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A B S T R A C T

The phase stability in the Cu-9 wt%Al-10 wt%Mn-3 wt%Ag alloy was analyzed using differential scanning
calorimetry (DSC), X-ray diffractometry (XRD), transmission electron microscopy (TEM), high-resolution
transmission electron microscopy (HRTEM), optical microscopy (OM) and microhardness measurements with
quenching temperature. The results showed that the presence of silver alters the phase stability range and
enhances the effect of bainite precipitation on the microhardness values of the Cu-9 wt%Al-10 wt%Mn-3 wt%Ag
alloy.

1. Introduction

Shape memory alloys (SMAs) are widely used in electronic com-
munications, biomedicine, micro-electromechanics systems, aerospace,
robotics, civil construction and many other fields [1,2]. Among the
various SMAs, Cu-based SMAs are the most potential ones for large-
scale industrial applications because of their low cost, high electrical
and thermal conductivity [3]. Single-crystal Cu-based SMAs exhibit
excellent shape memory properties, which are almost equivalent to
those of Ni-Ti SMAs [1,2]. Compared with other Cu-based ternary
alloys, Cu-Al-Mn system has some interesting properties due to the
presence of manganese.

The Mn makes the β (bcc) phase more stable to diffusional
decomposition and retards this reaction, and the β phase becomes
metastable. Because of this, more adequate shape-memory properties
can be obtained, and Cu-Al-Mn or Cu-Al-Mn-based alloys have been
preferred for some technological applications rather than other Cu-
based alloys. Cu-Al-Mn alloys have magnetic ordering properties,
whose specific features depend on the crystallographic phase and the
composition of each alloy. Thus, the Heusler phase Cu2MnAl is
ferromagnetic, with a relatively high Curie temperature (630 K) and
Cu3Mn2Al is antiferromagnetic [4]. These properties are due to the
RKKY interaction among the Mn atoms of the crystalline lattice [5,6].
The magnetic degrees of freedom make Cu-Al-Mn alloys very interest-
ing from a fundamental point of view, since the interaction between
magnetic, elastic and configurational properties can be studied in these
alloys [4].

The Cu-Al-Mn alloys can present ordered structures with B2-β2,
D03-β1 or L21-β3 type superlattices. These phases can transform into

martensite phase during fast cooling [7]. During quenching from β(A2)
phase region, these alloys undergo a sequence of ordering reactions
β(A2)→β2(B2)→β3(L21). In the composition range above 16 at% Al the
L21 phase martensitically transforms to the 6 M structure, while in the
composition range below 16 at% Al the ordering from A2 to L21
structure is suppressed by quenching and the martensitic transforma-
tion from A2 to 2 M (A1, disordered face-centred cubic) occurs at low
temperatures. The critical temperature of martensitic transformation
can change from ∼200 to∼373 K depending on Al and Mn concentra-
tion [8]. Different atomic elements were added to the Cu-Al-Mn alloys
[9–11] to improve some system properties. This work intends to study
the effects of Ag addition on the phases stability of the Cu-9 wt%Al-
10 wt%Mn-3 wt%Ag alloy quenched from 1123 K in iced water.

2. Experimental procedures

The Cu-9 wt%Al-10 wt%Mn-3 wt%Ag (Cu-18.8 at%Al-10.3 at%Mn-
1.6 at%Ag) alloy was prepared in an arc furnace under argon atmo-
sphere using 99.95% copper, 99.97% aluminum, 99.995% manganese
and 99.98% silver as starting materials. Cylindrical samples with
2.0 cm diameter and 6.0 cm length were cut in disks with thickness
of 2.0 mm. The samples were maintained for 4.32×105 s at 1123 K and
then cooled at 1.0 Kmin−1 down to room temperature for samples
homogenization after melting.

In this work two different heat treatments were made after
homogenization. Firstly, the alloy was analyzed after kept for 3.6×103

s at 1123 K and then quenched in iced water to produce the metastable
phases, as shown in Fig. 1. This heat treatment will be called HT1.

