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Abstract: Shape memory alloys (SMAS) constitute the second largest commercial smart material class after piezoelectric
materials. Different SMA alloy systems or SMAs with miscellaneous functionalities and characteristic properties have been
designed for using in different applications until today. High temperature shape memory alloys (HTSMAS) are also widely
desired to be used in various smart materials applications. HTSMAs with different functional and characteristic properties are
muchly demanded for different tasks to be done by these alloys or devices designed by these alloys. A common and practical
way to fabricate SMAs or HTSMAs with different shape memory effect (SME) and other properties is to fabricate them with
different alloying compositions and add different additive elements. In this work, a quaternary CuAlZnMg HTSMA with an
unprecedented composition consisting minor amount of zinc and magnesium additives was produced by arc melting method.
As a result of applying post-homogenization in high f—phase temperature region and immediate quenching, the microstructural
mechanism of a SME property was formed in the produced alloy. After then, to examine SME characteristics of the CUAIZnMg
alloy some differential thermal analysis (DTA), microstructural (XRD) and magnetization (VSM) characterization tests were
carried out. The DTA results showed that the alloy is a HTSMA exhibiting reverse martensitic transformations at temperature
range between 167 °C and 489 °C. The XRD pattern obtained at room temperature revealed the martensite phases formed in
the alloy, which phases are the base mechanism of the reversible martensitic transformation (the SME property) of the alloy.
The VSM test showed that the alloy exhibit a diamagnetic property with a weak ferromagnetic coercivity contribution.

Key words: CuAlZnMg, High temperature shape memory alloy (HTSMA), Shape memory effect, Martensitic
transformation, Enthalpy, DTA, XRD, VSM.

Minér Miktarda Zn ve Mg Katkilar1 Eklenerek Uretilmis Yeni Kuaterner CuAlZnMg Yiiksek
Sicaklik Sekil Hafizali Alasimi (YSSHA)

Oz: Sekil hafizali alagimlar (SHA), piezoelektrik malzemelerden sonra ikinci en biiyiik ticari akilli malzeme smifini
olusturmaktadir. Farkli SMA alasim sistemleri ya da farkli iglevlere ve karakteristik 6zelliklere sahip SMA'lar bugiine kadar
farkli uygulamalarda kullanilmak iizere tasarlanmistir. Yiiksek sicaklik sekil hafizali alagimlar (YSSHA) da farkli fonksiyonel
ve karakteristik Ozelliklere sahip akilli malzeme uygulamalarinda yaygin olarak kullanilmaktadir. Bu alagimlar veya bu
alasimlar ile tasarlanan cihazlarin farkli islevleri i¢in bu alagimlarin farkli fonksiyon ve karakteristik 6zelliklere sahip olmalar1
cok talep edilmektedir. Farkl: sekil hafiza etkisine (SHE) ve diger 6zelliklere sahip SHA ya da YSSHAlar1 liretmenin yaygin
ve kolay bir yolu farkli alasim kompozisyonlari ile ve farkli katk: elementleri ilave ederek iiretmektir. Bu calismada, ark eritme
yontemi ile az miktarda ¢inko ve magnezyum katki maddelerinden olusan benzersiz bir kompozisyona sahip dortlii CuAlZnMg
YSSHA iretilmistir. Yiksek B-faz sicaklik bolgesinde homojenlestirme ve hemen sonrasinda hizli sondiirme islemi
uygulanmasi sonucunda alagimda SHE &zelliginin mikroyapisal mekanizmasi olusturulmustur. Daha sonra, CuAlZnMg
alasiminin  SHE 0Ozelliklerini incelemek igin diferansiyel termal analiz (DTA), mikroyapisal (XRD) ve magnetik
karakterizasyon (VSM) gibi baz1 karakterizasyon testleri yapilmistir. DTA sonuglari, alagimin 167 °C ve 489 °C sicaklik
araliginda ters martensitik dontistimler gosteren YSSHA oldugunu gostermistir. Oda sicakliginda elde edilen XRD desenleri,
alasimin tersinir martensitik doniisiimlerinin (SHE etkisi 6zelliginin) temel mekanizmasinit olusturan alagimdaki olusmus
martensitik fazlar1 ortaya cikarmistir. VSM testi alasimin diyamanyetik ozellik ve yanisira buna ek olarak zayif bir
ferromanyetik koersivite sergiledigini gostermistir.

