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Abstract: The work presented in this paper reports the shape memory effect characteristics of a CuAlFe high-temperature
shape memory alloy (HTSMA) with a new composition and new martensitic transformation temperatures. In this context,
casting via a vacuum arc melter produced the Cu-rich ternary CuAlFe high-temperature shape memory alloy (HTSMA). Both
DSC and DTA measurement thermograms showed excellent martensitic phase transformation peaks while heating the alloy up
and cooling it back. The forward and reverse martensitic phase transformation peaks at different DSC heating/cooling rates
had high thermal stability, and the temperature range of these transformations was found above 100 °C between 220-340 °C
circa. Therefore, this classifies the alloy as a high-temperature shape memory alloy. Moreover, the formation of the martensite
phases, i.e. the microstructural base mechanism for the shape memory effect of the alloy, was confirmed by X-ray diffraction
(XRD) pattern obtained at room temperature using CuKa radiation. The findings of this study can be helpful in the high-
temperature shape memory alloy-related application areas, in which areas different shape memory properties are highly
demanded.
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CuAlFe Yiiksek Sicaklik Sekil Hafizali Alasimin Martensitik Doniisiim Termodinamigi ve Yapi
Analizi

Oz: Bu makalede sunulan calisma, yeni bir bilesime ve yeni martensitik déniisiim sicakliklara sahip bir CuAlFe yiiksek
sicaklik sekil hafizali alasimm (YSSHA) sekil hafiza etkisi dzelliklerini rapor etmektedir. Bu kapsamda, bakirca zengin tiglii
CuAlFe yiiksek sicaklik sekil hafizali alasimi (YSSHA) vakumlu bir ark eriticide dokiimii yapilarak {iretildi. Hem DSC hem
de DTA 0l¢lim termogramlari, alagimin 1sitilmasi ve akabinde sogutulmasi sirasinda miikemmel martensitik faz doniisim
pikleri gosterdi. Farkli DSC 1sitma/sogutma hizlarinda ileri ve ters martensitik doniistim piklerinin yiiksek 1s1l kararliliga sahip
oldugu ve bu doniisiimlerin sicaklik aralig1 100 °C’nin iizerinde yaklasik 220-340 °C arasinda olustugu goriildii. Bundan dolay1
alasim yliiksek sicaklikta sekil hafizali alasim olarak siniflandirildi. Ayrica, martensit fazlariin olusumu, yani alagimin sekil
hafiza etkisine yonelik mikroyapisal temel mekanizma, CuKa radyasyonu kullanilarak oda sicakliginda elde edilen X-151n1
kirinimi (XRD) deseni ile dogrulandi. Bu ¢aligmanin bulgulari, farkli sekil hafizali 6zelliklerin oldukga talep edildigi yiiksek
sicaklik sekil hafizali alagimlarla ilgili uygulama alanlarinda faydali olabilir.

Anahtar kelimeler: Yiiksek sicaklik sekil hafizali alasim, CuAlFe, martensitik dontisiim, DSC.
1. Introduction

Nowadays, high-temperature shape memory alloys (HTSMAs), as being valuable functional smart materials,
with varied properties such as different martensitic transformation temperatures, hysteresis gap, mechanical or
other properties are highly demanded in applications utilizing HTSMAs such as automotive, manufacturing,
energy exploration, or aero-space [1]. Since the history of studies on shape memory alloys (SMAs) started in the
mid of last century [2] due to their unique and functional shape memory effect (SME) and superelasticity (SE)
properties, after then HTSMA studies [1,3,4] have started, too.

Among HTSMAs suitable for high-temperature applications [5], high-cost NiTi-based SMAs or HTSMAs
[1,3,5-7] have the best thermomechanical shape memory properties. Thus, they are commercially the most
preferred ones. NiTiZr and NiTiHf HTSMAs are relatively cheaper than other NiTi-based or Ti-based HTSMAs,
but copper-based SMAs and HTSMAs are nearly ten times cheaper than NiTi-based ones. Therefore, studies on
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copper-based SMAs and HTSMAs are continuously carried out to improve or alter these alloys’ SE and SME or
other properties to enable their use as alternatives to NiTi-based ones.

