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1. Introduction 
 
Structural materials in reactor systems are predominantly 

crystalline metallic alloys. Almost all of the structural 

materials in reactors are metallic. Types of radiation that can 

change structural materials include neutrons, ions, 

electrons, and gamma rays. For these structures to fulfill 

their purpose, it is necessary to have a good understanding 

of the effect of radiation on materials to take into account 

the effects of radiation in the design, to reduce its effect by 

changing the operating conditions, or to create radiation-

resistant materials that can better serve their purpose, and to 

serve as a guide. The operational safety of nuclear facilities 

can benefit from the use of smart material technologies in 

monitoring and inspection processes. The use of smart 

material technologies in such facilities can result in 

increased safety, reduced life-cycle costs, and increased 

performance while reducing personal exposure. However, 

the use of such smart materials in nuclear facilities requires 

knowledge of how materials respond to irradiation and how 

this response is affected by radiation dose. Shape memory 

alloys (SMAs) are in the smart material class. SMAs have  

 

 

 

 

been used as active alloys in mechanical devices for 

monitoring nuclear facilities [1-3]. 

Due to their superior properties, SMAs have found use in 

many different areas and have technological applications, as 

they enable to find extraordinary solutions to important 

engineering problems [4-7]. These alloys are alloys that can 

regain their original shape by diffusionless phase 

transformation (martensitic transformation) caused by the 

application of temperature and force separately or together 

[7,8]. This phase transformation gives physical and 

technological properties to metals and metal alloys. These 

properties are shape memory effect, thermoelasticity, and 

superelasticity [9-13]. Thermally excited SMAs undergo 

austenite↔martensite phase transformation at well-defined 

temperature ranges (As, Af, Ms, Mf). Here, the subindexes A 

austenite, M martensite, s, and f indicate the starting and 

ending temperatures. Among the few existing alloy systems, 

equiatomic Ni-Ti alloys (nitinol) and Cu-based SMAs have 

received great attention. Cu-based shape memory alloys are 

also of great interest to researchers in practical applications 
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due to their low cost, good shape memory capabilities, and 

good damping properties [11,14-16]. 

Cu-based SMAs have an irregular structure of type A2 at 

high temperatures and enter a regular structure when cooled. 

In different SMAs, the ordered structures can be identified 

as B2, DO3, or L21, and these structures transform into 

martensite with further cooling [17,18]. CuAlNi SMAs 

exhibit different types of martensite such as 2H, 18R, and 

6R depending on chemical composition, applied load, test 

temperature, and crystal orientation [6,19,20]. 

In this study, two different weight percent CuAlNi alloy 

were used. Alloys were irradiated with Co-60 gamma 

radiation source. The study was planned in two phases: (1) 

pre-irradiation measurements and (2) post-irradiation 

measurements. The aim here is to present different material 

properties to engineers for technological applications. 

 

 

2. Material Method 

 

The CuAlNi shape memory alloys used in this study were 

supplied from Recherche at TREFIMETAUX Center in 

France. The compositions of the alloy samples are given in 

Table-1. Piece samples cut from the alloys were subjected 

to heat treatment at a temperature in the β phase region 

determined from the equilibrium diagram of the CuAlNi 

alloy. The alloy samples were annealed in the β phase region 

at 930 ◦C for 30 minutes and then the samples were cooled 

rapidly in salty-ice water. Some of these examples, in 

Turkey Atomic Energy Agency Sarayköy Nuclear Research 

and Training Center (SANAEM) with a constant radiation 

dose (40 Gy) irradiated. The rate of the irradiation dose was 

set at 1273 Gy/h. The characteristic transformation 

temperatures and thermodynamic parameters of samples 

were determined by Perkin Elmer 8000 differential 

scanning calorimetry (DSC) with 10◦C/min heating/cooling 

rate. X-ray diffraction patterns of the alloy samples were 

taken with a Bruker AXS D8 Advance Model diffractometer 

in the range of 30◦ to 90◦. X-ray analyses of the alloy 

samples were performed using CuKα radiation at room 

temperature and the wavelength of the X-rays was 

1.54060 Å. Following the polishing and chemical etching 

processes used on the alloy samples, optical microscope 

observations were made. Microhardness measurements 

were taken. 

 

 

 

Table 1. Composition (wt%) of the investigated CuAlNi 

alloys.  

Alloy ID 
Al 

(wt%) 

Ni 

(wt%) 

CAN1 13.0 4 

CAN2 13.5 4 

3. Results 

3.1. Differential scanning calorimetry (DSC) 

measurements  

 

DSC measurements of homogeneous samples and irradiated 

samples with a gamma radiation dose of 40 Gy were 

performed at a heating/cooling scan rate of 10 ◦C/min under 

atmospheric pressure in the appropriate temperature range. 

The transformation temperatures of the alloys are given in 

Table-2 and the thermodynamic parameters are given in 

Table-3. The transformation temperatures were determined 

by the tangent method. The equilibrium temperature 

between the forward and reverse transformation phases is 

determined by the equation below [21]. 

