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Abstract.  The Cu-Al-Mn shape memory alloy (SMA) with a new different composition was fabricated by arc 
melting method. The characteristic shape memory effect (SME) property of Cu-Al based SMA was revealed by 
performing thermostructural measurements. The differential scanning calorimetry (DSC) tests were taken to observe 
the reversible martensitic phase transformation peaks of the alloy as evidence of SME property of the alloy. To 
determine the basic thermodynamical parameters of the alloy, these endothermic and exothermic transformation peaks 
were analyzed by the tangent differentiation method that was performed automatically by the DSC analyzing program 
over a manually selected part on the DSC curve and by these analyses the characteristic martensitic transformation 
temperatures (working temperatures) that found below 100°C and the enthalpy change values of the alloy were directly 
obtained. The other kinetic transformation parameters of the alloy - the entropy change, hysteresis, and equilibrium 
temperature - were also determined. The common high-temperature behavior of the Cu-Al based Heusler alloys was 
detected by differential thermal analysis (DTA) measurement. The XRD and metallography tests that were conducted 
at room temperature showed the presence of M18R and the dominant 2H martensite structures that formed in the alloy 
and this dual martensitic structure was also prescribed by determining the theoretical e/a ratio of the alloy. Furthermore, 
the microhardness tests on the alloy demonstrated the high ductility feature of the alloy. All results demonstrated that 
the CuAlMn alloy exhibiting a shape memory effect property can be useful in smart alloy applications. 
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1. Introduction 

 
Area of shape memory alloys (SMAs) is a major area of interest within the field of smart 

materials. SMAs are special materials capable of creating large deformations than returning to a 
predefined form while unloading or overheating (Otsuka and Wayman 1998). The shape 
memorymechanism or shape memory effect (SME) is based on martensitic transformation which is 
a reversible solid to solid reaction from high symmetry & temperature austenite phase to low 
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symmetry & temperature martensite phase and vice versa (Otsuka and Wayman 1998, Canbay et al. 
2014a, Canbay and Karagoz 2013). SMAs that exhibit a shape change by their SME property only 
upon heating (one-way shape memory effect or OWSME) are named as one-way shape memory 
alloys (OWSMAs). Sometimes, upon recooling, they also show an extra second shape change (two-
way shape memory effect, TWSME) which are called two-way shape memory alloys (TWSMAs) 
(Otsuka and Wayman 1998). Recent developments in material science have contributed to a 
multitude of studies that include multiple uses of SMAs. The SME and the superelasticity (SE) 
properties also affected the usage of the memory alloys to meet the capacity of applications (Canbay 
and Aydoğdu 2013, Ol൴ve൴ra et al. 2019) through a diverse range of sectors, such as medical (Canbay 
and Karagoz 2013, Ol൴ve൴ra et al. 2019, Özkul et al. 2019, Canbay and Kesk൴n 2014, X൴e et al. 2015) 
aerospace, (Ol൴ve൴ra et al. 2019, Özkul et al. 2019, X൴e et al. 2015) aerospace machinery (Özkul et 
al. 2019), electronics (Özkul et al. 2019, X൴e et al. 2015) and civil construction (Ol൴ve൴ra et al. 2019, 
Özkul et al. 2019, X൴e et al. 2015). 

The most well established SMAs are NiTi and Cu-based binary and ternary systems (Canbay and 
Karagoz 2013, Canbay and Kesk൴n 2014). Cu-based SMAs have some new advances such as 
excellent damping, better electrical and thermal conductivity than NiTi ones, and improved 
microstructural control during alloy development which enhances their mechanical properties 
(Canbay et al. 2014a, Ol൴ve൴ra et al. 2019). But, Cu-based SMAs are the alloys most under ‘hunting’ 
mainly due to their easer fabrication (in some ways) and lower prices (Canbay and Karagoz 2013, 
Canbay and Aydoğdu 2013, Ol൴ve൴ra et al. 2019, Özkul et al. 2019, Canbay and Kesk൴n 2014, Yang 
et al. 2017, Liu et al. 2016, Namigata et al. 2016, Alaneme and Okotete 2016, Otsuka and Wayman 
1998, Lu and Chen 2021, Velazquez and Romero 2020). 