The second heat treatment consisted to keep the samples for
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3.6×103 s at 1123 K and then quenched in iced water. In sequence, the
samples quenched from 1123 K were inserted in a furnace at a given
defined temperature and kept for 3.6×103 s in this condition, and then
again quenched in iced water as seen in Fig. 1. This heat treatment will
be called HT1→2. The procedure was made to follow the evolution of the
metastable phases until the formation of more stable phases in the
alloy. These defined temperatures are here called “quenching tempera-
tures”. For each quenching temperature was used a different sample of
the Cu-9 wt%Al-10 wt%Mn-3 wt%Ag alloy.

The DSC curves were obtained using a DSC Q20 TA Instruments at
different heating rates. Transmission electron micrographs and high-
resolution transmission electron micrographs were obtained using a
Philips microscope, model CM200, operating at 200 keV. Optical
microscopy was made from an Olympus microscope BX41M-LED.

The Vickers microhardness measurements were made with a HMV-2T
SHIMADZU TESTER using a load of 9.8 N. The X-ray diffraction
(XRD) patterns were obtained using a Bruker D8 Advanced AXS
diffractometer, Cu Kα radiation, solid (not powdered) samples and
rotation of 30 rpm. The X-ray diffraction patterns were refined using
the Rietveld method [12] and the TOPAS software [13] to quantify the
phases in the studied alloy.

3. Results and discussion

The crystal structures of the phases in the Cu-9 wt%Al-10 wt%Mn-
3 wt%Ag alloy submitted to HT1 were examined by transmission
electron microscopy (TEM), high-resolution transmission electron
microscopy (HRTEM) and selected area diffraction pattern (SADP)
techniques. Fig. 2-a, b and c show the TEM bright-field images (BFI)
and its selected area diffraction patterns (SADP) taken from a Cu-9 wt
%Al-10 wt%Mn-3 wt%Ag specimen submitted to HT1. The SADP
images exhibit spots of electron diffraction patterns from the α-Cu
rich phase (Fig. 2-a) and the β3(L21) phase (Fig. 2-b). The observed
Debye-Scherrer rings (Figs. 2-a and 2-b) are characteristics of Ag
nanoprecipitates. The high-resolution image (Fig. 2-c) from one
precipitate shows an interlayer spacing of 0.235 nm, which corre-
sponds to the (111) lattice plane spacing for Ag. Fig. 2-d exhibits a
TEM bright-field image and a HRTEM image of another phase that
shows an interlayer spacing of 0.237 nm, which corresponds to the
(202) lattice plane spacing for the β1(D03) phase.

In this way, immediately after quenching from 1123 K in iced water
(HT1) the Cu-9 wt%Al-10 wt%Mn-3 wt%Ag alloy presents the α-Cu
rich, β3(L21) and β1(D03) phases together with Ag nanoprecipitates. In
Cu-Al-Ag alloys with Ag content around 3 wt%, it is not possible to
verify Ag precipitates after quenching from 1123 K in iced water
because Ag is dissolved in the matrix and then it only precipitates
during reheating [14]. This behavior indicates that the addition of
10 wt%Mn decreases the silver solubility in the Cu-9 wt%Al alloy and

Fig. 1. Scheme of the thermal treatments used in this work.

Fig. 2. TEM bright-field images and its selected area diffraction patterns from: (a) α-Cu-rich phase and (b) β3(L21) phase. (c) HRTEM image showing details from Ag nanoprecipitate.
(d) TEM bright-field image and a HRTEM image from the β1(D03) phase.
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induces the formation of Ag nanoprecipitates in samples quenched
from 1123 K in iced water.

