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In this work the precipitation hardening in the Cu–11 wt.%Al–10 wt.%Mn alloy with Ag addition was
studied using different experimental techniques. The results indicated that the hardening on ageing of
the Cu–11 wt.%Al–10 wt.%Mn alloy is only due to bainite precipitation, while in the Cu–11 wt.%Al–
10 wt.%Mn–3%Ag alloy three reactions in sequence can occur, including the bainite precipitation.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Copper-based alloys are widely used in many fields because of
their good combination of high thermal and electrical conductivi-
ties. In particular, Cu-based alloys with high performance are
required in field of electronic materials, such as substrate and lead
frame in printed board, and interconnection, because the electronic
packaging has a tendency to miniaturisation [1]. The Cu–Al–Mn
alloys are quite interesting, since it can show shape memory effect
[2] and magnetic effects [3], depending on the Mn and Al contents.
Below approximately 773 K the Cu–Al–Mn alloys have the ordered
structure L21 (bcc), which transforms martensitically to 3R-fcc, 18R
(small martensite plates) or 2H (large martensite plates) struc-
tures. Ageing of Cu–Al–Mn SMAs is a very complex process due
to the possibility of formation of different phases, and also can lead
to volume changes because during the transition from martensite
to austenite the lattice transforms from hexagonal or rhombohe-
dral symmetry to body centred cubic crystal structure, depending
on the Mn composition [4]. Phase transformations as bainitic-type
also can be observed. In this case, it can interfere on shape memory
effect and hardening of alloy. In this paper the effect of Ag addition
on precipitation hardening of the Cu–11 wt.%Al–10 wt.%Mn alloy
was investigated using microhardness measurements with time,
differential scanning calorimetry (DSC), scanning electron micros-
copy (SEM) with an energy dispersive X-ray microanalyser (EDX),
and magnetic measurements (MM).
2. Materials and methods

The Cu–11 wt.%Al–10 wt.%Mn and Cu–11 wt.%Al–10 wt.%Mn–3 wt.%Ag alloys
were prepared in an arc furnace under argon atmosphere using 99.95% copper,
99.97% aluminium, 99.98% silver and 99.95% manganese as starting materials.
The samples were annealed during 120 h at 1123 K for homogenisation and after
annealing they were maintained at 1123 K for 1 h and quenched in water. The
Vickers microhardness measurements were made with a HMV-2T Microhardness
Tester-SHIMADZU using a load of 9.8 N. Scanning electron micrographs were
obtained in a FEI Inspect F50 – High Resolution microscopy with energy dispersive
X-ray microanalyser (EDX). The DSC curves were obtained using a DSC Q20 TA
Instruments with heating rate of 10 K min�1, argon flux of 50 mL/min and Pt pan.
The magnetic properties were measured using a vibrating-sample magnetometer
(VSM) at 300 K.
3. Results and discussion

Fig. 1(a and b) show the plots of microhardness change with
ageing time obtained for the Cu–11 wt.%Al–10 wt.%Mn and Cu–
11 wt.%Al–10 wt.%Mn–3 wt.%Ag alloys. The starting points of these
ones correspond to samples quenched from 1123 K in water. From
Fig. 1a and similar curves obtained for the Cu–11 wt.%Al–
10 wt.%Mn–3 wt.%Ag alloy, it is possible to observe that all curves
showed an incubation period which decreases with the increase of
the temperature, and a peak hardness for all temperatures. The
incubation period and peak hardness values are shifted to higher
hardness values with the addition of Ag (see Fig. 1b), suggesting
a change in the microstructure of this alloy. In order to analyse
the ageing of the Cu–11 wt.%Al–10 wt.%Mn–3 wt.%Ag alloy, DSC
curves were obtained from samples aged at 473 K in different
times, as shown in Fig. 1c. The starting points of these curves were
ascribed to the phases formed after the ageing at 473 K in the time
ranges cited in Fig. 1c.
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Fig. 1. (a) Microhardness curves with time obtained for the Cu–11 wt.%Al–10 wt.%Mn alloy, (b) microhardness curves with time obtained for the Cu–11 wt.%Al–10 wt.%Mn
and Cu–11 wt.%Al–10 wt.%Mn–3 wt.%Ag alloys, (c) DSC curves obtained for the Cu–11 wt.%Al–10 wt.%Mn–3 wt.%Ag alloy after ageing at 473 K in different times, (d) plots of
transformed fraction with time obtained for the Cu–11 wt.%Al–10 wt.%Mn–3 wt.%Ag alloy and (e) magnetic moment curves vs. applied field obtained for samples aged in
different times at 473 K.
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In Fig. 1c the reference curve obtained before the ageing (curve
for 0 min) shows two thermal events. The exothermic event E1 is
associated with a phase precipitation [5] and it was not detected
in the curve obtained for the Cu–11 wt.%Al–10 wt.%Mn alloy. The
event E2 was attributed to the bainite formation [6]. With increase
of ageing time these thermal events disappear and a new peak E3 is
verified from 30 min and it becomes more intense with increase of
ageing time for the Cu–11 wt.%Al–10 wt.%Mn–3 wt.%Ag alloy. The
latter is due to the decomposition reaction, L21(f) + DO3 ? L21(p)

