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ABSTRACT  ARTICLE INFO 

In recent years, nuclear power plants have been built worldwide. This amount 
large of power is better than other energy sources for the environment, it does not 
have a greenhouse gas. A pressurized water reactor (PWR) is a type of light water 
reactor to generate electricity and it needed enriched Uranium and large cost. The 
purpose of this work was to investigate three different types of steel for PWR reactor 
vessels such as SA30400, SA302B and SA355B-1 steel. The result shows that 
SA355B-1 performs better than the other. On the other hand, phonons, ionization and 
collision events show very little damage to all materials. 
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Introduction 

Shape memory alloys discovered by Arne Ölander in the 
1930s were explained by Vernom in the 1940s [1, 2]. The 
shape memory effect of shape memory alloys was 
determined in the alloy formed by combining gold and 
cadmium elements in the studies conducted in the 1950s. 
Then, they determined the importance of the shape 
memory effect of shape memory alloys in Nickel-Titanium 
alloy made by William Buehler and Frederick Wank in 
1962 [3]. The most commonly used shape memory alloys 
today are copper-based ones because they are less costly 
than nickel-based ones [4]. The reason why shape memory 
alloys have gained importance in recent years is that they 
are advanced functional smart materials [5-10]. Smart 
materials are materials whose chemical composition and 
physical state change [11, 12]. They have physical 
(optical, magnetic, electrical, and mechanical) or 
physicochemical (rheological) properties that can change 
significantly with external factors such as pressure, 
temperature, humidity, pH, electric or magnetic field. 
Smart materials are called “smart” because of this property 

of materials such as some external sensors, or actuators 
that perform a certain action when actuated by a control 
signal [13-17] 

 These smart materials are functional materials capable of 
regaining their original shape and size when heated to high 
temperatures (austenite phase region) Af upon application 
of low (martensite phase) cooling or stress and show a 
reversible thermoelastic martensitic transformation [18-
20]. Shape memory alloys are widely used in various 
industrial applications, the automotive industry, aerospace 
studies, robotic applications, and the surgical-biomedical 
industry. Copper-based and nickel-based shape memory 
alloys are the most commonly used. NiTi alloy is used 
especially in areas that need to be biocompatible. 
However, due to the high cost of NiTi alloys and their 
relatively low transformation temperatures, they are not 
useful as damping materials at moderate temperatures [21, 
22]. Copper-based alloys are preferred for their low cost, 
ease of manufacture and machinability, lower hysteresis 
and higher conversion temperatures [23-25]. 
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Stipcich. et al. have argued that the third element additive 
increases the thermal stability, brittleness, mechanical 
elasticity, grain size of the alloy, has high elastic 
anisotropy or creates an impurity or a second phase at the 
grain boundary [26]. Alaneme K. et al. observed that the 
third element to be added to Cu-Zn and Cu-Al alloys in 
copper-based alloys change the transformation 
temperatures and microstructure [27]. 

The aim of the study was to produce two different CuAl 
based shape memory alloys by adding Nb, and Hf 
elements in the same mass ratio to the Cu86Al12Nbx , 
Cu86Al12Hfx (x=2 wt.%). The shape memory effect in the 
produced alloys was investigated by looking at the crystal 
and microstructure and thermal properties of the alloys. It 
was thought that adding a third element to this copper-
based study would affect various physical properties. 

 

 

2. Experimental Procedure 

2.1. Materials and Productions 

In this study, two CuAl-based shape memory alloys were 
used. Mass ratios of alloys are given in Table 1. High 
purity powder elements prepared according to Table 1 
were pelletized under pressure. The alloy powders brought 
to the pellet were produced by arc melting method under 
vacuum and the produced alloys were kept at 900 °C for 
24 hours to ensure their homogeneity. 