Anahtar kelimeler: CuAlZnMg,Yiiksek sicaklik sekil hafizali alasim (YSSHA), Sekil hafiza etkisi, Martensitik doniigiim,
Entalpi, DTA, XRD, VSM.

1. Introduction
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In terms of technological developments in the world investment and development of new materials is of great
importance. These developments should not only be aimed and obtaining materials, and also these demands can
be to reduce the cost of these versatile smart alloys or to increase their performance and change their properties
[1-3]. Shape memory alloys (SMAS) are crystallographically designed smart materials that can make large
distorsions like martensitic phase transformation in a temperature interval region or high elastic behavior at a
higher temperature region which can be triggered by application of external effects such as heat or mechanical
force, and can backtrack to their original shape when external forces are removed [4,5]. These exceptional
behaviors of SMAs based on martensitic phase transformation are defined as their unique properties of shape
memory effect (SME) and superelasticity (SE) [5-7]. These versatile alloys have already been utilized for their
SME, SE and some other properties in numerous applications including actuator, automotive, aerospace, medical,
robotics, micro/nano electromechanical systems (M/NEMS) and photodetectors [6,8—19].

Martensitic phase transformations are solid-to-solid phase transitions that can occur isothermally and
atomically a non-diffusional manner in SMAs between their two solid phases called as martensite (M) or product
phase (at low temperature) and austenite (A) or parent phase (at high temperature) [5,8]. For a certain SMA that
is commercial or ready to use in an application, one of the main characteristic parameters are its transformation or
working (operation) temperatures which are the start and finish temperatures (M<M;<As<As) and hysteresis gap
(As-My) of phase transition reactions resulting martensite from austenite (direct transformation; A—M) upon
cooling the alloy or austenite from martensite (reverse transformation; M—A) upon heating the alloy [5,8]. SMAs
can show superealastic behavior at temperatures above their austenite finish temperature (As) untill a higher
temperature (Mg) at which the martensite cannot be stress induced above this point [6,20].

SMA s are generally classified as; Cu-based, Fe-based and NiTi alloys [5,21]. Among these, NiTi alloys with
superior shape memory properties are the most commercially used SMAs in industry and technological
applications, but they are expensive and the production-processing processes are more difficult. This led
researchers to pay attention on the second largest SMAs group; the Cu-based SMASs, which are regarded as the
closest alternative to NiTi SMAs in terms of good SME and SE properties [7,22,23]. The most-known Cu-based
SMAs such as Cu-Al-Ni, Cu-Zn-Al, Cu-Al-Mn alloy systems have been substantially studied untill today. The
main reasons for the selection of Cu-based SMA systems are the low costs, easy fabrication and also much higher
heat and electrical conducivity of these alloy systems as compared to NiTi ones. But, Cu-based SMAs have some
drawbacks that are tried to be improved such as thermal instabilities, martensite stabilization and brittle nature and
weak mechanical properties (low cold workability) stemmed from mainly their microstructural properties such as
the large grain sizes, accumulation of secondary phases or impurities along the grain boundaries, high degree of
order and also high elastic anisotropy in the B-phase [7,23-25]. A common and simple way to modify
microstructure and reduce the grain size for improving these drawbacks and also to change characteristic
martensitic transformation temperatures, SME, SE or other properties is to add some ternary, quaternary or more
extra additive elements such as Ti, V, Co, Mn, Zr, Ce, Fe, Ni, B, Be, Mg, Sn or C [7,18,19,22-24,26-35]. SMAs
are ultra sensitive to the compositional changes, their properties can change dramatically by even very little
changes in the alloying composition. For example it was shown in a previous work [35] that the characteristic
transformation temperatures of a CUAIMn SMA were decreased approximately 40-50 °C by a quaternary 1.69
(at%) amount of magnesium addition which also caused formation of uniformly distributed spot-like Mg
precipitations in the alloy due to the low solubility of Mg in Cu-matrix. In another work [36], the transformation
temperatures of a CuAIMn SMA were reduced as nearly minimum 15 °C and maximum 30 °C by the addition of
a 0.5 (wt%) magnesium content, and the strain recovery and superelasticity abilities were changed, too.

