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Abstract

Four Cu-rich alloys from the ternary Cu-Al-Mn system were prepared in the electric-arc furnace and casted in cylindrical
moulds with dimensions: =8 mm and length 12 mm. Microstructural investigations of the prepared samples were
performed by using optical microscopy (OM) and scanning electron microscopy, equipped by energy dispersive
spectroscopy (SEM-EDS). Assignation of crystalline phases was confirmed by XRD analysis. Phase transition temperatures
were determined using simultaneous thermal analyzer STA DSC/TG.  Phase equilibria calculation of the ternary Cu-Al-Mn
system was performed using optimized thermodynamic parameters from literature. Microstructure and phase transitions of
the prepared as-cast alloys were investigated and experimental results were compared with the results of thermodynamic
calculations.
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1. Introduction

The trigger for wide research of Cu-Al-Mn alloys
in recent years is their easy manufacturing, low cost as
well as good properties, especially electric properties
and thermal conductivity. The special emphasis of
investigations are Cu-Al-Mn shape memory alloys
(SMA), that shows unique properties of remembering
their shape as well as recovering to original shape
under temperature changes or plastic deformation [1-
4]. Cu-Al-Mn alloys display advantage in
technological applications over other Cu-based SMA
alloys, such as Cu-Al-Ni, Cu-Al-Zn etc., according to
significantly higher ductility and ability of cold
deformation [5,6]. The addition of quaternary element
to Cu-Al-Mn alloys, improves their properties and
meet the standards for application as sensors or
actuators, in automotive industry, robotics, aerospace
or biomedical sectors [7-9]. Sutou and co-authors
investigated the influence of Ti, Cr, Co, Fe, Ag, Au,
Ni, Zn, Si and Sn on the shape memory effect and
pseudoelasticity of Cu-Al-Mn alloys [10]. He
reported that addition of Fe, Au, Zn, Ni and Ti

improves shape memory effect (SM) of alloys, while
Co, Si, Sn and Cr decrease temperature of martensitic
transformation (Ms) as well as their ability to cold-
workability. The effect of Ce on the microstructure
and phase transformation temperatures on Cu-Al-Mn
SMA alloy was reported by Chen [11], while Canbay
presented the effect of Fe on the enthalpy and entropy
values of Cu-Al-Mn-Fe system [12].

From thermodynamic point of view, binary
systems Cu-Al, Cu-Mn and Al-Mn are well known,
but ternary Cu-Al-Mn system is still the object of
intensive investigations [13-17]. Cu-Al system was
studied extensively by Murray and Liu [14, 18, 19].
Thermodynamic description of Cu-Mn binary system
was given Cuiyun He, Young Du and co-authors [20]
and Mn-Al system by Young Du and A. Shukla [21,
22].

Single b-phase in Cu-Al binary system is stable in
compositions of 20 – 28 % of aluminium, but the
addition of manganese stabilizes b-phase and widens
the composition region.  b-phase is parent phase for
formation of martensitic b` phase, and consequently
causes shape memory (SM) and pseudoelasticity (PE)
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effects in material [23]. In wide composition range of
b-phase, in Cu-Al-Mn alloys, order-disorder
transitions occur: A2 (disordered bcc Cu) – B2 (CuAl)
– L21 (Cu2AlMn). Heusler, L21, phase has
ferromagnetic properties, as a result of atomic
ordering of manganese atoms [19].  Kainuma [24]
reported that low aluminium content, lower than 17 %
at. shows excellent ductility of Cu-Al-Mn alloys as
well as cold-workability, due to lower degree of order
of b-parent phase. Vis-a-vis, SM properties decrease
with aluminium content and with A2 parent phase
[25].  Therefore, the balanced composition of Al and
Mn elements in ternary alloy is crucial for its final
properties. Thermodynamic description of the ternary
Cu-Al-Mn system was given by Lucas [26] and
Miettinen [27]. Miettinen gave parameters optimized
according to experimental procedure for ternary
system, but only for Cu-rich corner of phase diagram.

In this paper, the influence of different contents of
aluminium and manganese in Cu-rich ternary Cu-Al-
Mn alloys on the thermodynamic equilibrium,
microstructure and phase transformation temperatures
is reported.