The shape change mechanism of SMAs based on their reversible martensitic transformation occurs
fundamentally by change of SMAs temperature. The low temperature martensite phase with low symmetry chnges
to high temperature austenite phase with high symmetry by increase of temperature or heat intake and this
transformation from martensite to austenite is called as reverse transformation. Conversely, when the temperature
goes down then austenite converts to martensite and it is called as forward transformation. Martensitic
transformation in SMAs occurs isostatically and atomically non-diffusional (atoms move cooperatively and
theoretically they do not displace further than atomic lattice parameter or inter-atomic distance) by the effect of
internal stresses which are generated by heat intake or release from SMAs. Mostly the austenite unit cell is a cubic
phase and for example it transforms to a monoclinic martensite, then a macroscopic shape change can be seen as
a sum of all these transformations. This is called as shape memory effect (SME) [8]. The crystallographic SME
mechanism of copper-based SMAs is based on a martensitic phase transformation from an austenite (parent) phase
with high symmetry cubic B-phase (DOs or L21) to a martensite (product) phase with lower symmetry monoclinic
(B’) or orthorhombic (y’) or a mixture (B’+ y’) martensite structure [9]. This structural SME mechanism is
susceptible to the alloying composition, thermal treatment, and stress levels of these SMAs. Even a slight variation
in the alloy composition can substantially alter the SME characteristics. For this reason i.e. in order to improve or
modify shape memory properties and/or reduce the grain size for enhancement of mechanical properties, adding
one or more extra elements such as Ti, Mn, Ni, Fe, Co, Be, Sn, Zn, etc., called grain refining elements, to the
binary copper-based SMAs is a practical and prevalent method used to improve or modify shape memory
parameters of copper-based SMAs.

Among Cu-based SMAs, binary CuAl-based HTSMAs exhibit martensitic transformation (operation) in
higher temperature ranges than the other Cu-based ones [10] and also better microstructural stability [1] and
electric and thermal conductivity [11]. Especially the foremost CuAINi (or -based) and the other CuAIMnNi,
CuAIMnTi, CuAINb, CuAlBe, CuAlTa, and CuAlFeMn HTSMAs [1,9,10,12—14] are the most outstanding CuAl-
based (or Cu-based) HTSMAs. Ternary CuAlFe HTSMAs with excellent SME [13,15,16] have also distinguished
in the last decade. For example, in one of these works, the Cu-xAl-4Fe (x = 11, 13, 15wt%) alloys were studied
and it was reported that the alloy is very sensitive to Al fraction and the M;s temperature decreased substantially by
the increase of Al content (from 11wt% to 15wt% Al, it decreased by up to 217 °C), also the microstructure
presented sub-eutectic to hyper-eutectic characteristics with the rise in Al content, and while the shape memory
recovery rates of the 13 and 15wt% Al alloys were determined as 100%, the recovery rate of 11wt% Al alloy was
determined only as 22.6%, but the lowest ductility (or the highest brittleness) was found in the 15wt% Al alloy. In
another work [15], the Cuss—xAli1+xFes (x =0, 1, 2) alloys were investigated and it was stated that the 1’ and y1’
martensites form together for the Al content of 11 and 12 wt%, but in the case of 12 wt% of Al content y1’ forms
dominantly, and the ductility of alloy gradually increases with the decrease of Al content. In the other work, the
influence of Al content (in the range of 10-13 wt %) on the two groups of Cu-Al-Fe alloys, one with only varying
Al contents and the other with only varying Fe contents, were studied and it was observed that the transformation
temperatures reduced with increase of Al, but they increased with increase of Fe content, and again the dominancy
changing from B1° to y1’ martensite was observed through going from low to high Al content. However, studies
on these HTSMAs are still very few, and their thermodynamic transformation parameters were not adequately
investigated. Also, not many options for different transformation temperatures have been reported. Therefore, a
CuAlFe HTSMA with different transformation temperatures was produced in this study, and its thermodynamic
aspects were investigated.