Although there are many studies been done on ternary CuzZnAl SMAs [5,23,37-39] and some also on CuAlZn
SMAs [27,40], there is no any Mg incorporated quaternary CuAlZnMg SMA work in the available literature. In
this work, a CuAlZnMg SMA with a minor batch of Zn and Mg additives was produced by arc melting method.
The characteristic microstructural properties, martensitic transformation temperatures and termodynamical
parameters related to the shape memory properties of the alloy were investigated by differential calorimetry tests
and structural measurements, and apart from these the magnetic properties of the alloy were tested by making
vibrating sample magnetometer (VSM) measurement, too.

2. Experimental Details

In this study, the arc melting method was used to produce the quaternary CuAlZnMg alloy with an
unprecedented composition of 74.79Cu-21.38Al-3.50Zn-0.34Mg (at%). At the beginning, the high purity (99.9%)
of Cu, Al, Zn and Mg alloying elements powders were mixed, then the obtained mixture was pelletized under
pressure. Then these pellets were melted together in a arc melter under argon atmosphere and the as-cast ingot
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alloy was obtained. Then the ingot was cut into small sized test samples (~4x4x2 mm and ~30-60 mg) proper for
characterization measurements.Then in order to improve homogenization, these alloy samples were all heat-treated
at 900 °C for 1 h in a furnace. At the end of this homogenization process, without waiting a pronto rapid cooling
was made by quenching the alloy samples in iced-brine water solution. This traditional quenching method for this
quick cooling of the alloy samples from B(A2) phase (to around 0 °C) surpasses the formation of o and y2
precipitation phases under eutectoid point and thus directly lead the formation of martensite phases in the alloy
that will be the crystallographic base mechanism of shape memory effect property of the alloy. The chemical
composition of the alloy was determined in room conditions by using a Zeiss Evo MA10 model EDS (energy
dispersive X-ray spectrum). The SEM image and EDS result of the alloy are given in Fig.1.a and b, respectively.
The diffraction planes of the martensite phases formed in the fabricated CuAlZnMg alloy were determined by
performing structural X-ray diffraction (XRD) test using a Rigaku RadB-DMAX 1I diffractomer with CuKa
radiation at room temperature. The DTA measurements were performed as taking three consecutive times of DTA
heating/cooling cycles via using a Shimadzu DTG-60AH instrument between room temperature and 900 °C at a
same single heating/cooling rate of 25 °C/min to observe the phase transitions occurred in the alloy in this
temperature interval. The magnetic properties of the alloy were investigated by performing vibrating sample
magnetometer (VSM) measurement by using a Quantum Design Physical Properties Measurement System
(PPMS) with VSM under a magnetic field of + 3 T at room temperature.

Do 120 1 25PN V200V Push 9 il
b)
Fig.-1. a) The SEM image and b) EDS spectra of the CuAlZnMg alloy at room temperature.