Most studies in the field of Cu-based SMAs have focused on Cu-Al-Ni, Cu-Zn-Al, and Cu–Al–
Mn alloys because of their strong mechanical and magnetic properties that can be managed by 
chemical, mechanical and magnetic treatments (Titenko et al. 2020). CuAlMn shape memory alloys 
with a low degree of order of the L21 (Cu2AlMn) phase that is situated within the composition range 
of the β single-phase (seen in Figs. 1 and 2) exhibit various interesting behaviors as compared to 
other Cu-based alloys (Kainuma et al. 1998, Velazquez and Romero 2020). These Heusler type shape 
memory alloys have excellent damping, one & two way SME, superelasticity, ferromagnetic, light-
weight, and the Invar effect properties (Omori et al. 2007). Therefore, they are regarded as having 
high potential to be used in smart material applications in the future for their functional properties. 

The studies on Heusler alloys were done firstly by F. Heusler in 1903 (Webster 1969) and he 
proclaimed that it was possible to obtain ferromagnetic alloys from non-ferromagnetic constituents 
Cu-Mn alloy and additional sp elements (Al, Sn, Sb etc.). Heusler alloys, defined as ternary 
intermetallic compounds, can have a composition of XYZ (named as half-Heuslers) or X2YZ (named 
as full-Heuslers or fully ordered L21 structure), where X and Y refer to transition metals and Z stands 
for p-block metal elements (Webster 1969, Bradley and Rodgers 1934). In the condition of 
stoichiometric composition, full Heusler alloys (X2YZ) crystallizes in L21 phase. CuAlMn alloy is 
also a kind of Heusler shape memory alloy (Cu2AlMn) in which manganese sits at the body centers 
of the cubic L21 structure. 

The addition of Mn content into the Cu-Al base system increases the allowable variation in 
composition (see in Fig. 2) for which SME is found (Omori et al. 2007). By doping Mn into binary 
CuAl alloys, the excellent ductility and strong superelasticity strain are obtained by manipulating 
grain size and texture (Titenko et al. 2020, Canbay et al. 2014b, Sutou et al. 2013, Sutou et al. 2008). 
The workability of these kinds of alloys is highly dependent on the ratio of Al, as the Al proportion 
is reduced, the alloy's workability rises significantly (Canbay et al. 2014a). 
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Fig. 1 Phase diagram of the Cu–Al alloy system showing the A2(disordered) → B2(ordered) → 
DO3(or L21) transition temperatures (Liu et al.1998)

 
 

Fig. 2 Vertical section of 10 at% Mn in Cu-Al-Mn system with phase of Cu-Al binary system 
indicated by a broken line (Omori et al. 2007)

 
 

The b൴nary Cu-Al-based SMAs, so the CuAlMn show themselves generally ൴n the β phase at h൴gher 
temperatures above the austen൴te phase start temperature (As) (Canbay et al. 2019, Otsuka and 
Wayman 1998, Velazquez and Romero 2020). By rap൴d cool൴ng, th൴s β phase converts to L21 (a type 
of DO3 cub൴c superlatt൴ce) type of parent β1 austen൴te phase before the martens൴t൴c transformat൴on 
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reg൴on that starts at austen൴te phase f൴n൴sh temperature (Af) and ends at austen൴te starts temperature 
(As). Dur൴ng cool൴ng from Af to As temperature, the austen൴te (A) to martens൴te (M) transformat൴on 
occurs ൴sothermally and non-d൴ffus൴onal by the effect of ൴nternal stresses and ൴t completesat As 
temperature. S൴m൴larly, by heat൴ng, the reverse martens൴t൴c transformat൴on from M to A phase starts 
at Ms and ends up at Mf temperature. Dur൴ng these d൴rect and reverse transformat൴ons, the average 
movement d൴stance of the atoms of alloy൴ng elements ൴n the crystal latt൴ce ൴s regarded as to be smaller 
than the latt൴ce parameter and atoms move cooperat൴vely ൴n such movements. The martens൴t൴c 
transformat൴on occurs by a shear-l൴ke mechan൴sm and many martens൴te var൴ants w൴th d൴fferent 
or൴entat൴ons form from the same parent austen൴te phase due to that martens൴te has low symmetry. At 
the end of martens൴t൴c transformat൴on, d൴fferent types of martens൴te phase forms such as α1′(6R), 
β1′(18R), β1′′(18R+2H), and γ1′(2H) can be formed depend൴ng on the൴r chem൴cal compos൴t൴ons, 
heat൴ng/cool൴ng rate, appl൴cat൴on of stress and crystal or൴entat൴ons (Prado et al. 1995, M൴yazak൴ 1996, 
Karaduman et al. 2019b, Sarı and Aksoy 2006). Where the cap൴tal letter of R refers to the 
rhombohedral (monocl൴n൴c M18R) and H refers to the hexagonal (orthorhomb൴c superstructure of 
hcp) latt൴ce types of stack൴ng structures (Sarı and Aksoy 2006, Slu൴ter 2007). 

