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 The study investigated the grain size criteria, mechanical characteristics, and 
corrosion behavior of Cu-14Al-4.5Ni-0.7Mn shape memory alloy (SMA) with the 
micro-addition of 0.06 wt% Lanthanum (La). Using standard melting and casting 
procedures, the alloy compositions were melted at 1300 ℃ in an arc furnace with an 
argon atmosphere. The cast compositions without thermal treatment were 
machined and tested for physical properties including density and percentage 
porosity, corrosion behavior, and mechanical properties like hardness, ultimate 
tensile strength, yield strength, fracture strain, percentage elongation, specific 
strength, and fracture toughness. The average grain size, profile plot, and grain size 
distribution were all determined using ImageJ software. The microstructural 
observations revealed the presence of α-phase, β-phase, and intermetallic phases, 
including the coarse α+γ2 phase, which contributed to the improved characteristics. 
The inclusion of lanthanum resulted in a drop in the average grain size of the parent 
alloy from 9.25 μm to 6.08 μm, indicating a clear correlation between property 
improvement and microstructure refinement. The composition's tensile strength 
and yield strength increased with the La micro-addition by 22.14% and 20.31% 
respectively while the hardness value increased by 17.3%. The fracture strain of the 
modified composition increased by 20% compared to the unmodified composition 
while the percentage elongation increased by 7.7% and a 22.5% increase in fracture 
toughness was achieved. The modified CuAlNiMn SMA also showed a significant 
improvement in corrosion resistance to NaCl solutions which was so evident at 144 
hours of the study for 0.5 M of NaCl solution and at 96 hours for 1.0 M of NaCl 
solution. The results showed that CuAlNiMn SMA with micro-addition of La had 
better physical, corrosion, and mechanical characteristics than unmodified 
CuAlNiMn alloys. 

 

© 2025 MIM Research Group. All rights reserved. 
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1. Introduction 

Shape memory alloy (SMA) materials are advanced metallic materials that can revert to their 
original position after deformation when subjected to relevant thermal treatment. They have 
two distinct crystal structures: the higher-temperature Austenite structure and the lower-
temperature Martensite structure [1]. A reversible austenite to martensite phase 
transformation is a prerequisite for the memory effect. Thermal (cooling and heating) or 
mechanical (loading) techniques can be used to achieve such phase transformation [2]. Shape 
memory alloys have been notably distinguished from other types of materials because of their 
pseudo-elasticity [3] and shape memory effect (SME) features [4]. In the biomedical and 
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engineering industries, SMAs have been reported in various research as the main components 
in products like thermal actuators [5], pumps, linear engines [6], separators, automated arms 
[7], hydraulic tube couplings [8], lens frames, and electrical system breakers [9]. 

Shape memory alloys are categorized according to the alloying elements. We can differentiate 
between alloys based on Nickel (such as; Ni-Ti, Ni-Mn-Ga), Copper (such as; Cu-Zn-Al, Cu-Al-
Ni), Iron (such as; Fe-Mn, Fe-Mn-Si), Rare metals (such as; Au-Cd, Au-Ag, Pt-Al), etc. depending 
on this base material [10]. They are regarded as the SMA systems with the most potential for 
both functionality and commerce. For technological and industrial applications, Cu-based SMAs 
are widely recognized as the most affordable and processing-sustainable SMA systems. The 
primary benefit of Cu-based SMAs over other SMAs is specifically their economic effect 
(affordable cost) [11]. Specifically, Cu-Al-Ni alloys have applications in a variety of industrial 
domains, particularly where elevated transformation temperatures (up to 200 °C) are 
necessary [10]. High transformation temperatures, strong corrosion resistance, high resistance 
to functional property deterioration during aging processes, and a fair price all influence the 
choice of this class of alloys for application. They have a significant strain recovery (about 5%), 
which is second only to the NiTi systems (about 8%) [12], and they may be processed by 
conventional casting methods [13]. In light of this, Cu-based SMAs are now well-regarded when 
it comes to applications in electrical and thermo-responsive industrial [14], technological 
systems and biomedical industries [15]. 