3. Results and Discussions

The DTA curves of the first, second and third heating/cooling cycles of the produced CuAlZnMg alloy each
taken at the same single 25 *C/min of heating/cooling rate are given together in Fig.2. The emerged downside
endothermic peaks and their corresponding upside exothermic counterparts observed on this DTA curves indicated
the common multi-stage phase transitions behavior of Cu-based SMAs. Such that, this thermo-responsive events,
which are all multi-stepped solid-to-solid phase transition reactions occurred either on heating and cooling the
CuAlznMg alloy, are caused by the heat induced structural and geometric changes in the crystal lattice of the
alloy. As seen, from the far left of the downside heating segments of these DTA curves to their far right ends such
multi-stage phase transitions arrays occurred as; martensite 31°(with y1’)— austenite f1(L21) — metastable f2(B2)
— eutectoid dissolution of hypoeutectoid precipitations (o and y2) — ordered B2(B2) — disordered B(A2) on the
each heating segments of the curves representing heating the CuAlZnMg alloy, and this phase transition array
proceeded reversely way-back on cooling the alloy (as seen on the up-side cooling segments of the DTA curves),
too [22,31,41-43]. To determine the characteristic reverse (M—A) and direct (A—M) martensitic transformation
temperatures and some other transformational thermodynamic parameters of the CuAlZnMg alloy, the M—A and
A—M phase transition peaks observed on the third cycling DTA curve were analyzed by DTA peak analysis
program which applies tangent differentiation method automatically on a choosen peak area bordered manually
and directly give as a data set of values of those transformational parameters. The determined parameter values of
transformation temperatures and the values of some other related thermodynamic parameters hysteresis gap (As-
Mys), Amax temperature, equilibrium temperature (To), enthalpy change (AHm—.4) and entropy change (ASm—4) are
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given in Table 1. Here, the the equilibrium temperature, To (calculated by using To=(As+Ms)/2 formula [7]) is the
temperature at where the Gibbs free energy differences of two interconvertible solid (M and A) phases are equal
therefore there is no any driving force to lead a martensitic transformation. Then, the entropy change amount,
ASwn—.4 was found by using ASy—a =AHwm—a/To formula [7,44]. As seen, the produced CuAlZnMg alloy is a high
temperature shape memory alloy (HTSMA) [1,20,31,45] due to that it showed a reversible martensitic
transformation at a temperature range (or simply an Ar temperature) far above 100 °C.
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Fig.-2: The sequential cycling DTA curves of the CUAIZnMg HTSMA each taken at the same 25 °C/min of
heating/cooling rate.

Table-1: The characteristic martensitic transformation temperatures and other transformational thermodynamic
parameters values of the alloy determined by making the tangent peak analyses on the third cycle DTA curve.

As Af Amax Ms Mf As 'Mf TO A"_'MHA AS.M*)A
O ‘O (U9 (U9 O (U9 (9 (i79) (19)
316.69 489.30 382.11 190.31 167.08 149.61 339.81 14.16 0.042

Due to the some martensite stabilization, the endothermic peaks of the reverse transformation from martensite
to austenite (M—A) phase observed on the down curve segments of heating the alloy were seen as abnormally too
extended (i.e. Af-As=172.6 °C) and therefore as seen in Table 1 the Artemperature was found to be substantially
elevated by the effect of minor Mg content. Some local stabilized martensite regions, which were formed by the
heat effect of the first and second DTA cycles and residually remained, were needed more energies to be forced to
transform to austenite and this extended this transformation till being fully completed. On the other hand the
exothermic direct (A—M) transformation peaks observed on cooling the alloy are seen very stable. The enthalpy
change (AHw-.4) Value of the reverse transformation seen in Table 1 is very huge (14.16 j/gr) as compared to those
(generally changing between ~1-12 j/gr) of other Cu-based SMAs [22,26,38,44,46,47], which indicates a
martensitic transformation occurring by proceeding from difficult heat transmission pathways [22,42,44] and also
a powerful shape memory effect property the produced CuAlZnMg alloy has.

The average valence or conduction electron number per atom (e/a) ratio of the Cu-based SMAs generally
takes values between 1.45 and 1.51 to exhibit good shape memory effect [5,22]. The e/a ratio of the CuAlZnMg
HTSMA was calculated as 1.466 and this value, been found indeed in the interval of 1.45- 1.51, theoretically
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indicates that a nearly high volume dominancy of B1’ (18R) over the co-existent y1’(2H) type martensite phase
with lower volume [42,48]. This theoretical expectation was confirmed by the microstructural XRD test result of

the CuAlZnMg alloy given below.
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Fig.-3: The XRD pattern of the CuAlZnMg HTSMA obtained at room temperature.