In Cu-based alloys, depend൴ng on the number of close-packed layers ൴n the un൴t cell, the ൴nternally 
faulted (or d൴storted) martens൴tes are character൴zed by the long per൴od stack൴ng order types of 9R or 
18R structures (Roh et al. 1992). In fact the 9R and 18R structures are bod൴ly s൴m൴lar, except for a 
doubl൴ng of the un൴t cell ൴n the b- and c-ax൴s d൴rect൴ons ൴n the 18R case due to a var൴ance occurs ൴n 
trans൴t൴on from the B2 to D03 (or L21) phase. It was shown that these martens൴tes can be formed ൴n 
the normal orthorhomb൴c (N9R or N 18R) or mod൴f൴ed monocl൴n൴c (M9R or M18R) cond൴t൴ons, 
depend൴ng on the relat൴ve pos൴t൴ons of the close-packed layers (Roh et al. 1992, Sabur൴ et al. 1976). 
The d൴fference ൴n the N18R and M18R martens൴tes stems from the stack൴ng pos൴t൴ons of the close-
packed layers correspond൴ng to the basal plane. In the M18R martens൴te, the relat൴ve d൴splacement 
between two adjacent close-packed planes ൴s dev൴ated from the൴r ൴deal pos൴t൴ons. 

The ternary add൴t൴on of Mn element to the b൴nary Cu-Al alloy ref൴nes the gra൴n s൴ze, decrease and 
surpass alum൴num’s br൴ttleness effect on the Cu-based alloy matr൴x (Sutou et al. 1999, Mall൴k and 
Sampath 2008, Karaduman et al. 2019a), and also ൴ncreases the stab൴l൴ty of the cub൴c β phase and 
w൴dens the s൴ngle-phase reg൴on wh൴ch ൴ncludes the L21 phase (Ka൴numa et al. 1998). The L21 
austen൴te structure of Heusler CuAlMn memory alloy generally changes ൴nto a m൴xture of 18R(β1' 
or β3') and 2H(γ1' or γ3') martens൴tes wh൴ch one of these becomes volumetr൴cally dom൴nant on the 
other one depend൴ng on the percentage of Al and other add൴t൴onal contents and the rat൴o of the 
average conduct൴on electron number per atom (e/a) (Sarı and Aksoy 2006, C൴ et al. 2017, Mall൴k and 
Sampath 2008, Canbay et al. 2019, Velazquez and Romero 2020). 

In th൴s study, the ternary CuAlMn shape memory alloy w൴th ൴ts unprecedented 69.71Cu-25.02Al-
5.28Mn (at.%) compos൴t൴on produced by arc melt൴ng method. The SME propert൴es of the new alloy 
were character൴zed by thermodynam൴c and m൴crostructural measur൴ng exper൴ments and theoret൴cal 
analys൴s. 

 
 

2. Experimental 
 
In this work, to prepare the ternary CuAlMn alloy with its unprecedented 69.71Cu-25.02Al-