[7]. These results indicate that during ageing of the Cu–
11 wt.%Al–10 wt.%Mn–3 wt.%Ag alloy three reactions in sequence
can occur in the temperature and time ranges studied. Firstly, a
phase precipitation is concluded in the early step, after the bainite
precipitation continues up to the end of microhardness increase
and then the L21(p) phase decomposition reaction formed during
quenching is finished. In the maximum of ageing curves the
L21(f), DO3 and bainitic phases are presented in the Cu–11
wt.%Al–10 wt.%Mn–3 wt.%Ag alloy. Fig. 1e shows the magnetic
moment curves with applied field obtained for the Cu–11
wt.%Al–10 wt.%Mn–3 wt.%Ag alloy after ageing at 473 K in differ-
ent times. These times were chosen from Fig. 1b. The curves show
a marked increase in the magnetisation saturation with the



Fig. 2. Scanning electron micrographs (SEM) obtained for the Cu–11 wt.%Al–10 wt.%Mn–3 wt.%Ag alloy after ageing at 673 K for (a) 180 s and (b–d) 1200 s.

Table 1
Kinetics parameters obtained for the Cu–11 wt.%Al–10 wt.%Mn alloy.

T (K) 473 523 573 723 Ea (kJ mol�1)

Parameters n k (s�1) n k (s�1) n k (s�1) n k (s�1) (51.0 ± 2.4)
Values 2.0 4.72 � 10�5 1.7 2.55 � 10�4 1.6 5.31 � 10�4 2.0 4.70 � 10�3

Table 2
Kinetics parameters obtained for the Cu–11 wt.%Al–10 wt.%Mn–3 wt.%Ag alloy.

T (K) 473 523 623 673 Ea (kJ mol�1)

Parameters n k (s�1) n k (s�1) n k (s�1) n k (s�1) (28.3 ± 0.4)
Values 1.5 1.13 � 10�4 1.5 2.16 � 10�4 5.0 6.37 � 10�4 4.8 9.42 � 10�4
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increase of the ageing time, which is related to the increase of the
L21(f) phase relative fraction, thus confirming that during the age-
ing the L21(p) ? L21(f) + DO3 decomposition reaction [7] is occur-
ring in this alloy. For the Cu–11 wt.%Al–10 wt.%Mn alloy bainitic
precipitation is dominant, suggesting that higher ageing times
are needed for the total decomposition of the L21(p) phase at this
temperature.