The XRD pattern of the CuAIZnMg HTSMA obtained at room temperature is given in Fig.3. The main or the
highest intensity peak is f1°(128) martensite peak and the others are 1’ martensite peaks of (122), (202),
(0018),(1210) and (042) according to the reference works of [37,38,42,49]. The alloy has a polycrystalline
structure. The crystallographic base mechanism of f1° martensitic structure for the produced CuAlZnMg alloy to
show a shape memory effect was found to be well formed in the alloy and this confirms the theoretical prediction
made over the e/a ratio of this alloy mentioned above.

The magnetic hysteresis loop of the CuAlZnMg alloy in the form of magnetization (Ms) versus magnetic
field strength (H) graph obtained by vibrating sample magnometry (VSM) test at room temperature (300 °K) is
given in Fig.4. Here, magnetization (Ms) is magnetic moment per unit mass (emu/g). The VSM test showed a
diamagnetic characteristic which stemmed from the main copper and minor zinc contents in the CuAlZnMg alloy
[50-52]. A small inset graphic also inserted in Fig.4 shows the magnetic forcing hysteresis profile (coercivity) of
the alloy between 200 Oe magnetic field strength values and this means that the alloy has a very weak

ferromagnetic property in addition to its diamagnetic property [7,50-54].
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Fig.-4:Vibrating sample magnetometer (VSM) curve of CuAIZnMg HTSMA at room temperature.

4. Conclusions:

In this study, the novel CuAlZnMg high temperature shape memory alloy was succesfully produced by arc
melting method. The DTA results showed that the alloy is a HTSMA exhibiting reversible martensitic
transformations at a temperature range between 167 °C and 489 °C. The partial martensite stabilization remained
from the prior DTA heating-cooling processes led the reverse martensitic transformation to be extended and thus
the Ar temperature of the alloy was found to be increased. The average conduction electron ratio (e/a) of the alloy
was found as 1.466 which indicates the martensite phases should have formed in the alloy to show a shape memory
behavior. The existence of martensite phases was revealed by XRD pattern of the alloy obtained at room
temperature, which phases are the base mechanism of the reversible martensitic transformation (the SME property)
of the alloy.The VSM test showed that the alloy has a diamagnetic nature with a weak ferromagnetic coercivity
contribution. In conclusion, the novel CuAlZnMg high temperature shape memory alloy with good shape memory
effect property was produced and may be useful in related HTSMA applications and further research on HTSMAs.

Acknowledgements

This research study is one of the doctoral thesis studies carried out Giines BASBAG (the first author) in
Metallurgical and Materials Engineering Department, Engineering Faculty of Firat University, and was presented
only as an oral presentation at the MSNG2022 conference. In this study, G.B. formed the idea, carried out
experiments and wrote the article; O.K. wrote&edited the article, performed experiments, analyses, calculations
and graphs, and interpreted the results; 1.0. carried out the experiments and interpreted the results; M.B. formed
the idea and interpreted the results; and C.A.C. formed the idea, carried out the experiments, interpreted the results
and edited.

References

[1] MaJ, Karaman I, Noebe RD. High temperature shape memory alloys. Int Mater Rev 2010; 55: 257-315.

[2] Canbay CA. The production of copper based shape memory alloys and investigation of the structural, thermal and electrical
properties of alloys. PhD. Firat University, Elazig, Turkiye, 2010.

[3] Mallik US, Sampath V. Influence of quaternary alloying additions on transformation temperatures and shape memory
properties of Cu-Al-Mn shape memory alloy. J Alloys Compd 2009; 469: 156-63.

[4] Naresh C, Bose PSC, Rao CSP. Shape memory alloys: a state of art review. IOP Conf Ser Mater Sci Eng 2016; 149:
012054.

[5] Otsuka K, Wayman CM. Shape memory materials. Cambridge University Press: 1999.

[6] Mohd Jani J, Leary M, Subic A, Gibson MA. A review of shape memory alloy research, applications and opportunities.
Mater Des 2014; 56: 1078-113.

128



Oktay Karaduman, Giines Basbag, Iskender Ozkul, Canan Aksu Canbay, Mustafa Boyrazli

[71 Ozkul I, Karaduman O, Simsek T, Simsek T, Canbay CA, Ibrahim PA, et al. Experimental investigation of the effects of
different quaternary elements (Ti, V, Nb, Ga, and Hf) on the thermal and magnetic properties of CuAINi shape memory
alloy. J Mater Res 2022; 37.