5.28Mn (at.%) composition by arc melting method (Canbay et al. 2019, Karaduman et al. 2019a, 
Velazquez and Romero 2020, Lu and Chen 2021). To do this, preliminarily the high purity (99.9 %) 
elements of Cu, Al, and Mn powders were mixed, then this powder mixture was pelletized under 
pressure. The pellets were melted in an Edmund Buehler Arc Melter under argon atmosphere and 
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the alloy was cast as ingot form. The most prominent reasons for using Edmund Buhler Arc Melter 
are because it has double-walled high vacuum chamber & pumping with back filling inert argon 
atmosphere to minimize oxidation during melting and measuring system, enables excellent 
observation of the melting process, so you can see when you (can) turn/mix over or remelt the 
material to improve homogenization without breaking the vacuum. Then this ingot was cut into 
small thin flat pieces (~40 mg and ~5×4×2 mm) to make better for the characterization tests and 
they were all solution-treated at 900°C for 1 h for atomic homogenization. After the end of the 
homogenization process, the alloy samples were immediately submerged (quenched) in the iced-
brine water for cooling them fast. In this way, the formation of precipitations was minimized and 
thus the martensite phase was formed in the alloy samples. Then these samples underwent a series 
of measurements including differential scanning calorimetry (DSC), differential thermal analysis 
(DTA), energy dispersive X-ray spectrum (EDS), X-ray diffraction (XRD), optical microscopy and 
Vickers microhardness tests. To observe the heat induced martensitic transformation peaks on the 
thermal characteristic graphic (thermogram) of the alloy a Shimadzu DSC-60A instrument was used 
to take the DSC cycle at the heating/cooling of the rate of 10°C/min and liquid nitrogen (Shaw et al. 
2008) was used to reach under room temperature. By using a Shimadzu DTG-60 AH, the DTA test 
was carried out at the rate of 25°C/min to observe the high-temperature behavior of the alloy. To 
determine the alloy’s composition (at.%), a Bruker Model EDS instrument was used at room 
temperature, by which the alloy surface atoms were scanned topologically to determine the 
composition. To reveal the crystallographic features of the alloy by its X-ray diffraction pattern, a 
Rigaku RadB-DMAX II diffractometer with CuKα radiation was used at room temperature. The 
optical microscopy image (metallograph) of the alloy surface was taken by using an optical 
microscope model with no. XJP-6A at room temperature, which can take the micrometer sized 
images of the alloy surface morphology and can display the surface features of grain, grain 
boundaries, martensite phases and other formations. Furthermore, the mechanical features like the 
softness of the CuAlMn alloy were also examined by the Vickers microhardness test made by using 
a Tronic DHV 1000 model Digital Microhardness Tester under 100gf load at room temperature. 

 
 

3. Results and discussions 
 
The DSC curve of the CuAlMn alloy run at 10°C/min of heating/cooling rate is given as a cycled 

curve in Figs. 3(a) and (b) as we can notice from Fig. 3(a) (temperature on the x-axis) and the same 
curve (time on the x-axis) with peak analysis made by a tangent method which could be seen in Fig. 
3(b). According to Fig. 3(a), on heating the alloy, there can be seen a down endothermic peak at 
around 80°C indicating a forward martensitic transformation from martensite (M) to austenite (A) 
phase (Canbay et al. 2019, Karaduman et al. 2019a, b) which was shown with M→A annotation 
above this peak in the figure. Then on cooling, there appears a backward A→M phase transformation 
around room temperature. There is also seen some fluctuations on the cooling part of the DSC curve 
before reaching the A→M transition peak and these happened due to the insertion of liquid nitrogen 
in the supplemental cooling port of the DSC instrument by which enabled the temperature of the 
alloy sample to be down under the room temperature. 

The characteristic martensitic phase start and finish temperatures (As, Af, Ms, Mf, Amax) of these 
two counterparts reversible martensitic peaks were determined by DSC peak analysis on the time 
axis seen in Fig. 3(b) and the peak areas, automatically calculated by the DSC analysis program, 
were appended above the peaks which shows the enthalpy changes (ΔHM→A and ΔHA→M) occurred 

49



 
 
 
 
 
 

Canan Aksu Canbay, Oktay Karaduman, Pshdar A. Ibrahim and İskender Özkul 

 
(a) Temperature is on x-axis

(b) Time is on x-axis
Fig. 3 DSC curve of Cu-Al-Mn alloy at the heating/cooling rate of 10 °C/min. In the analysis boxes, 

‘Onset’ and ‘Endset’ are peak/phase start and finish temperatures. Also, the values of the 
enthalpy changes (J/g) that occurred during these phase transformations are given at the 
bottom of the boxes 

 
 

Table 1 Transformation temperatures and kinetic parameters of CuAlMn alloy at 10°C/min of heating/ 
cooling rate 

As 
(°C) 

Af 
(°C) 

Ms 
(°C) 

Mf 
(°C) 

As-Mf 
(°C) 

T0 
(°C) 

ΔHM→A 
(J/g) 

ΔHA→M 
(J/g) 

ΔSM→A 
(J/g°C) 

ΔSA→M 
(J/g°C)

68.32 88.34 37.91 28.59 39.73 63.12 7.41 -3.48 0.1174 -0.0551
 
 

during these transformations. The values of these thermodynamical parameters plus the calculated 
others such as hysteresis (As-Mf) value, equilibrium temperature (To), and entropy change amounts 
(ΔSM→A and ΔSA→M) were all listed in Table 1. 