 

Table 1. Chemical composition in CuAlX (X: Nb, Hf) (% mass) alloys 

 

 

 

 

2.2. Characterization Process 

The produced alloy samples were heat treated at 973 K, 
1073 K and 1173 K for one hour, and after the heat 
treatment, they were suddenly cooled in salty ice water. 
After heat treatment, the change in the thermal properties 
of the samples was determined using DSC (Differential 
Scanning calorimetry). The changes caused by the heat 
treatment on the crystal and microstructure of the alloy 
samples were determined at room temperature using X-ray 
(XRD), Scanning Electron microscopy (SEM) device and 
optical microscope. 
 
3. Results and Discussion 

3.1. Thermal Analysis Results 

The DSC measurements were carried out for thermal 
analysis of Cu86Al12Nb2 and Cu86Al12Hf2 (mass %) after 
heat treatment of both samples in three different 
temperatures (973 K, 1073 K and 1173 K). Figure 1 
represents the typical curves of DSC. According to Figure 
1, both samples are in the austenite phase at room 

temperature. Also, the transformation temperatures 
including austenite start (As), austenite finish (Af), 
martensite start (Ms), martensite finish (Mf) were 
tabulated in Table 2. According to Table 2 both 
Cu86Al12Nb2 and Cu86Al12Hf2 (wt. %)  samples can be 
called high-temperature SMAs (HTSMAs) because the 
phase transition process (martensite ⇆ austenite) were 
occurred above 100 ℃ (373 K) [28]. Also, Figure 2-(a) 
shows the effect of heat treatment on the transformation 
temperatures (TTs) of both Cu86Al12Nb2 and Cu86Al12Hf2 
(mass %) alloys. According to Figure2 -(a) all TTs were 
affected by heat treatment which both Af and Mf  were 
decreased by increasing the treatment temperature in both 
samples, while Ms was increased, but As was different in 
both samples that in Cu86Al12-Nb2 (mass %) it was 
increased but in Cu86Al12-Hf2 (mass %) was decreased. 
Figure 2-(b) shows the calculated temperature hysteresis of 
heat treated samples that it can be seen that in both 
samples (Cu86Al12Nb2 and Cu86Al12Hf2 (mass %)) the 
increase in treatment temperature caused to decrease the 
temperature hysteresis. 

Sample Cu(%mass) Al(%mass) Nb(%mass) Hf(%mass) 
Nb                         86                    12                      2                         - 
Hf                          86                    12                      -                         2 
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Fig.1.  DSC curves of  (a) Cu86Al12-Hf2 and (b) Cu86Al12-Nb2 (wt. %)  heat treated alloy samples 
 

Table 2. Transformation temperatures for all treated alloys 

Sample As / K Af / K Ms / K Mf / K 
Nb-973 K 572.9 635.9 558.6 513.3 

Nb-1073 K         574.2 634 568.8 506.1 
Nb-1173 K         577.6 614.3 591.2 502.6 
Hf-973 K        566.4 624.7 556 502.2 
Hf-1073 K         557.3 631.3 561.4 501.7 
Hf-1173 K          544.7 610.4 562.8 500 

 
The heat change through the heating and cooling processes (or enthalpy change in both forward (∆𝐻𝐻𝑀𝑀→𝐴𝐴) and reverse 
(∆𝐻𝐻𝐴𝐴→𝑀𝑀) martensitic transformation was obtained based on the DSC curves which is equal to the area under the DSC curves. 
In the other word enthalpy change can be calculated as follows [29]: 

∆𝐻𝐻𝑀𝑀→𝐴𝐴 = �
𝑑𝑑𝑑𝑑
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Where (q) is the heat absorbed by the sample, (T) is the absolute temperature, and (t) is the time. 
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Fig 2. (a) Phase transformation temperatures and (b) Temperature hysteresis of both Cu86Al12Nb2 and Cu86Al12Hf2 (wt. %)   
heat treated alloys 

 
Another thermodynamics parameter is entropy change (∆𝑆𝑆) which is the disorderness of the microstructure of the alloy system. 
And it can be calculated by the following equation [30]: 

∆𝑆𝑆𝑀𝑀→𝐴𝐴 =
∆𝐻𝐻𝑀𝑀→𝐴𝐴

𝑇𝑇𝑜𝑜
 , ∆𝑆𝑆𝐴𝐴→𝑀𝑀 =

∆𝐻𝐻𝐴𝐴→𝑀𝑀

𝑇𝑇𝑜𝑜
 

(2) 