[8] Canbay CA, Karaduman O. The photo response properties of shape memory alloy thin film based photodiode. J Mol Struct
2021; 1235: 130263.

[9] Lambrecht F, Aseguinolaza I, Chernenko V, Kohl M. Integrated SMA-based NEMS actuator for optical switching. In:
IEEE 29th 2016 International Conference on Micro Electro Mechanical Systems (MEMS) Conference; 24-28 Jan. 2016;
Shanghai, China. New York, NY, USA: IEEE. p. 79-82.

[10] Stachiv I, Alarcon E, Lamac M. Shape memory alloys and polymers for mems/nems applications: Review on recent
findings and challenges in design, preparation, and characterization. Metals (Basel) 2021; 11: 1-28.

[11] Costanza G, Tata ME. Shape Memory Alloys for Aerospace, Recent Developments, and New Applications: A Short
Review. Materials 2020; 13(8): 1856.

[12] Hu K, Rabenorosoa K, Ouisse M. A Review of SMA-Based Actuators for Bidirectional Rotational Motion: Application to
Origami Robots. Front Robot Al 2021; 8: 678486.

[13] Nespoli A, Passaretti F, Szentmiklosi L, Maroti B, Placidi E, Cassetta M, et al. Biomedical NiTi and B-Ti Alloys: From
Composition, Microstructure and Thermo-Mechanics to Application. Metals (Basel) 2022; 12: 406.

[14] Riccio A, Sellitto A, Ameduri S, Concilio A, Arena M. Shape memory alloys (SMA) for automotive applications and
challenges. In: Concilio A, Antonucci V, Auricchio F, Lecce L, Sacco E, editors. Shape Memory Alloy Engineering
(Second Edition). Oxford, UK: Butterworth-Heinemann ,2021. pp. 785-808.

[15] Rokaya D, Bohara S, Srimaneepong V, Kongkiatkamon S, Khurshid Z, Heboyan A, et al. Metallic Biomaterials for Medical
and Dental Prosthetic Applications. In: Jana S, Jana S, editors. Functional Biomaterials, Singapore: Springer, 2022, pp.
503-22.

[16] Fu YQ, Luo JK, Huang WM, Flewitt AJ, Milne WI. Thin film shape memory alloys for optical sensing applications. J Phys
Conf Ser 2007; 76(1): pp. 012032

[17] Karaduman O. , Aksu Canbay C. Photo-electrical Characterization of New CuAINi/n-Si/Al Schottky Photodiode Fabricated
by Coating Thin-Film Smart Material. Turk J Sci Technol 2022; 17(2): pp.329-341.

[18] Karaduman O, Canbay CA. Shape Memory Alloy Layered CuAlFeMn/n-Si/Al Photodiode with a High Photo-responsivity
Merit and Negative Capacitance. J Mater Electron Device 2022; 1(1): pp.28-35.

[19] Karaduman O, Canbay CA. The Photosensitive Properties of a new Photodiode consisting Thin Film CuAIMnNi Shape
Memory Alloy Layer Contact. J Mater Electron Device 2022; 1(1): pp.7-16.

[20] L6pez-Ferrefio I, Gomez-Cortés JF, Breczewski T, Ruiz-Larrea I, N6 ML, San Juan JM. High-temperature shape memory
alloys based on the Cu-Al-Ni system: Design and thermomechanical characterization. J of Mater Res and Tech 2020; 9:
pp.9972-84.

[21] Nnamchi P, Younes A, Gonzélez S. A review on shape memory metallic alloys and their critical stress for twinning.
Intermetallics 2019; 105: pp.61-78.

[22] Canbay CA, Karaduman O, Unlii N, Baiz SA, Ozkul i. Heat treatment and quenching media effects on the
thermodynamical, thermoelastical and structural characteristics of a new Cu-based quaternary shape memory alloy.
Compos B Eng 2019; 174: pp.106940.

[23] Dasgupta R. A look into Cu-based shape memory alloys: Present scenario and future prospects. J Mater Res 2014; 29:
pp.1681-98.