Fig. 3-a shows the DSC curve obtained with a heating rate of
3 K min−1 for a sample of the Cu-9 wt%Al-10 wt%Mn-3 wt%Ag alloy
initially submitted to HT1. This DSC curve shows six thermal events.
The endothermic peak E1 corresponds to the decomposition of the
β3(L21) phase, peak E2 at about 570 K is due to the bainitic precipita-
tion and decomposition of the β1(D03) phase, producing the T3-

Cu3AlMn2, βMn and α phases. Therefore, in this case, the thermal
event E2 may be associated with other reactions, in addition to bainitic
precipitation. Literature data obtained for the Cu-18at%Al-11at%Mn
alloy shows only bainitic precipitation in this temperature range [15].
The precipitation of Ag retained in the matrix [16] occurs in sequence
and is evidenced by peak E3 at about 673 K. The thermal event E4 can
be due to the re-dissolution of Ag precipitates [17] and the T3-
Cu3AlMn2+α+βMn→β2(B2)+T3-Cu3AlMn2+α transformation, while E5
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Fig. 3. (a) DSC curve obtained with heating rate of 3 K min−1 for a sample initially submitted to HT1. (b) Microhardness with quenching temperature curve obtained as described in
HT1→2 of Fig. 1.
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Fig. 4. DSC curves obtained with a heating rate of 10 K min−1 for samples of the Cu-9 wt%Al-10 wt%Mn-3 wt%Ag alloy initially submitted to HT1→2.
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Fig. 5. Optical micrographs (OM) obtained for samples quenched from (a) 1123 K in iced water and then again quenched in iced water from (b) 523 K, (c) 573 K and (d) 673 K.

Fig. 6. X-ray diffraction patterns obtained for a sample quenched from 1123 K in iced water and then quenched from 523 K (a) and 673 K (b). (c) Plot for comparison of X-ray
diffraction patterns.
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was ascribed to the T3-Cu3AlMn2+α+β2(B2)→β(A2)+α reaction [4].
The thermal event E6 can be associated with the decomposition of some
residual phase.

In Fig. 3-b one can observe the microhardness with quenching
temperature curve obtained as described in HT1→2 of Fig. 1. This plot
shows a hardness decrease between 373 K and 423 K due to the α
phase precipitation that occurs before the decomposition of the β3(L21)
phase. In the temperature range from 523 to 573 K the bainite
precipitation and its growth occur, increasing the microhardness values
up to 390 HV. It is important to notice that in Cu-Al-Mn alloys the
higher microhardness values generally observed are around 350 HV
[8].

The formation of the T3-Cu3AlMn2 phase, Ag precipitates, βMn and
α phases together with the lamellae thickening and then bainitic phase
decomposition produce a decrease in the microhardness values be-
tween 573 and 723 K. After 723 K no significant change was observed
on the microhardness values for this alloy composition. In this way, the
precipitated silver (in peak E3) is re-dissolved during heating (in peak
E4), and it shows a very narrow stability range. The presence of Ag also
seems to alter the phase stability range and enhances the bainitic
precipitation effects on the microhardness values of the Cu-9 wt%Al-
10 wt%Mn-3 wt%Ag alloy as compared to literature data [8].

Fig. 4 shows the DSC curves obtained with a heating rate of
10 K min−1 for samples of the Cu-9 wt%Al-10 wt%Mn-3 wt%Ag alloy
initially submitted to HT1→2. The quenching temperatures chosen are
indicated by arrows in Fig. 3-b and the as-quenched curve was only
obtained for comparison (see Fig. 4-a). During this heat treatment the
phases expected from heating of the metastable ones at the tempera-
ture indicated are produced. On continuous heating, phase transitions
that did not occur during heat treatment may be detected, thus
allowing the splitting of important thermal events. The heating rate
was increased from 3 to 10 K min−1 just for optimization of these
experiments. In Fig. 4-a one can observe arrows indicating a new
thermal event, as compared to Fig. 3-a. This event can be attributed to
the α phase precipitation which precedes the decomposition of the
β3(L21) phase. This decomposition is observed in the DSC curve
obtained from the sample quenched from 373 K (peak E1 in Fig. 4-
a). Fig. 4-b shows that in the DSC curves obtained for sample quenched
from 523 and 573 K the thermal events E1 and E2 are not detected,
suggesting that all the bainite phase was already precipitated up to
523 K. This indicates that the microhardness increase shown in Fig. 3-b
can be due only to the bainite growth. The arrows in Fig. 4-b indicate
endothermic events ascribed to the decomposition of the β1(D03) phase
and the formation of the T3-Cu3AlMn2, βMn and α phases. This suggests
that there are thermal events overlapping in the same temperature
range in which the bainitic precipitation occurs.