Safar Saeed Mohammed et al.  Journal of Physical Chemistry and Functional Materials 

58 

Where 𝑇𝑇𝑜𝑜 is the equilibrium temperature.  The value of 𝑇𝑇𝑜𝑜 was defined as follows [31]: 

𝑇𝑇𝑜𝑜 =
𝑀𝑀𝑠𝑠 + 𝐴𝐴𝑓𝑓

2
 (3) 

Also, 𝑇𝑇𝑜𝑜 can be defined in such a way that the Gibbs free energy in both forward (∆𝐺𝐺𝑀𝑀→𝐴𝐴(𝑇𝑇𝑜𝑜)) and reverse (∆𝐺𝐺𝐴𝐴→𝑀𝑀(𝑇𝑇𝑜𝑜)) 
martensitic transformations is equal to zero. In the other words the Gibbs free energy in both forward (∆𝐺𝐺𝑀𝑀→𝐴𝐴(𝑇𝑇𝑜𝑜)) and reverse 
(∆𝐺𝐺𝐴𝐴→𝑀𝑀(𝑇𝑇𝑜𝑜)) martensitic transformation can be calculated as these to following equations [32, 33]: 
 
∆𝐺𝐺𝑀𝑀→𝐴𝐴(𝑇𝑇𝑜𝑜) = 𝐺𝐺𝐴𝐴(𝑇𝑇𝑜𝑜)  −  𝐺𝐺𝑀𝑀(𝑇𝑇𝑜𝑜)= ( 𝐻𝐻𝐴𝐴 −  𝑇𝑇𝑜𝑜𝑆𝑆𝐴𝐴) – ( 𝐻𝐻𝑀𝑀 −  𝑇𝑇𝑜𝑜𝑆𝑆𝑀𝑀) 

= ∆𝐻𝐻𝑀𝑀→𝐴𝐴 −  𝑇𝑇𝑜𝑜∆𝑆𝑆𝑀𝑀→𝐴𝐴 = 0 (4) 

∆𝐺𝐺𝐴𝐴→𝑀𝑀(𝑇𝑇𝑜𝑜) = 𝐺𝐺𝑀𝑀(𝑇𝑇𝑜𝑜) −  𝐺𝐺𝐴𝐴(𝑇𝑇𝑜𝑜)= ( 𝐻𝐻𝑀𝑀 −  𝑇𝑇𝑜𝑜𝑆𝑆𝑀𝑀) – ( 𝐻𝐻𝐴𝐴 −  𝑇𝑇𝑜𝑜𝑆𝑆𝐴𝐴) 
= ∆𝐻𝐻𝐴𝐴→𝑀𝑀 −  𝑇𝑇𝑜𝑜∆𝑆𝑆𝐴𝐴→𝑀𝑀 = 0 (5) 

In addition, the elastic energy can be obtained by subtracting the Gibbs free energy in both  𝑀𝑀𝑠𝑠 and 𝑀𝑀𝑓𝑓 as follow: 

𝐺𝐺𝑒𝑒 = ∆𝐺𝐺𝐴𝐴→𝑀𝑀(𝑀𝑀𝑠𝑠) − ∆𝐺𝐺𝐴𝐴→𝑀𝑀(𝑀𝑀𝑓𝑓) = �𝑀𝑀𝑠𝑠 −  𝑀𝑀𝑓𝑓� ∆𝑆𝑆𝑀𝑀→𝐴𝐴 (6) 

Depending on equation (1- 6) all calculated 
thermodynamic parameters such as enthalpy change (∆𝐻𝐻), 
entropy change (∆𝑆𝑆), equilibrium temperature (𝑇𝑇𝑜𝑜), Gibbs 
free energy (∆𝐺𝐺) and elastic energy (𝐺𝐺𝑒𝑒) were tabulated in 
table 2 and graphically were shown in Figure 3 and Figure 
4. 
According to Table 2 and Figure 3, both enthalpy change 
and entropy change have the same pattern which were 
affected by increasing the treated temperature. As shown 

in Figure 3 (a), in Cu86Al12Nb2 (mass %) enthalpy change 
increased by increasing treated temperature in forward 
martensitic transformation while it was decreased in 
reverse martensitic transformation. But in Cu86Al12Hf2it 
was diminished in both the forward and reverse process. 
And in Figure 3 (b) can be seen that the treated 
temperature has the same effect on entropy as it has on 
enthalpy in both samples. 