 

T0 = (Af + Ms)/2                       (1) 

 

In the expression, Ms is the martensite starting temperature 

and Af is the austenite ending temperature. The entropy 

change during the inverse transformation can be determined 

by the following equation [22]. 

 

∆𝑆𝑀→𝐴 = ∆𝐻𝑀→𝐴/𝑇0                (2) 

 

Here ΔS is entropy, ΔH is enthalpy and T0 is the equilibrium 

temperature. DSC curves taken at 10 ◦C/min heating/cooling 

rates to observe the changes in thermodynamic parameters 

such as equilibrium temperature, enthalpy, and entropy of 

the applied irradiation are given in Fig.1. and Fig.2. The 

hysteresis in the transformation is represented by the 

temperature difference T0-Ms. The ΔGA→M(Ms) Gibbs 

energy is characterized by the driving force for the 

nucleation of martensite in the austenite phase [23]. 

 

ΔG𝐴→𝑀(𝑀𝑠) = ΔG𝑀→𝐴(𝑇0) − ΔG𝑀→𝐴(𝑀𝑠)  
                        = −(𝑇0 − 𝑀𝑠)ΔS𝑀→𝐴                                  (3) 

 

Mf-Ms' temperature difference is related to the elastic energy 

GE stored in the self-assembled martensitic variants and is 

given by the following expression. 

 

ΔG𝐸 = ΔG𝐴→𝑀(𝑀𝑠) − ΔG𝐴→𝑀(𝑀𝑓) 

         = (𝑀𝑠 − 𝑀𝑓)ΔS𝑀→𝐴      (4) 

 

Considering the homogeneous CAN1 and CAN2 alloy 

samples, the increase in the amount of aluminum decreased 

the equilibrium and transformation temperatures. Similarly, 

a decrease in thermodynamic parameters was also observed. 

It is clearly seen in Table-2 and Table-3 that the forward and 

reverse transformation temperatures and thermodynamic 

equilibrium temperatures of CAN1 and CAN2 samples 

irradiated with a fixed radiation dose of 40 kGy increased. 

The change in the thermodynamic parameters of the alloy 
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samples is given in Table-3. A decrease in enthalpy, 

entropy, and elasticity energy, which are the 

thermodynamic parameters of the CAN1 sample, is 

observed with irradiation, and a significant increase in Gibss 

free energy is observed. The changes in the thermodynamic 

parameters of the irradiated CAN2 sample are smaller and 

the elastic energy remained almost constant, while the Gibbs 

free energy increased slightly. Irradiation affected the 

enthalpy and entropy of the martensite and parent phase. 

This may be due to the influence of the crystallographic 

structure by irradiation. 

 

Table-2. Transformation temperature of homogeneous (H) 

and irradiated (40kGy) CuAlNi SMA samples.  

Alloy ID Process Ms (K) Mf (K ) As (K ) Af (K) 

CAN1 H 431,63 414,40 428,38 458,87 

CAN1 40 kGy 434,78 419,09 433,96 463,62 

CAN2 H 334,27 318,42 341,22 354,18 

CAN2 40 kGy 337,23 321,47 340,74 357,22 

 

 

Table-3. Thermodynamic parameters of the homogeneous (H) and irradiated (40 kGy) CuAlNi SMA samples. 

Alloy ID Process 
T0 

(K) 

∆HM→A
  

(J/kg) 

∆HA→M
  

(J/kg) 

∆SM→A  

(J/kgK) 

∆SA→M  

(J/kgK) 

∆GE  

(J/kg) 

∆GA→M  

(J/kg) 

CAN1 H 445,25 12280,1 -7514,3 27,58 -16,87 475,20 -375,63 

CAN1 40 kGy 449,20 9156,8 -10879,6 20,38 -24,21 319,76 -293,87 

CAN2 H 344,22 8437,8 -5551,9 24,51 -16,12 388,48 -243,87 

CAN2 40 kGy 347.22 8554,5 -6694,5 24,63 -19,28 388,16 -246,05 

 
 

 

Fig.1. DSC curves of CAN1 samples irradiated with a 

homogeneous and 40 kGy gamma radiation dose. 

 

Fig.2. DSC curves of CAN2 samples irradiated with a 

homogeneous and 40 kGy gamma radiation dose. 

 

3.2. X-ray diffraction (XRD) analysis results 

 

X-ray diffraction patterns of CAN1 and CAN2 shape 

memory alloy samples homogeneous and irradiated with 

constant gamma radiation dose are given in Fig.3. and Fig.4. 

There are peaks of martensite structure in CAN1 alloy 

samples the homogeneous and irradiated with a radiation 

dose of 40 kGy. A change was observed in the peak 

intensities with the applied radiation dose and some of the 

peaks disappeared and new martensite peaks were formed. 

In the XRD pattern of homogenous CAN2 SMA are peaks 

of the martensit phase (β' and γ') and γ2 precipitate phase. 