[24] Mazzer EM, da Silva MR, Gargarella P. Revisiting Cu-based shape memory alloys: Recent developments and new
perspectives. J Mater Res 2022; 37: pp.162-82.

[25] Al-Humairi SNS. Cu-Based Shape Memory Alloys: Modified Structures and Their Related Properties. In: Al-Naib B,
Vikraman D, Karuppasamy K, editors. Recent Advancements in the Metallurgical Engineering and Electrodeposition.
London UK: IntechOpen, 2020. p. 25.

[26] Karaduman O, Canbay CA. Investigation of CuAINi Shape Memory Alloy Doped with Graphene. J Mater Electron Device
2021; 3: pp.8-14.

[27] Canbay CA, Bagbag G, Karaduman O, Boyrazli M. Magnesium Effect on Characteristic Properties of Cu-based Smart
Materials. J Mater Electron Device 2021; 2: pp.19-23.

[28] Canbay CA, Karaduman O, Unlii N, Ozkul 1. Study on Basic Characteristics of CuAIBe Shape Memory Alloy. Brazillian
J Phys 2021; 51: pp.13-8.

[29] Canbay CA, Karaduman O, Unlii N, Ozkul I. An exploratory research of calorimetric and structural shape memory effect
characteristics of Cu—Al-Sn alloy. Physica B Condens Matter 2020; 580: pp.411932.

[30] Canbay CA, Karaduman O, Unlii N, Ozkul I, Cicek MA. Energetic Behavior Study in Phase Transformations of High
Temperature Cu—-Al-X (X: Mn, Te, Sn, Hf) Shape Memory Alloys. Trans Indian Inst Met 2021; 74(10): pp.2447-2458.

[31] Karaduman O, Ozkul I, Altin S, Altin E, Baglayan, Canbay CA. New Cu-Al based quaternary and quinary high temperature
shape memory alloy composition systems. AIP Conf Proc 2018; 2042(1): p.020030.

[32] Canbay CA, Cigek MA, Karaduman O, Ozkul I, Sekerci M. Investigation of Thermoelastical Martensitic Transformations
and Structure in New Composition of CUAIMNTi Shape Memory Alloy. J of Mater and Elec Dev 2019; 1(1): pp.60-64.

[33] Yang J, Wang QZ, Yin FX, Cui CX, Ji PG, Li B. Effects of grain refinement on the structure and properties of a CUAIMn
shape memory alloy. Mater Sci and Eng A 2016; 664: pp.215-20.

129



Novel Quaternary CuAlZnMg High Temperature Shape Memory Alloy (HTSMA) Fabricated by Minor Batch of Zn and Mg Additions

[34] Sutou Y, Omori T, Okamoto T, Kainuma R, Ishida K. Effect of grain refinement on the mechanical and shape memory
properties of Cu-Al-Mn base alloys. J Phys 1V 2001; 11(PR8): pp.185-190.

[35] Canbay CA, Karagoz Z. The effect of quaternary element on the thermodynamic parameters and structure of CuAIMn
shape memory alloys. Appl Phys A Mater Sci Process 2013; 113: pp.19-25.

[36] Mallik US, Sampath V. Influence of quaternary alloying additions on transformation temperatures and shape memory
properties of Cu—Al-Mn shape memory alloy. J Alloys Compd 2009; 469: pp.156-63.

[37] Wu S-K, Chan W-J, Chang S-H. Damping Characteristics of Inherent and Intrinsic Internal Friction of Cu-Zn-Al Shape
Memory Alloys. Metals (Basel) 2017; 7: pp.397.

[38] Karaduman O, Canbay CA, Unlii N, Ozkul S. Structural and thermodynamical study of Cu-Zn-Al shape memory alloys
with new compositions produced by hot isostatic press (HIP). AIP Conf Proc 2019; 2178(1): p.030040.

[39] Alkan S, Wu Y, Ojha A, Sehitoglu H. Transformation stress of shape memory alloy CuzZnAl: Non-Schmid behavior. Acta
Mater 2018; 149: pp.220-34.

