþg1) forma-
tion rate is observed. In this case, the formation of the Ag-rich
phase is catalyzed by the presence of g1 [12].

In the Cu69.3Al18.8Mn10.3Ag1.6 alloy the precipitation of the Ag-
rich phase was expected, but it was not observed by scanning
electron microscopy. The bainite precipitation occurred before the
Ag-rich phase precipitation and together with the Cu2AlMn phase
formation. Therefore, the matrix was saturated with silver atoms
when the bainite precipitation occurred. The instability caused by
the presence of silver into the matrix contributed for the decrease
in the activation energy for the bainite precipitation, since this
reaction decreases the Gibbs energy of the Cu69.3Al18.8Mn10.3A-
g1.6alloy. Furthermore, Cu2AlMn(L21) phase formation is due to
ordering of the Cu3Al(DO3) phase, inwhich the Cu atoms in the DO3
phase sublattice are substituted by Mn atoms [9]. Therefore, a
higher amount of Cu atoms is available for the bainite formation
when the Cu3Al(DO3) / Cu2AlMn(L21) ordering reaction occurs.
This can also contribute for the decrease in activation energy for the
bainite precipitation in the Cu69.3Al18.8Mn10.3Ag1.6 alloy.

The g1 phase in Cu-Al alloys has a complex body-centered cubic
structure with lattice parameter about three times that of a corre-
sponding body-centered cubic metal [12,18]. This contributes for
diffusion of Ag dissolved in the matrix on quenching and, conse-
quently, for formation of Ag-rich precipitates during aging of the
quenched Cu78.7Al19.2Ag2.1 alloy [12]. When ~10 at%Mn was added
to the Cu-Al-Ag alloy the eutectoid reactionwas suppressed and the
g1 phase was not produced. Considering that the Ag-Al and Ag-Mn
interactions are stronger than the Cu-Ag interaction, the presence
of Ag dissolved in the matrix can be decreasing the Mn and Al
diffusion rates, without interfere significantly on Cu diffusion rate.
This contributed for the precipitation of bainitic phase, which is
richer in Cu, thus decreasing the activation energy for this reaction
in the Cu69.3Al18.8Mn10.3Ag1.6 alloy. This can also explain the great
difference between the activation energy values found for the
Cu78.7Al19.2Ag2.1 alloy (with formation of the g1 phase and with Ag
precipitation) [12] and that obtained in this work (without for-
mation of the g1 phase and without Ag precipitation).
4. Conclusions

The results showed that the bainite precipitation is responsible
for the microhardness increase in the Cu69.3Al18.8Mn10.3Ag1.6 alloy.
During bainite precipitation the Cu2AlMn phase formation occurs.
The bainite lamellae thickening decreases the alloy microhardness
at higher aging times. The activation energy value obtained for
bainite precipitation is lower than that found in the literature. This
was attributed to the presence of Ag dissolved in the matrix and to
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the Cu3Al(DO3) / Cu2AlMn(L21) ordering reaction.
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