2. Experimental Details

The ternary CuAlFe HTSMA was produced by the following steps (as shown in Figure 1): 1- The high %99.9-
purity of Cu, Al, and Fe metal elements powders were mixed. 2- The tablet-like pellets was formed from the
powder-mixture by applying pressure. 3- Ingot alloy was cast by melting the pellets in a vacuum arc melter. 4-
The ingot alloy pieces proper for test samples were cut and for one (1) h the samples were homogenized at 900 °C
and quenched immediately in iced-brine water to form martensitic structure mechanism in the HTSMA to have
SME property. In order to observe and analyze the heat-induced SME behaviour of the HTSMA, a Shimadzu-60A
label DSC equipment was used at varied heating/cooling rates between 10 - 25 °C/min and running between room
temperature and 380 °C under a constant flow rate of 100 ml/min of inert (argon) gas. For high-temperature region
behaviours of the HTSMA, a Shimadzu DTG-60AH model DTA equipment was used under the same inert gas
flow at 25 °C/min of heating/cooling rate between room temperature and 900 °C. The XRD pattern of the produced
CuAlFe HTSMA was obtained in the room condition using CuKa wavelength rays in a Rigaku Miniflex 600 model
X-ray diffractometer to determine the martensite structures of the SME mechanism formed in the HTSMA matrix.
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Using the SEM-Hitachi SU3500 instrument at room temperature, the EDS test was performed to detect the alloying
composition of the CuAlFe HTSMA.
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Figure 1. The flow diagram showing the production and characterization steps of the ternary CuAlFe HTSMA.

3. Results and Discussion

The XRD pattern of the fabricated CuAlFe HTSMA is given in Figure 2 and displays the peaks indicating
the formed martensite and other phases in the alloy at room temperature. The observed main or most powerful
intensity peak is a monoclinic 8’1 type martensite with an orientation of (128) Miller indices. This main peak and
the other smaller monoclic B’1(18R) and hexagonal y’1(2H) martensite peaks [9,13,15-17] mean that a
crystallographic structure mechanism for a shape memory effect property of the CuAlFe alloy is formed in the
alloy texture by the effect of rapid cooling (quenching) right at the end of homogenization. Lastly, there a small
copper-rich a-phase peak is also seen formed on this XRD pattern. It is seen that both ’1 and y’1 types of
martensites, with volumetric dominancy of f’1 martensite over y’1 martensite, were formed together contextured
in the alloy texture and the formation of which martensite types and dominancy over each other depend on the
average valence electron concentration per atom ratio (e/a) parameter value of the alloy. This e/a parameter value
calculated for the CuAlFe alloy is to be given ahead in the EDS result section.

By using the XRD data of the main martensite peak, the crystallite size of the CuAlFe alloy was also
calculated by using the Debye-Scherrer formula [9] as given below;

0.91
D=

- BicosfO
2

(1)

Where A stands for the wavelength (CuKa radiation, A= 0.15406 nm) used for X-ray diffraction, B. refers to the
full width at half maximum (FWHM) value of the main intensity martensite peak, and 6 refers to the Bragg
diffraction angle of this peak. So, at the 20 angle of 44.418° with a corresponding FWHM value of 0.953, the
crystallite size D value of the CuAlFe HTSMA was calculated as 9.01 nm. This value was found as similar to 9.29
nm found for the 73.23Cu-21.93A1-3.36Fe1.48Mn (at.%) alloy aged and quenched in boiling water [18], close to
15.61 nm found for the quinary Cu-24.08Al-2.23Fe-1.34Co0-0.97Ti (at%) alloy [19], lower than 20.02 nm found
for Cu-22.78A1-2.59Fe-2.44Mn (at%) [9], and than 21.12 nm found for Cu-23.08 Al-0.5Mn (at%) [20], previously.
When these reported D values of the alloys with Fe contents are compared, it seems that the crystallite size
decreased with increase of Fe content.
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Figure 2. The XRD pattern of the ternary CuAlFe HTSMA at room temperature.