Table 3. Calculated thermodynamic factors for all treated samples. 

Samples To 
(K) 

∆GA→M 
(J.kg-1) 

Ge 
(J.kg-1) 

∆SA→M 

(J.kg-1.K-1) 
∆SM→A 

(J.kg-1.K-1) 
∆HM→A 

(J.g-1) 
∆HA→M 

(J.g-1) 
Nb-973 K         597.25 58.24 68.26 0.00194 0.00151 0.9 1.16 
Nb-1073 K         601.4 164.24 315.90 0.00170 0.00504 3.03 1.02 
Nb-1173 K         602.75 59.21 454.21 0.00146 0.00513 3.09 0.88 
Hf-973 K        590.35 148.37 232.39 0.00256 0.00432 2.55 1.51 
Hf-1073 K         596.35 69.15 118.13 0.00211 0.00198 1.18 1.26 
Hf-1173 K          586.6 42.19 111.34 0.00191 0.00177 1.04 1.12 
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Fig 3. (a) Enthalpy change and (b) Entropy change in both forward and reverse martensitic transformation of 𝐂𝐂𝐂𝐂𝟖𝟖𝟖𝟖𝐀𝐀𝐀𝐀𝟏𝟏𝟏𝟏𝐍𝐍𝐍𝐍𝟐𝟐 
and 𝐂𝐂𝐂𝐂𝟖𝟖𝟖𝟖𝐀𝐀𝐀𝐀𝟏𝟏𝟏𝟏𝐇𝐇𝐇𝐇𝟐𝟐 (wt. %)   heat treated alloys 
 
The treated temperature has a different effect on Gibbs free 
energy (∆𝐺𝐺) in each sample (Figure 4 (a), which is caused 
to increase the Gibbs free energy (∆𝐺𝐺) in Cu86Al12Nb2 by 
a different amount, but Gibbs free energy (∆𝐺𝐺) was 
reduced regularly in Cu86Al12Hf2 by increasing treated 

temperature. In addition, Figure 4 (b) represents that the 
treated temperature has the same effect on elastic energy as 
it has on Gibbs free energy which is cased to increase the 
elastic energy in Cu86Al12Nb2 while it decreased elastic 
energy in Cu86Al12Hf2. Also, M. Kok et al. were found the 
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same result in their study, that they were determined that 
the elastic energy of Ni-Ti-V alloy decreased when the 

heat treatment temperature was increased [21]. 
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Fig 4. (a) Gibbs free energy (b) Elastic energy in both forward and reverse martensitic transformation of Cu86Al12Nb2 and 
Cu86Al12Hf2 (wt. %)   heat treated alloys. 

3.2. Crystallinity Results 

Figure 5 shows the XRD pattern measurement after 
heat treatment at 973 K and 1173 K which was 
taken at room temperature. The peaks were indexed 
by using the literature [29, 34, 35].In Figure 5 can 
be seen that in all cases the main peaks are both Cu 
and Al peaks in both Cu86Al12Nb2 (mass %) and 
Cu86Al12Hf2 (mass %) samples. Also, the Cu-Al 
peak was indicated as a precipitate. And in the 
Cu86Al12Nb2 sample the intensity of peaks 

decreased by increasing the treated temperature, 
while in Cu86Al12Hf2 (mass %) the intensity in all 
peaks did not change after raising the temperature. 
Also, in Cu86Al12Hf2 (mass %) the number of Al 
peaks were decreased by increasing the temperature 
because some of them were disappeared. 