In Fig. 4-c the DSC curves obtained for samples quenched from
673, 723 and 773 K show an exothermal thermal event at about 520 K,

as indicated by the arrow. This peak is due to the precipitation of Ag
retained in the matrix [14,16]. This reaction is only concluded after the
formation of the T3-Cu3AlMn2, βMn, β2(B2) and α phases since these
ones create new diffusion routes with lower Gibbs energy. In the DSC
curve obtained for a sample quenched from 773 K it is also possible to
see a thermal event at about 770 K that can be due to the T3-Cu3AlMn2
phase decomposition.

Fig. 5 shows the optical micrographs (OM) obtained for samples
initially quenched from 1123 K in iced water and then again quenched
in iced water from 523, 573 and 673 K. These OM images suggest that
the bainitic phase is produced from 523 K and then the growth and
thickening of the bainite lamellae occur up to 673 K. This is in
accordance with the discussion proposed in Figs. 3-b and 4. Fig. 6
shows the X-ray diffraction patterns obtained for the alloy quenched
from 1123 K in iced water and then quenched from 523 K (Fig. 6-a)
and 673 K (Fig. 6-b) in iced water. The diffraction patterns in Fig. 6 and
Tables 1, 2 also confirm that before the hardness peak, at about 523 K,
the β1(D03) phase and a small fraction of bainitic phase are dominant,
and at about 673 K the T3-Cu3AlMn2, Ag, β3(L21), β2(B2), βMn and α
phases are stable, together with a great fraction of the bainitic phase.
These phases were produced from the β1(D03) phase decomposition.
Fig. 6-c was inserted for better comparison. In Tables 1, 2 the Rwp

(Weighted profile R-factor) and GOF (Goodness of fit) parameters are
indicating the quality of fitting as described in reference [18].

It is known that the presence of the bainitic phase increases the
microhardness values [8] and affects the shape memory effect in Cu-
based alloys [19,20]. In this work it was possible to verify that the
bainitic precipitation is followed by the formation of the T3-Cu3AlMn2,
βMn, β2(B2) and α phases and then by Ag precipitation. This can
disturb the bainite growth and a non-isothermal kinetic analysis of this
phase transition could contribute for a better understanding of the
reaction mechanism. The analyzed DSC curves (Fig. 7) were obtained
at a heating rate slower than that in Fig. 4, thus improving the signal of
the thermal event associated with bainitic precipitation. The thermal
event E2 in Fig. 7-a, attributed to the bainite precipitation, is shifted to
higher temperatures with the increase of the heating rates, thus
suggesting that this reaction is controlled by diffusion. Plots of
transformed fraction (y) with absolute temperature were prepared
from peak E2 in Fig. 7-a for the non-isothermal kinetic analysis of this
reaction (see Fig. 7-b).

In order to analyze the reaction kinetics, the isoconversional
method based on the Model-free kinetics [21,22] was utilized to obtain
the activation energy for the bainite precipitation in the Cu-9 wt%Al-
10 wt%Mn-3 wt%Ag alloy, considering the peak E2 in Fig. 7-a and the
Eq. (1) [23]:

⎡
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⎢⎢

⎛
⎝⎜

⎞
⎠⎟

⎤
⎦
⎥⎥ln θ dy

dT
ln A f y

E
RT

= [ ( )]−i
y i

y
y

y i, , (1)

in which the subscript y designates values related to a given trans-
formed fraction, i is the number of non-isothermal experiments
conducted at the heating rates θi, Ty,i is the absolute temperature,
Ay is the Arrhenius constant, Ey is the activation energy and R is the
gas constant. By plotting ln[θi.(dy/dT)y,i] against 1/Ty,i, the value of
the Ey for a given y can be obtained. These plots obtained from Eq. (1)
were linear with correlation coefficients no less than 0.9892.

Fig. 8 shows the plots of Ey vs. y in which it is possible to observe a
conversion dependence of the activation energy in the descending

Table 1
Parameters obtained from the X-ray diffraction pattern at 523 K using the Rietveld
method and the TOPAS software.