[40] GomidZelovi¢ L, Pozega E, Kostov A, Vukovi¢ N, Krsti¢ V, Zivkovi¢ D, et al. Thermodynamics and characterization of
shape memory Cu-Al-Zn alloys. Trans Nonferrous Met Soc China (English Edition) 2015; 25: pp.2630-6.

[41] Chentouf SM, Bouabdallah M, Gachon J-C, Patoor E, Sari A. Microstructural and thermodynamic study of hypoeutectoidal
Cu-Al-Ni shape memory alloys. J Alloys Compd 2009; 470(1-2): pp.507-514.

[42] Canbay CA, Karaduman O, Ozkul 1. Investigation of varied quenching media effects on the thermodynamical and structural
features of a thermally aged CuAIFeMn HTSMA. Physica B Condens Matter 2019; 557: pp.117-25.

[43] Pérez-Landazédbal JI, Recarte V, S&nchez-Alarcos V. Influence on the martensitic transformation of the B phase
decomposition process in a Cu-Al-Ni shape memory alloy. J. Phys. Condens. Matter 2005; 17(26): pp.4223-36.

[44] Canbay CA, Karaduman O, Ozkul 1, Unlii N. Modifying Thermal and Structural Characteristics of CuAlFeMn Shape
Memory Alloy and a Hypothetical Analysis to Optimize Surface-Diffusion Annealing Temperature. J Mater Eng Perform
2020; 29: pp.7993-8005.

[45] Karaduman O, Ozkul I, Canbay CA. Shape memory effect characterization of a ternary CuAINi high temperature SMA
ribbons produced by melt spinning method. Ad Eng Sci 2021; 1: pp.26-33.

[46] Guilemany JM, Fernandez J, Franch R, Benedetti A , Adorno AT. A New Cu-Based SMA with Extremely High Martensitic
Transformation Temperatures. J Phys 1V 1995; 05: pp. C2-361-C2-365.

[47] Mafiosa L, Planes A, Ortin J, Martinez B. Entropy change of martensitic transformations in Cu-based shape-memory alloys.
Phys Rev B 1993; 48: pp.3611-9.

[48] Sari U, Aksoy I. Electron microscopy study of 2H and 18R martensites in Cu-11.92 wt% Al-3.78 wt% Ni shape memory
alloy. J Alloys Compd 2006; 417: pp.138-42.

[49] Suzuki T, Kojima R, Fujii Y, Nagasawa A. Reverse transformation behaviour of the stabilized martensite in CuJZnOAl
alloy. Acta Metall 1989; 37: pp.163-8.

[50] Ma J, Liu C, Chen K. Assembling non-ferromagnetic materials to ferromagnetic architectures using metal-semiconductor
interfaces. Sci Rep 2016; 6(1): pp.1-11.

[51] Jiraskova Y, Bursik J, Janos P, Lunacek J, Chrobak A, Zivotsky O. Effect of iron impurities on magnetic properties of
nanosized CeO2 and Ce-based compounds. Metals (Basel) 2019; 9(2): pp.222.

[52] Basbag G, Karaduman O, Ozkul I, Canbay CA, Boyrazli M. Thermo-structural Shape Memory Effect Characterization of
Novel CuAICoMg HTSMA with Ternary Co and Quaternary Mg Addititions. J Mater Electron Device 2022; 2: pp.34-9.

[63] Castafieda EJG, Castro REB, Brisefio AC, Arguijo BF, Castillo AAT, Rodriguez AS, et al. Effect of quenching and
normalizing on the microstructure and magnetocaloric effect of a Cu-11AI1-9Zn alloy with 6.5 wt % Ni-2.5 wt % Fe.
Magnetochemistry 2019; 5(3): pp.48.

[54] Bagbag G, Karaduman O, Ozkul I, Boyrazli M, Canbay CA. Yeni CuAICrMg Yiiksek Sicaklik Sekil Hafizali Alagiminin
(YSSHA) Termal, Yapisal ve Manyetik Karakterizasyonu. Firat Uni Fen Bil. Dergisi 2022; 34: pp.161-70.

130