Fig. 2 shows the SEM images obtained for the Cu–11 wt.%Al–
10 wt.%Mn–3 wt.%Ag alloy after ageing at 673 K for 180 s and
1200 s, as indicated in Fig. 1d by the arrows 1 and 2, respectively.
In Fig. 2a no precipitate was observed, but when the ageing time
was increased some of them were observed (Fig. 2b). In Fig. 2c
and d these precipitates are evidenced, with mean size at about
100–200 nm. EDX analyses showed that the precipitates are rich
in Cu, while dark regions in Fig. 2(c and d) has higher Al fraction.
This suggests that after the initial formation of a phase, the precip-
itates probably grow by a diffusion mechanism. Ag-rich precipi-
tates were not observed with SEM analyses in the temperature
and time ranges considered. Fig. 1d shows the plots of the trans-
formed fraction as a function of the ageing time obtained from
microhardness curves with time of the Cu–11 wt.%Al–
10 wt.%Mn–3 wt.%Ag alloy. Similar curves were obtained for the
Cu–11 wt.%Al–10 wt.%Mn alloy. Considering that the reactions
observed show nucleation and growth after an incubation period,
the kinetic process may be described by the Johnson–Mehl–
Avrami–Kolmogorov (JMAK) equation [8],

y ¼ 1� exp½�ðktÞn� ð1Þ

which can be rewritten as

ln ½� ln ð1� yÞ� ¼ n ln kþ n ln t ð2Þ

Tables 1 and 2 show the values of n and k obtained from fit of Eq. (2)
to the experimental points in Fig. 1d and in similar curves found for
the Cu–11 wt.%Al–10 wt.%Mn alloy. The analysis of the n values
obtained for the Cu–11 wt.%Al–10 wt.%Mn alloy indicates a
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diffusion controlled growth with all shapes growing from small
dimensions and decreasing nucleation rate (1½ 6 n 6 2½). For the
Cu–11 wt.%Al–10 wt.%Mn–3 wt.%Ag alloy the n values indicate a
diffusion controlled growth with all shapes growing from small
dimensions with zero nucleation rate (n = 1½) at 473 and 523 K,
and increasing nucleation rate (n > 2½) at 623 and 673 K [9]. These
n values confirm that in the Cu–11 wt.%Al–10 wt.%Mn alloy there is
only one process, while in the Cu–11 wt.%Al–10 wt.%Mn–3 wt.%Ag
alloy at least two processes are presented. This confirms the discus-
sion proposed for Fig. 1b and c.

Considering the Arrhenius equation,

k ¼ ko expð�Q=RTÞ ð3Þ

and the k values showed in Tables 1 and 2, the activation energies
for the reactions can be estimated from the slope of the plots of
lnk vs. 1/T. The obtained values are showed in Tables 1 and 2. For
the Cu–11 wt.%Al–10 wt.%Mn alloy the activation energy was
Q = (51.0 ± 2.4) kJ mol�1, close to the value (Q ffi 60 kJ mol�1)
obtained by Sutou et al. for bainite precipitation in the
Cu71.9Al16.6Mn9.3Ni2B0.2 alloy [8]. This difference between the acti-
vation energy values can be attributed to the change of Al content.
For the Cu–11 wt.%Al–10 wt.%Mn–3 wt.%Ag alloy a lower value was
determined. This activation energy value shows that the presence of
Ag increases the bainitic reaction rate. The increase in the bainitic
precipitation rate suggests that Ag atoms can be occupying the Cu
sites in the phase structures. This effect can be related to the
saturation of the metallic matrix with the silver atoms dissolved
during quenching, that can cause a stability decrease in the alloy
phases due to the increase of lattice stresses, thus decreasing the
temperature in which the L21(p) phase decomposition occurs and
promoting an increase in fraction of Cu atoms available to form
the bainitic phase. These effects can be associated with increase
in the bainitic phase formation rate in the Cu–11 wt.%Al–
10 wt.%Mn–3 wt.%Ag alloy.

4. Conclusions

The results indicated that the dominant reaction on ageing of
the Cu–11 wt.%Al–10 wt.%Mn alloy is bainite precipitation, while
in the Cu–11 wt.%Al–10 wt.%Mn–3 wt.%Ag alloy three reactions in
sequence can occur. Firstly, a phase precipitation is concluded in
the early step, after the bainite precipitation continues up to end
of microhardness increase and then the L21(p) phase decomposition
reaction formed during the quenching is concluded. In the maxi-
mum of ageing curves obtained for the Cu–11 wt.%Al–
10 wt.%Mn–3 wt.%Ag alloy the L21(f), DO3 and bainitic phases are
dominant. The presence of silver increases the bainitic precipita-
tion rate.
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