2. experimental

Cu-Al-Mn alloys were prepared by melting of raw
materials from manufacturer MaTeck Material-
Technologie&Kristalle GmbH: copper, purity of
99.99 % (pellets 6x6 mm), aluminium, purity of 99.99
% (granules 2-10 mm) and manganese, purity of
99.99 % (pieces 3-12 mm).  Melting of pure metals
was performed in the electric-arc furnace, under argon
atmosphere. Samples were re-melted 3 times due to
better homogenization of alloy, with cycles of
vacuuming and 15 minutes argon leakaging before
each re-melting. After that, samples were casted in the
cylindrical moulds with dimensions: diameter of 8
mm and length of 12 mm. Experimentally determined
samples compositions based on results of EDS
analysis are given in Table 1. 

Samples were prepared for microstructural
investigations by inserting into the conductive paste
by Automatic Mounting Press Buehler SimpliMet
1000. Grinding was performed by Buehler machine,
with water-cooled SiC papers from 240 till 1200 grit,
at force of 5 N and speed 150 rpm/min. Polishing was
done by microfiber felt with diluted alumina solution,
at same force and speed. 

Prepared specimens were etched with solution of
2,5 g FeCl3/48 mL CH3OH/10mL H20. 

Microstructure of Cu-Al-Mn shape memory alloys
was determined by Optical Microscope Olympus GX
51, with image analysis software, Analysis Materials
Research Lab., Japan, as well as with Scanning
Electron Microscope Tescan Vega, equipped by
Energy Dispersive Spectroscopy (EDS), Brücher. The
microscope was operated by Secondary electron
detector, at acceleration voltage of 20 kV. Calibration
for the quantitative measurements was performed by
Au standard. XRD analysis was performed by
PANalytical, X’Pert PRO, CuKa1 radiation, from 15 to
90°, with rate of 2°/min. Transformation temperatures
were obtained by Simultaneous Thermal Analysis,
Differential Scanning Calorimetry /
Thermogravimetry, with instrument STA DSC/TG,
NETZSCH Jupiter 449 F1. Temperature and
sensitivity calibration files were created with
measurements of 8 different pure materials: In, Sn, Bi,
Pb, Zn, Al, Ag and Ni. The resolution of DSC
instrument was < 1µm and temperature resolution
0.001 K. Dynamic measurements were performed in
the temperature interval from 25 °C to 1150 °C, in
argon atmosphere, with heating/cooling rate of 10
°C/min. Thermodynamic calculations of phase
diagram were done by PANDAT software.

3. thermodynamic calculations

Thermodynamic calculations performed in this
work are based on the CALPHAD method and
minimization of Gibbs free energy of system [28, 29].
In this work calculation were done using
thermodynamic parameters of pure elements
according to SGTE database [30] and optimized
thermodynamic parameters from Miettinen [27].
Phases considered in calculation with their
crystallographic data are presented in Table 2.

4. results and discussion

Fig. 1 shows calculated part of the vertical section
of the Cu-Al-Mn ternary system with constant Mn
content (9.4 %wt. Mn) and with labeled composition
of the investigated Cu-5.5 %wt. Al-9.4 %wt. Mn alloy
and calculated diagram of the phase fractions at
different temperatures under equilibrium conditions.

From Fig. 1 it could be seen that during cooling of
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Table 1. Chemical composition of investigated Cu-Al-Mn
alloys 

Chemical composition
Sample (% wt.)

Cu Al Mn
1 85.1 5.5 9.4
2 83.3 7.1 9.6
3 89.9 1.2 8.9
4 78.5 11.4 10.1

Standard
uncertainties

±2-2.3 % ±0.1-0.5 % ±0.3-0.4%
(EDS

mesurement)



the Cu-5.5 %wt. Al-9.4 %wt. Mn alloy under
equilibrium conditions, a-phase (fcc Cu) starts to
solidify at 973 °C. b-phase (bcc Cu) is stable in the
narrow temperature interval from 923 till 899 °C.
Solidus temperature is determined at 920 °C, while
low temperature ternary phase Cu3Mn2Al, known as
t3-phase, precipitates at 435 °C from the a-phase and
stay stable till room temperature jointly with a-phase. 

Microstructural analysis of Cu-5.5 %wt. Al-9.4
%wt. Mn alloy shows two-phase morphology, where
according to EDS based compositions matrix is
identified as a-phase, while the composition of the
discrete phase fit well to that of Cu3Mn2Al (t3) phase
(Fig. 2 and 3). Experimental results are in agreement
with the results of phase equilibria calculation.  