The equilibrium temperature (T0) is the temperature at between Ms and As temperatures where 
the chemical Gibbs free energies of the two phases are equal. The T0 temperature was calculated by 
T0 = (Af+Ms)×0.5 relation of Tong-Wayman (Tong and Wayman 1974). ∆S entropy change values 
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were calculated by using ∆SA↔M = ∆HA↔M /T0 formula (Canbay et al. 2019, Karaduman et al. 2019a) 
for each opposite way transformation. 

The DTA measurement for the alloy was taken at the heat൴ng/cool൴ng rate of 25°C/m൴n and g൴ven 
൴n F൴g. 4. As to th൴s DTA cycle, on heat൴ng (on the down part of the DTA curve), the CuAlMn alloy 
underwent a ser൴es of trans൴t൴ons as β3(DO3; L21) → β2(B2, metastable) → α+γ2 prec൴p൴tat൴ng → 
eutecto൴d react൴on → β2(B2, ordered) → β(A2, d൴sordered) and th൴s thermal pattern was found 
compat൴ble w൴th the prev൴ous l൴terature works (Karaduman et al. 2019a, b, Prado et al. 1995, 
Velazquez and Romero 2020). There appeared also a small exo-peak that ra൴sed at the end of cool൴ng 
process (on the far left of the upper part of the DTA curve at around room temperature, and th൴s DTA 
test was taken on a hot summer day, the test lab’s amb൴ent temperature was around 35°C) wh൴ch 
therefore ൴nd൴cates an ൴ncomplete A→M trans൴t൴on that occurred there. The reason for no any endo-
peak ൴nd൴cat൴ng the M→A trans൴t൴on on the far left of the bottom heat൴ng part of the curve ൴s due to 
that alloy sample was already ൴n the austen൴te phase when DTA heat൴ng was started (because another 
p൴ece of alloy sample ൴n the austen൴te phase was used for DTA test). 

 
 

 
Fig. 4 DTA curve of CuAlMn alloy at the heating/cooling rate of 25°C/min 

 
 

 
Fig. 5 The EDS result of CuAlMn alloy
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The chemical composition of the CuAlMn alloy was determined by the EDS test taken at room 
temperature and the EDS result is given in Fig. 5. The existence of Cu, Al, and Mn constituent 
elements was detected. 

The average valence electron concentration per atom (e/a) is an important parameter for the 
alloys in terms of having SME property. Moreover, the vibrational entropy change (ΔS) of the 
average periodic lattice formation emerges during the first order and non-diffusional martensitic 
transformations depend considerably on this parameter (Ahlers 1995). Cu-based SMAs generally 
have SME property when their e/a values are between ~1.45 and 1.50 (Otsuka and Wayman 1998, 
Canbay et al. 2019, Velazquez and Romero 2020). In this e/a value interval, the martensite phases 
of monoclinic β1′ (or β3′; M18R) and hexagonal close-packed γ1′ (or γ3′; 2H) together take place 
(Canbay et al. 2019). The 18R martensite becomes the dominant martensite form for the e/a values 
lower than 1.45 and inversely for the values larger than 1.50, at this time the 2H martensite phase 
gains dominancy (Canbay et al. 2019). Therefore, determining the e/a value of an alloy can give a 
theoretical prediction on which martensite phase types are formed in the alloy matrix. Here, the 
value of e/a ratio of the CuAlMn SMA was found as 1.55 by using e/a = ∑fivi formula (Canbay et 
al. 2019), where; fi represents the atomic fractions of alloying elements and vi is their valence 
numbers. This value is close to the interval of 1.45-1.50 and larger than 1.50, therefore it can be 
expected that the 18R and 2H martensite forms will be together in the CuAlMn alloy matrix, with a 
slight dominancy of 2H form. The X-ray diffraction pattern and optical microscopy image of the 
CuAlMn alloy that is given ahead confirm this prediction. 