Phases α1 β1 (D03) Rwp GOF

Compounds Cu Cu3Al 3.7 2.3
at% 16.8 83.2
Space groups Im3m Pm3m

Table 2
Parameters obtained from the X-ray diffraction pattern at 673 K using the Rietveld method and the TOPAS software.

Phases α α1 β3 (L21) β2 (B2) T3 βMn Ag Rwp GOF

Compounds Cu Cu Cu2AlMn Cu3Al Cu3AlMn2 Mn Ag 5.8 2.7
at% 0.7 88.9 4.7 0.3 3.1 1.7 0.7
Space groups Fm3m Im3m Fm3m Pm3m Fd-3mS P4132 Fm3m
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shape, suggesting that the reaction mechanism is related to multi-step
processes involving a combination between reversible reactions with
those complicated by diffusion [22], with an average value of activation
energy around 115 kJ mol−1.

The activation energy value found for the bainite precipitation in
Cu-Al-Mn alloys is around 60 kJ mol−1 [8]. This value was calculated
using microhardness measurements, which seem to be more accurate
for the bainitic phase precipitation, thus decreasing the interference of
other reactions that may occur in low scale.

In this case, the reactions which occur together with the bainitic
precipitation contribute significantly for the thermal event E2 in Figs. 3,
4, and 7-a. The effects of these phase transitions are more pronounced
in a non-isothermal method conducted by differential thermal analysis,
since the energy of all reactions is measured in the same temperature
range. Using microhardness measurements, the activation energy value
obtained must be due to the phase that changes the microhardness
during the measurements. In Cu-Al-Mn alloys this is ascribed to the
bainitic phase [8], what does not decrease the possibility of interference
due to perturbation in diffusive processes and precipitates formation.
So, differences in activation energy values are also expected in function
of reaction monitoring technique.

The higher value obtained in this work may be due to the dissolved
Ag in the matrix and to the presence of the T3-Cu3AlMn2, βMn, β2(B2),
α phases produced in the same temperature range of bainite precipita-
tion and growth. The bainitic phase is richer in Cu than Al and Mn
atoms and its growth is suggested to be controlled by diffusion in Cu-

Al-Mn alloys [20,24]. There are reports in literature affirming that it
has a 9 R structure [19], and recent studies showed a 6 M structure
derived from martensite in Cu-Al-Mn alloys [24]. The bainitic phase
increases the microhardness [8] and decreases the entropy of Cu-Al-
Mn alloys during its formation [25]. Cu-Ag, Cu-Al and Cu-Mn inter-
actions pairs may decrease the Cu diffusion rate and the presence of the
T3-Cu3AlMn2, βMn, β2(B2), and α phases can also create a physical
barrier to the passage of Cu atoms, thus slowing the diffusion and
decreasing the Cu fraction available for the bainite formation. These
factors can contribute for the slow growth of the bainitic phase, which
also promotes an increase in the lamellae thickness and a better
accommodation of the phase plates. These effects can increase the
microhardness values of the studied alloy in the temperature range in
which the bainitic reaction occurs. An additional increase in the bainite
lamellae thickness promotes a decrease in the microhardness values, as
seen in Fig. 3-b.

4. Conclusions

The results showed that the presence of Ag alters the phase stability
range and enhances the bainite precipitation effects on the microhard-
ness values of the Cu-9 wt%Al-10 wt%Mn-3 wt%Ag alloy. The results
indicated that the microhardness increase in the studied alloy is only
due to the bainite growth step. The results also indicated that the T3-
Cu3AlMn2, βMn, β2(B2), α phases and Ag precipitates can decrease the
Cu diffusion rate in the matrix and increase the average activation
energy for the bainite precipitation reaction. It was also possible to
verify that the presence of manganese decreases the solubility of silver
in the studied alloy and promotes the formation of Ag nanoprecipitates
in as-quenched samples. The precipitation of an Ag fraction retained in
the matrix during quenching is only concluded after the formation of
the T3-Cu3AlMn2, βMn, β2(B2) and α phases.
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