Transformation temperatures obtained under non-
equilibrated heating of specimen from room
temperature till 1150 °C in the DSC cell are given in
Fig. 4. Small endotherm detected at 405 °C is described
as beginning of dissolution of Cu3Mn2Al (t3) phase,
while the second peak, observed at 765 °C to dissolution
of b-phase. Solidus temperature is determined at 915°C,
which is in very good agreement with thermodynamic
calculations shown in Fig. 1 (Ts = 920 °C).
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Phase /
Temperature

range

TD database
name

Pearson
symbol

Space
group

Lattice
Parameters

[pm]

Liquid L - - -

fcc (Cu)
FCC_A1 cF4 Fm3m a = 361.48

< 1083

β
BCC_ A2 cI2 Im3m a = 294.6

1049-761

γ
GAMMA cF4 P43m a = 871.32

< 873

cbcc (aMn) 
CBCC_A12 cI58 I43m a = 891.39

< 710

t3
Cu3Mn2Al cF24 Fd3m a = 690.46

< 550

Figure 1. Thermodynamic calculations for the Cu-5.5 %wt. Al-9.4 %wt. Mn alloy a) part of the calculated vertical section
of the Cu-Al-Mn ternary system with constant Mn content (9.4 %wt. Mn) and with marked composition of the
investigated alloy b) calculated phase fractions with temperature in equilibrium condition for the investigated alloy

Figure 2. OM micrographs of Cu-5.5 %wt. Al-9.4 %wt. Mn alloy at magnification: a) 200 x, b) 500 x

Table 2. Crystalographic data for the considered phases in
ternary Cu-Al-Mn system [26]



According to thermodynamic calculations
expected stable phases for the Cu-7.1%wt. Al-9.6%wt.
Mn alloy at room temperature are a-phase (Cu fcc
phase) and t3 (Cu3Mn2Al phase) (Fig. 5a,5b). The
results of microstructural analysis for the Cu-7.1%wt.
Al-9.6%wt. Mn alloy pointed out the two-phase a+b
morphology, as can be seen from OM and SEM
micrographs in Figs 6 and 7. XRD analysis in Bragg-
Brentano setup was employed to support the
microscopy findings. The samples where SEM was not
conclusive (Cu-7.1 %wt. Al-9.6 %wt. Mn and Cu-1.2
%wt. Al- 8.9 %wt. Mn) were selected in order to reveal
more from their diffraction patterns. Both samples
exhibit only few diffraction lines, some of them with
very high intensities. XRD analysis of the Cu-7.1%wt.
Al-9.6%wt. Mn alloy confirms dominant a-phase (Cu
fcc phase), with the presence of b-phase, with ordered
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Figure 3. SEM micrographs of Cu-5.5 %wt. Al-9.4 %wt. Mn alloy at magnification: a) 1000 x, b) 2000 x

Figure 5. Thermodynamic calculations for the investigated Cu-7.1 %wt. Al-9.6 %wt. Mn alloy a) part of the calculated
vertical section of the Cu-Al-Mn ternary system with constant Mn content (9.6 %wt. Mn) and with marked
composition of the investigated alloy, b) calculated phase fractions with temperature in equilibrium condition for
the investigated alloy

Figure 4. DSC heating curve for sample Cu-5.5 %wt. Al-
9.4 %wt. Mn 



DO3 (Cu3Al) phase (Fig 8). According XRD results,
t3-phase is present in this sample only in traces. 

During cooling b-phase undergoes to order-

disorder transitions, as mentioned earlier, from A2 –
B2 – DO3 (Cu3Al) or L21 (Cu2AlMn).

Thermodynamic description wasn’t included
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Figure 6. OM micrographs of sample Cu-7.1 %wt. Al-9.6 %wt. Mn at magnification: a) 200 x, b) 500 x

Figure 7. SEM micrographs of sample Cu-7.1 %wt. Al-9.6 %wt. Mn at magnification: a) 1000 x, b) 2000 x