The EDS pattern of the ternary CuAlFe HTSMA is given in Figure 3. This EDS test detects the alloying
composition of the produced CuAlFe HTSMA as 72.28Cu-23.11Al-s.01Fe (at.%).
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Figure 3. The EDS test pattern of the produced CuAlFe HTSMA.

By using atomic at.% percentages (fractions) of the constituent elements of the detected alloy’s composition
in the formula [9] given as e/a=2f.vi, and in this formula: frefers to the atomic fractions of the alloying elements
and v stands for the corresponding valence electron numbers of these elements. In this way, the e/a ratio of the
average electron concentration ratio (e/a) of the CuAlFe alloy was 1.51. The e/a ratio of CuAlFe alloy is found
between the e/a ratio range of 1.45-1.51, which is a theoretical condition for Cu-based alloys to have a shape
memory effect [8,9]. Moreover, Cu-based SMAs with e/a ratios in this range can have two different martensite
forms (B1' and y1') together, and f1’ martensite gains dominancy over y1’ martensite by going from 1.51 to 1.45.
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The XRD result given above confirmed the formation of these two martensite phases in the CuAlFe alloy predicted
by the alloy’s e/a ratio of the alloy.

The DSC curves of the CuAlFe HTSMA obtained by DSC cycles run at different 15-30 °C/min
heating/cooling rates as multi-curves in Figure 4. On each one of these curves, while the downward endothermic
peaks indicate the reverse martensite-to-austenite (M—A) phase transformations, the upward exothermic peaks
indicate the forward austenite-to-martensite (A—M) phase transformations occurred upon heating and then
cooling the DSC test sample piece of CuAlFe HTSMA, respectively [9,11,21].

DSC
mW
15 °C/min
20.00 20 °C/min
25 °C/min
30 °C/min
0.00 F Martensite [ 8’1 ) <<-- Austenite (1)
< <--- cooling
heating --->>
-20.00 | Martensite ( 81 ) —>> Austenite (81)
Endo-down!
-40.00 *

50.00  100.00  150.00 _ 200.00 _ 250.00 _ 300.00 _ 350.00 _ 400.00
Temperature (°C)

Figure 4. The cycling DSC, heating/cooling curves, taken at different 15, 20, 25 and 30 °C/min heating/cooling
rates, show the reverse martensite to austenite (M—A) transformation peaks on heating fragments of these
curves and the forward austenite to martensite (A—M) transformation peaks on cooling fragments of these

curves.

The characteristic operation (martensitic transformation) temperatures and other thermokinetic parameter
values of the CuAlFe HTSMA determined from the DSC peak analyses data and based calculations were all
presented in Table 1. In this table, values of the thermal equilibrium temperature (To) parameter; at this
temperature, there is no driving force for a martensitic transformation to occur because no difference between the
Gibbs (chemical) free energies of austenite and martensite phases exists at an equilibrium temperature, were
determined by To=(4s/+Ms)%0.5 formula [9,11]. Also, the entropy change (AS) parameter value for each M—A
transformation reaction was determined by using the enthalpy change (AH) values in ASy—4=AHum—4/To formula
[9,11]. As a result, the high enthalpy change amounts of these martensitic transformations, reached its maximum
12.03 J/g value at the 30 °C/min heating/cooling rate, indicate the potent suitable shape memory effect property
of the CuAlFe HTSMA.

Another important reaction kinetic parameter is activation energy (E.), which is proper for a martensitic
transformation; it plays a critical role in the occurrence of martensitic phase transformations and determines the
crystallization behaviour of the alloy. Also, to to determine this energy parameter is important in the industrial
productions and applications of shape memory alloys. Here, the formula of Kissinger [9,22] relevant for
martensitic transformation was used to compute the Ea value of the M—A transformation of CuAlFe alloy;

d|in %
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Table 1. The characteristic martensitic transformation temperatures and other related thermodynamic parameters
of the fabricated CuAlFe HTSMA.