The crystallite size of obtained alloys was 
calculated by the Debye Scherer equation as follow 
[36]: 

𝐷𝐷 =
𝐾𝐾𝐾𝐾

𝐵𝐵 cos𝜃𝜃
 

 
(7) 

Where K is the shape factor (K=0.9), 𝜆𝜆 is the 
wavelength of incident X-Ray (𝜆𝜆 =1.5406 Å), B is 
the full-width half maximum of the XRD peaks 
(FWHM), and 𝜃𝜃 is the Braggs angle [28]. Figure 6 
represents the calculated crystallite size of both 

Cu86Al12Nb2 and Cu86Al12Hf2 (mass %). 
According to Figure 6, the crystallite size of 
Cu86Al12Hf2was increased by increasing the treated 
temperature, while it was decreased in 
Cu86Al12Nb2 (mass %). 
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Fig 5. The XRD measurement result for of Cu86Al12Nb2 and Cu86Al12Hf2 (wt. %) shape memory alloys.
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Fig 6. Calculated crystallite size of Cu86Al12Nb2 and Cu86Al12Hf2 (wt. %)   heat treated alloys 
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Figure 7. SEM images (left side) and mapping images (right side) for  Cu86Al12Nb2 and Cu86Al12Hf2 (wt. %)   heat 
treated alloys. 
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3.3. Microstructure analysis 

Figure 7 represents the SEM analysis results (left side) 
and the mapping images (right side). Information on 
the constituents is provided from the maps. In figure 7 
appears that Hf is more dissolved in the alloy 
compared to Nb. Because the Nb has accumulated in 
some areas on the alloy matrix and has settled as an 
impurity separately. But by increasing the 
temperature, it melts further into the alloy. While Hf 
appears to be less settled as an impurity and most of 
its amount is dissolved in the alloy. 

 

3.4. Optical Microscope Images 

The optical microscope images agree with the SEM 
images, which  is observed that at low temperatures, 
the Nb content in Cu86Al12Nb2 did not dissolve 
completely in the alloy, and it spreads in the form of 
small flowers on the alloy's surface, but it was 
dissolved by increasing the treated temperature. And 
the Hf was dissolved in both low and high 
temperatures in Cu86Al12Hf2. 

Also, Figure 8 shows that in Cu86Al12Nb2 the size of 
grains was decreased by increasing temperature, while 
Cu86Al12Hf2 they were increased. And this result is 
supported by calculated grain size results in Figure 6. 

 

Fig. 8. Optical images of all sample alloys. 

Conclusions 

In this study the effect of heat treatment at three 
different temperatures (973 K, 1073 K and 1173 K) on 
some thermodynamics parameters, crystal structure, 
and microstructure of Cu86Al12Nb2 and Cu86Al12Hf2 
(mass %)   Shape Memory Alloy has been 
investigated. The main important results were 
summarized as follow: 

• Both Cu86Al12Nb2 and Cu86Al12Hf2 (mass %)  
samples can be called high-temperature SMAs 
(HTSMAs) because the phase transition process 
(martensite ⇆ austenite) have occurred above 100 ℃ 
(373 K) 

• Both Af and Mf were decreased by increasing the 
treatment temperature in both samples, while Ms was 
increased, but As was different in both samples that in 

Cu86Al12Nb2 (mass %) it was increased but in 
Cu86Al12Hf2  (mass %) was decreased. 

• In both samples (Cu86Al12Nb2 and Cu86Al12Hf2 (mass 
%)) the increase in treatment temperature caused to 
decrease the temperature hysteresis. 

• Heat treatment has further stabilized both samples 
since in both samples the entropy change which is the 
disorderness of the thermodynamic system has been 
decreased. 

• According to XRD and optical microimages, the size 
of grains was decreased in Cu86Al12Nb2 but it was 
increased  in Cu86Al12Hf2. 

• SEM result shows that Hf is more dissolved in the 
alloy compared to Nb. Because the Nb has 
accumulated in some areas on the alloy matrix and has 
settled as an impurity separately. But by increasing the 
temperature, it melts further into the alloy. While Hf 
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appears to be less settled as an impurity and most of 
its amount is dissolved in the alloy. 
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