Figure 8. XRD diffractogram for the Cu-7.1 %wt. Al-9.6 %wt. Mn



ordering transformations because of lack of optimized
thermodynamic data. According to the previous
investigations [24], both ordering transitions depend on
the content of aluminium rather than content of
manganese in alloy. Decreased amount of aluminium in
ternary alloy affects precipitation of a-Mn (cbcc-phase)

as it is predicted by the results of thermodynamic
calculations shown in Fig 9. During cooling of Cu-1.2
%wt. Al-8.9 %wt. Mn alloy, a-Mn (cbcc phase) starts to
precipitate at 174 °C (Fig. 9). Precipitation of a-Mn is
obvious from optical and SEM micrographs (Figs 10 and
11) and it is confirmed by X-ray diffraction (Fig 12).
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Figure 9. Thermodynamic calculations for the investigated Cu-1.2 %wt. Al-8.9 %wt. Mn alloy: b) part of the calculated
vertical section of the Cu-Al-Mn ternary system with constant Mn content (8.9 %wt. Mn) and with marked
composition of the investigated alloy, b) calculated phase fractions with temperature in equilibrium condition for
the investigated alloy

Figure 10. OM micrographs of Cu-1.2 %wt. Al- 8.9 %wt. Mn at magnification: a) 200 x,b) 500 x

Figure 11. SEM micrographs for sample Cu-1.2 %wt. Al- 8.9 %wt. Mn at magnification: a) 1000 x, b) 2000 x



Position of related DSC peak is observed at 194
°C (Fig 13). It should be noted that solidus
temperature as well as onset temperature for melting
of a-phase are somewhat lower than theoretical
values, Ts = 943 °C and Ta = 975 °C (Fig 13).

Cu-11.4%wt. Al- 10.1%wt. Mn alloy solidifies
with primary cristalization of b-phase (bcc phase) and
at 393 °C ternary eutectoid reaction a + g + t3 « b
occurs, with formation of t3-phase (Cu3Mn2Al) (Fig
14a, 14b). Optical and SEM images of the
microstructure are presented in Figs 15 and 16. 

DSC results show dissolution of t3 phase at 500 °C
and a and g phases at lower temperature, around 300 °C
(Fig 17). Endothermic peak detected around 700 °C
probably is related to order-disorder transition B2/A2.
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Figure 14.Thermodynamic calculations for the investigated Cu-11.4%wt. Al- 10.1%wt. Mn alloy: a) part of the calculated
vertical section of the Cu-Al-Mn ternary system with constant Mn content (10.1 %wt. Mn) and with marked
composition of the investigated alloy, b) calculated phase fractions with temperature in equilibrium condition
for the investigated alloy

Figure 13. DSC heating curve of Cu-1.2 %wt. Al-8.9 %wt.
Mn alloy

Figure 12. X-ray diffraction pattern for the Cu-1.2 %wt. Al- 8.9 %wt. Mn alloy
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Figure 15. OM micrographs of  Cu-11.4%wt. Al- 10.1%wt. Mn alloy at magnification: a) 50 x, b) 200 x

Figure 16. SEM micrographs of  Cu-11.4%wt. Al- 10.1%wt. Mn alloy at magnification:  a) 46 x, b) 500 x, c) 5000 x

Figure 17. DSC analysis of Cu-11.4%wt. Al- 10.1%wt. Mn alloy



Solidus temperature is determined at 962 °C, and
melting of b-phase at 987 °C. Similar composition of

eutectoid solid solution was obtained at all investigated
positions by SEM-EDS analysis (Figs 18 and 19).
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Figure 19. EDS analysis at position 2 of sample Cu-11.4%wt. Al- 10.1%wt. Mn

Figure 18. EDS analysis at position 1 of sample Cu-11.4%wt. Al- 10.1%wt. Mn



conclusion

Four as-cast Cu-rich Cu-Al-Mn alloys with
variable contents of Al and Mn were explored in
presented study. Thermodynamic calculations
produced equilibrium phases for each composition
as well as their stability intervals, which were
experimentally tested by DSC and confirmed by
XRD measurements. Evaluated phase
transformation temperatures through experiment
procedure show reasonable agreement with
theoretically predicted values. Optical microscopy,
scanning electron microscopy and XRD analysis
mainly confirmed thermodynamically predicted
phase morphology. Cu-Al-Mn alloy with 1.2 %wt.
of aluminum showed precipitation of a-Mn in Cu
matrix with fcc crystal structure. Alloys with higher
aluminum and manganese content show presence of
a-phase and t3-phase, while Cu-11.4 %wt.Al-10.1
%wt.Mn alloy achieved eutectoid solid solution.
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