Heating/cooling rate As Ar Amax M M As-My To AHm—a  ASm-a
(°C/min) (W) (W) (W) (W) (W) (W) (W) Jig)  (J/g°C)

15 286.65 33197 308.10 243.72 221.04 65.61 287.85 9.90 0.0344

20 283.80 33490 309.97 24488 217.87 6593 289.89 11.37 0.0392

25 288.14 326.56 310.03 247.92 217.54 70.60 287.24 11.43 0.0398

30 285.61 333.01 311.01 24537 21480 70.81 289.19 12.03 0.0416

Avg. 286.05 331.61 309.78 24547 217.81 68.24 288.54 11.18 0.0388

Where 7. refers to the peak maximum temperature (Amax) of M—A transformation, ¢ stands for
heating/cooling rate, and R is (=8.314 J/mol.K) the universal gas constant. A plot showing the activation energy
change of the reverse M—A transformation of the CuAlFe HTSMA was drawn and presented in Figure 5. By
taking linear fitting on this plot, obtaining its slope value (seen in the inset fitting dataset in this graphic), and
substituting it instead of the left term in Eq.2, the activation energy for the reverse martensitic phase transition
reaction of the CuAlFe HTSMA can be found. Thus, the E. activation energy value of the CuAlFe HTSMA was
651.28 kJ/mol. This value was found close to those reported in some previous works [9,23].

-9.3 Equation y=a+b*
Plot LN(E1/(C2)
Weight No Weighting
St Intercept 12472735 + 30,71093
Slope -78,33501 + 17,90216
9.5 Residual Sum of Squares 0,02467
Pearson's r -0,95154
R-Square (COD) 0,90542
9,6 «  |AdiRSquare 0,85814
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Figure 5. Activation energy change plot of the CuAlFe HTSMA with linear fitting line and inset dataset.

DTA high-temperature thermogram curve of the alloy obtained at a single 25 °C/min heating/cooling rate is
given in Figure 6. On the up fragment of this DTA curve representing the cooling of the CuAlFe alloy sample back
to room temperature, there is a series of multiple sequential phase transition steps of A2—B2—B1(DOs or
L21)—Pp’1 as commonly seen in the other Cu-based SMAs and HTSMAs (8,9,11,24-26]. The DTA curve of the
CuAlFe alloy also shows its forward and reverse martensite transformation peaks. The sharp and deep eutectoid
point peak indicates how well the CuAlFe HTSMA is alloyed.
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Figure 6. The cycling DTA heating/cooling curve of the fabricated CuAlFe HTSMA taken at a single 25 °C/min
heating/cooling rate shows the multiple-phase transition chain on heating as follows: martensite (f1’) —austenite
(B1, L21) — B2 (metastable cubic) — precipitating — eutectoid dissolution — B2 (ordered cubic) —A2
(disordered cubic).

4. Conclusions

The CuAlFe HTSMA was produced successfully by arc melting method. The homogenization and quenching
led martensitic structures to be formed in the alloy to have a shape memory property. The XRD pattern of the alloy
confirmed the formed martensite structures in the alloy. Also, it confirmed the supportive prediction of the
formation of these martensite structures made upon the alloy’s calculated average valence electron concentration
ratio. The DSC and DTA results showed the powerful forward and reverse martensitic transformations that
happened upon heating and cooling the alloy. The determined operation temperatures of the alloy showed that the
alloy is a high-temperature shape memory alloy and they are different than those in the literature. Also, the enthalpy
and entropy change amounts were found as the highest reached ever in the literature, showing the powerful shape
memory capacity of the produced alloy. The determined high activation energy of the reverse transformation of
the alloy is related to its polycrystallinity and small crystallite size which enlarged the total surface area of
martensite crystallites to transform to austenite thus increase the activation energy needed for this transformation.
The determined crystallite size of the alloy was found mostly smaller than those reported in the literature, due to
the high Fe content use. All findings of this study indicate that the fabricated CuAlFe HTSMA with new martensitic
transformation temperatures may be useful in HTSMA-related smart material applications.
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