As a consequence of the high elastic anisotropy of the parent β phase, large grain size, brittle 
Ɣ2 (Cu9Al4) phase, and formation of stress-induced martensites along grain boundaries upon 
quenching equiaxed polycrystalline CuAlNi alloy is prone to intergranular fracture during 
plastic deformation [16] and lack of cold-working ability due to high brittleness [17], which has 
been reported to have limited the alloy's engineering applications [18]. A potential remedy to 
this challenge is the addition of suitable rare metals (refining elements) such as Ce, La, Co, B, 
and Ti, which form the precipitates that restrict the size and growth of the grains. Moreover, 
the rapid-solidification technique or powder metallurgy used in the alloy's production is very 
effective in achieving a fine-grain microstructure of SMA. Grain modification and texture 
control are two significant methods used to improve the mechanical properties of the 
polycrystalline CuAlNi alloy. These two techniques are crucial in relieving the concentration of 
stress at grain boundaries, which in turn prevents fractures between granular layers and 
increases the alloy's flexibility [19]. By partially substituting the aluminum component, 
Manganese is introduced as an alloying element to the CuAlNi alloy to improve its ductility and 
stability. Additionally, it permits the betatising process to be carried out at lower temperatures 
and expands the β phase's stable domain [20].  In addition, Manganese is added to improve 
thermoelastic and pseudoelastic performance [21] and Saud et al. [22] reported that the 
inclusion of Manganese also lowers the rate of corrosion. 

This research aimed to investigate the effect of micro-addition of La as a rare metal on the 
CuAlNiMn SMA in its as-cast condition through casting techniques. The findings provide 
information on the porosity, hardness, tensile, specific strength, fracture toughness, and 
corrosion behavior of the CuAlNiMn SMA system.  

2. Materials and Method  

2.1. Materials  

To produce the Cu-Al-Ni-Mn base composition for shape memory alloys, pure-grade billets of 
copper, nickel, manganese, and aluminum were used as the base materials. Analytical high-
quality lanthanum (La) powder was chosen to be the microalloying additive. The components 
for Cu, Al, Ni, Mn, and La were purchased from authorized local suppliers. 
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 2.2. Method 

2.2.1. Alloy Design and Production 

Cu-14%Al-4.5%Ni-0.7%Mn and Cu-14%Al-4.5%Ni-0.7%Mn-0.06La were the two components 
that piqued curiosity in this study. The study followed Alaneme et al.'s approach in adopting 
charge computations and alloy production methods to reach these alloy compositions [23]. The 
alloy compositions were developed in an arc furnace with an argon atmosphere using standard 
melting and casting procedures. The melts were then poured into cylinder-shaped cast iron 
metal molds that measured 200 mm in length and 20 mm in diameter using 1300 °C 
temperature as the heat index. The cast specimens were taken out, fettled, and then machined 
into different test specimens for microstructural, mechanical, and corrosion examination. Table 
1 displays the chemical compositions of the alloys developed and the matching sample 
designations. 

Table 1. Composition of the CuAlNiMn SMA, both unmodified and modified with La 

 

2.2.2. Microstructural Characterization 

The CuAlNiMn alloys that were produced, both modified and unmodified, had their 
microstructures observed under an optical microscope (Model: L2003A). The sample's 
surfaces were polished to a mirror-like metallographic finish by a series of grinding operations 
using abrasive papers with grit sizes of 220, 500, 1000, and 1200. Etching was done with a 
solution of 2.5 g FeCl3, 10 mL HCl, and 48 mL ethanol. The grain analysis, comprising the 
estimation of average grain size (using Eq 1), profile plot, and grain size distribution, was 
accomplished with the support of ImageJ software (using the simple linear intercept approach) 
adopting the method outlined by Peregrina-Barreto et al [24]. 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐺𝑟𝑎𝑖𝑛 𝑆𝑖𝑧𝑒 =
𝐿𝑖𝑛𝑒 𝐿𝑒𝑛𝑔𝑡ℎ 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐺𝑟𝑎𝑖𝑛𝑠
   (1) 