On the optical microscopy images given in Fig. 6 that display the surface morphology of the 
CuAlMn alloy, the wedge-like and V-type monoclinic β3′(M18R), the coarse γ3′(2H) type (the dark-
lighted strips) martensite forms can be clearly seen (Agrawal and Vajpai 2020, Al-Humairi 2019, Li 
et al. 2020). 

The result of the XRD measurement taken at room temperature for the CuAlMn alloy sample 
can be seen in Fig. 7. On this X-ray diffraction pattern, the highest peak of (012) plane belongs to 
the γ1′(or γ3′) hexagonal martensite and then secondly γ1′(211), and the other peaks are β1′(1210), 
β1′(2010), β1′(122), β1′(0022) and β1′(042) that belong to the monoclinic β1′(β3′) martensite phase 
(Canbay et al. 2014a, Braga et al. 2017, Li et al. 2020). These XRD peaks that show the existence 
of the 18R(β1′) martensite together with the dominant 2H(γ1′) martensite in the CuAlMn alloy, so 

 
 

Fig. 6 The optical microscopy images of the CuAlMn alloy displaying the surface morphology of the alloy
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Fig. 7 The X-ray diffraction pattern of the Cu-Al-Mn alloy

 
 

the results of both XRD and optical microscopy confirm the aforementioned theoretical prediction 
deduced on the value of e/a ratio of the alloy. 

Another important structural parameter of the alloy is the average crystallite size (D) which can 
be determined by using XRD data. The coherently X-ray scattering domain (spherical or ellipsoidal 
particle) size is the Debye-Scherrer (Patterson 1939) crystallite size and it is generally in sub-
micrometer scale and is smaller than the micrometer sized grains. For the produced CuAlMn alloy, 
the value of the D size refers to the coherently X-ray scattering domain size of β1′ martensite phase 
in this alloy. A larger D value indicates a larger single-like crystallinity i.e., a better shape memory 
effect (Canbay et al. 2019). The lattice impurities, imperfections, stacking faults, grain boundaries, 
crystallite smallness, chemical heterogeneities etc. reduce the X-ray scattering domain size (D size) 
i.e., such defects increase amorphism in the alloy and shows itself by broadened peaks on the X-ray 
pattern. There is a relation between the size of nano-scale crystallites in a solid and the broadening 
of a peak in the diffraction pattern and is expressed by Debye-Scherrer formula D = 0.9λ/B1/2cosθ 
(Canbay et al. 2019), where; λ refers to the X-ray wavelength of the CuKα radiation (λ = 0.15406 
nm), B1/2 is full width at half maximum (FWHM) value of the highest peak (= 0.375), and θ is its 
diffraction Bragg angle (= 44.958°). The average crystallite size (D) value of the alloy was calculated 
as 22.93 nm (Canbay et al. 2019, Karaduman et al. 2019a). 

The Vickers microhardness value of the CuAlMn alloy was obtained as 230.33 HV from taking 
the average on three different region values of 244 HV 237 HV and 210 HV. The microhardness 
values of CuAlMn alloy showed the high ductility aspect of the CuAlMn alloy and these values were 
also found in a good agreement with the slightly higher values reported in a previous CuAlMn SMA 
work (Oliveira et al. 2016). 

 
 

4. Conclusions 
 
The ternary CuAlMn shape memory Heusler alloy was fabricated successfully by arc melting 

method and characterized by thermal (DSC, DTA), mechanical (Vickers microhardness) and 
structural (XRD, EDX) measurements. By these measurements that we listed below, the presence of 
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the shape memory effect property of the CuAlMn alloy was demonstrated. 
 

• The martensitic transformation temperatures were detected in the temperature range between 
28°C and 88°C by DSC test that indicates a SME property. The multiple phase transitions of 
L21 → B2 → α+γ2 → eutectoid reaction → B2 → A2, which is the common thermal behavior 
of Cu-based Heusler shape memory alloys, was observed on the DTA curve. 

• The structural tests and the theoretical predictions made on the calculated average valence 
electron concentration of the alloy, both indicated the existence and dominancy of 18R and 
2H martensite forms, were found in good accordance. 

• Mechanical low microhardness values of the alloy that was found slightly smaller than the 
values in a previous report (Oliveira et al. 2016) implied high softness or ductility feature of 
the produced alloy. 
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