Depending on the composition, the CAN2 SMA underwent 

a combined transformation (β↔ β'+γ'). CuAlNi SMAs may 

undergo a combined transformation (β↔ β'+γ') depending 

on the composition [24-26]. In addition, it is thought that the 

γ2 peak occurs depending on the cooling rate. Because when 

the cooling rate of the alloy is slow, γ2 phases can easily 

precipitate in grains or grain boundaries [27]. A change was 

observed in the peak intensities of CAN2 alloy with the 

applied radiation dose.The crystallite size of homogeneous 

and irradiated alloy samples was calculated by Debye 

Scherrer equation [28-30]. 

 

D =
0.9λ

𝐹𝑊𝐻𝑀𝑐𝑜𝑠𝜃
 ,   (5) 

 

In the expression, D represents the crystallite size, λ the X-

ray wavelength, FWHM the full width at half the maximum 

peak, and θ the Bragg angle. The changes in the crystallite 
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size of the alloys by irradiation are given in Table-4. When 

the homogeneous CAN1 and CAN2 alloy samples were 

compared, the crystal size increased due to the increase in 

the amount of Al. In addition, the crystal size of samples 

increased with irradiation in both sample 

 

 
Fig.3. XRD patterns of CAN1 (a) homogenous sample (b) 

sample irradiated with 40 kGy gamma radiation dose. 

 

 
Fig.4. XRD patterns of CAN2 (a) homogenous sample (b) 

sample irradiated with 40 kGy gamma radiation dose. 
 

 

3.3. Metallographic observations and microhardness 

results 

 

Optical photographs of CAN1 and CAN2 SMA samples 

homogeneous and irradiated with constant gamma radiation 

dose are given in Fig.5. and Fig.6. Fig.5. (a) and (b) show 

the optical photographs of CAN1 samples homogeneous and 

irradiated with 40 kGy gamma radiation dose, respectively, 

and Fig.6. (a) and (b) show the optical photographs of CAN2 

samples homogeneous and irradiated with 40 kGy gamma 

radiation dose, respectively. As seen in Fig.5. (a) and Fig.6. 

(a), homogeneous CAN1 and CAN2 alloys are in 

polycrystalline structures. At room temperature, both are 

martensite in structure. The structure is composed of zigzag 

and needle-shaped martensites. As seen in Fig.5. (b) and 

Fig.6. (b) optical photographs of alloy samples irradiated 

with a radiation dose of 40 kGy, the structure is dominated 

by martensite plates. If the optical photograph of the 

irradiated CAN1 sample is compared to the photograph of 

the homogeneous sample at the same magnification, the 

grains enlarged slightly. Fewer grains and grain boundaries 

are seen in Fig.5. (b). Similar images for CAN2 are shown 

in Fig.6. (a) and (b). Average hardness values of alloy 

samples are given in Table-4. The average hardness results 

in the table also support the optical photographic results. The 

microhardness value decreased with the increase in grain 

size. Also, the microhardness of the homogeneous CAN1 

sample is greater than the microhardness of the 

homogeneous CAN2. The grains seen in Fig.6. (a) are larger 

than the grains seen in Fig.5. (a). Therefore, its 

microhardness is also smaller. This is thought to be caused 

by the increase in the amount of aluminum.  

 

     

                       (a)                                        (b) 

Fig.5. Optical photograhps of CAN1 (a) homogeneous 

sample (b) sample irradiated with 40 kGy gamma radiation 

dose. 

 

 

   

                       (a)                                        (b) 

Fig.6. Optical photograhps of CAN2 (a) homogeneous 

sample (b) sample irrasiated with 40 kGy gamma radiation 

dose. 
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Table- 4. Average microhardness values and crystallite 

sizes of CuAlNi shape memory alloys irradiated with 

homogeneous and constant gamma radiation dose. 

Alloys 

ID 

 

Process Avg. HV0.1  

Microhardness 

Crystallite 

Size (nm) 

CAN1 Homogenous 267,4 44,7306 

CAN1 40 kGy 248,4 83,8693 

CAN2 Homogenous 255,2 48,1742 

CAN2 40 kGy 252,4 51,9311 

 

 

4. Conclusion 

 

Cu-based SMAs are very sensitive to the content of alloying 

elements. The transformation temperatures of the CAN 

shape memory alloy decreased with the increase in the 

amount of aluminum.  

The transformation temperatures and thermodynamic 

parameters of CAN1 and CAN2 alloy samples were affected 

by the applied irradiation. X-ray diffraction of 

homogeneous and irradiated CAN1 and CAN2 samples 

show peaks of martensite structure. Changes in peak 

intensities were observed with irradiation. Some peaks 

disappeared and new martensite peaks were formed. The 

crystallite size of the samples was also affected by the 

radiation dose. The change in crystallite size of CAN2 is 

smaller. The microhardness of the irradiated CAN2 alloy 

was also less affected.  

The microhardness of irradiated CAN SMAs can be 

controlled by thermodynamic parameters (entropy, energy 

of elasticity) and crystal size. 
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