2.2.3. Measurement of Density and Porosity in Percentage 

Density measurements were used to estimate the compositions' levels of porosity. This was 
accomplished by analyzing the theoretical and experimental densities of every composition. An 
Ohaus Pioneer digital weighing balance (Model: PA214) with a high-precision tolerance of 
0.0001g was used to weigh the test samples to determine the experimental density of the 
samples. In every instance, the measured weight was divided by the volume of the 
corresponding samples. The rule of mixture as stated in Eq (2), was used for the computation 
of the theoretical density. 

𝜌𝐶 =  ∑ 𝑉𝐸 ∗  𝜌𝐸  (2) 

Where ρC is the density of the composition; VE is the volume fraction of the element ; 

ρE is the density of the element. Using the relations stated in Eq (3), the percent porosity of the 
composites was determined.  

% 𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 = ( 
𝜌𝑇 − 𝜌𝐸𝑋

𝜌𝑇
 ) × 100 (3) 

Where, 𝜌𝑇  𝑖𝑠 𝑡ℎ𝑒 𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙  𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (
𝑔

𝑐𝑚3) ; 𝜌𝐸𝑋 𝑖𝑠 𝑡ℎ𝑒 𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (𝑔/𝑐𝑚3) 

Compositions Cu Al Ni Mn La 

C 1 80.80 14 4.5 0.7 - 

C 2 80.75 14 4.5 0.7 0.06 
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2.2.4. Mechanical Characterization 

• Hardness Testing 

The Emcotest Durascan Microhardness Tester was equipped with the cutting-edge application 
ecos Workflow, was utilized to assess the hardness of the Cu-Al-Ni-Mn-based alloys that were 
produced. The samples were prepared using a finely finished cylindrical flat surface, and the 
ASTM E92–23 standard was followed during the testing process [25]. A 100g load was used for 
the hardness test, with a 10-second dwell period.  The hardness indentation was performed at 
least five times, and the average hardness values were determined. 

• Tensile Test 

A universal testing device (Instron model 3369) was utilized to perform tensile testing on the 
as-cast CuAlNiMn SMA. The test samples were machined following the tensile test standards, 
measuring 30 mm in length of the gauge and 5 mm in diameter. Samples were mounted on the 
testing platform, the test samples were drawn under tension with a strain rate of 10-3/s until 
they fractured. The ASTM E8/E8M-22 criteria were followed during the preparation of 
samples, evaluation, and data analysis [26]. For every composition of CuAlNiMn SMA produced, 
three repeatable tests were carried out to ensure the test results’ dependability and 
repeatability.  

• Fracture Toughness  

The fracture toughness values of the CuAlNiMn SMA were evaluated by using the 
circumferential notch tensile (CNT) testing method as reported by Alaneme [23] and Alaneme 
& Umar [27]. The CuAlNiMn SMA compositions were shaped to precisely measure the 30 mm 
gauge length, 6 mm gauge diameter (D), 4.5 mm notch diameter (d), and 60° of the notch angle 
to conduct the evaluation. A standardized testing device with a strain rate of 10-3/s was used to 
bend the samples until they broke while they were in the stage of testing. The relation was used 
to determine the fracture loads (Pf) obtained from the load-extension data of the alloys to 
evaluate their fracture toughness using Eq (4) as stated by [27]. 

𝐾1𝑐 =  
𝑝𝑓

𝐷3/2
 [1.72 (

𝐷

𝑑
) − 1.27] (4) 

Where the specimen diameter (D) and the notched section diameter (d) are the corresponding 
values. By using the relationships described in Eq (5) [27], the values for the fracture toughness 
were obtained for validation under plane strain conditions. 

𝐷 ≥ (
𝐾1𝑐

𝜎𝑦
)2   (5) 

For every composition of CuAlNiMn SMA, three tests were rerun to make sure the results were 
dependable and accurate. 

2.2.5. Corrosion Test 

The following materials, instruments, and reagents were employed in the study following 
Edoziuno et al [28]: 500-milliliter beakers, 100-milliliter volumetric flasks, emery paper, 
distilled water, 0.5 M and 1.0 M sodium chloride (NaCl) solutions made with laboratory-quality 
materials, filter paper, and dry clothes, analytical grade acetone substance including 
unmodified and modified CuAlNiMn SMA specimens in the form of cylindrical 20 mm diameter 
by 10 mm length are all included. 

Before any further processing, the alloy specimens were cleaned and polished using emery 
papers of different sizes (such as 400, 800, and 1,200 grit), filter paper, and dry clothes. They 
were rinsed with distilled water from the faucet and thoroughly cleaned using acetone. 
Following a thorough air-drying process, the samples were weighed to four decimal places 
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(0.0001) on an analytical scale. After the samples were weighed, they were immersed in the 
measured NaCl concentrations. At 48-hour intervals (up to 240 hours), the compositions were 
removed from the test solutions and immediately given a quick washing with distilled water. 
Finally, an analytical scale was used to weigh the specimens, and the variations in weight at 
each period were recorded. Each sample's weight loss (mg) and corrosion rate (mm/yr) were 
assessed using ASTM G31-21 guidelines [29]. 

3. Results and Discussion 

3.1 Microstructure Analysis, Grain Size Distribution, and Average Grain Size 

CuAlNiMn and CuAlNiMn modified with 0.06 weight percent La alloying additions are shown 
in their as-cast microstructures in Fig. 1(a-b). The distribution of grain sizes in the CuAlNiMn 
and CuAlNiMn0.06La alloy systems is presented in Fig. 2. Based on the microstructures of the 
parent alloy shown in Fig. 1a, the structures composed of α-phase, β-phase, and a huge coarse 
intermetallic compound called α+γ2. The grains are coarse and dendritic, evenly distributed, 
but with an overabundance of undissolved copper. As illustrated in Fig. 1a, the composition 
alloy's microstructure revealed more of an undissolved Cu-alloy complex (dendritic grain) with 
an average grain size of 9.25 μm, which gave rise to the hard and brittle eutectoid α+γ2 phase 
which is the predominant phase [11,30]. This resulted in the low performance of mechanical 
properties displayed by the composition (CuAlNiMn). In contrast, Fig. 1b shows a notable 
increase in the number of rosette-shaped β-phase grains that were uniformly distributed 
throughout the α-phase, indicating full wettability of the grains and improved mechanical 
properties displayed by the CuAlNiMn–0.06%La alloy. Additionally, it was noted that the micro-
addition of La to the concentration of the parent alloy system (CuAlNiMn) resulted in a 
reduction of the huge coarse grains (α+γ2 phase), indicating the soluble nature of elements in 
the copper matrix. The enhanced mechanical features exhibited by the alloy can be attributed 
to the size and dispersion of its grain [31].  

  

Fig. 1. Representative Optical Micrograph of as-cast structure for (a) CuAlNiMn and (b) 
CuAlNiMnLa 

When 0.06 wt.% La was added to the parent alloy system (CuAlNiMn), a decrease in grain size 
was observed with a decrease in the solid solution region (Figure 1), which improved the 
mechanical properties. The average grain size of the parent alloy decreased from 9.25 µm to 
6.08 µm after being doped, as shown in Fig. 2(a-b). As evident in Fig. 2, the strength and 
hardness of the Cu-14Al-4.5Ni-0.7Mn-0.06La alloy system increased by about 28.44 % and 
10.77 %, respectively, as compared to the parent alloy. It is noted that the micro-addition of La 
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caused the average grain size to reduce drastically from 9.25 μm to 6.08 μm. Evidently, Fig. 2b 
showed a superior grain size distribution than the composition of the parent alloy. 

 

(a) 

 

(b) 

Fig. 2. Grain size distribution of (a) CuAlNiMn (b) CuAlNiMnLa 

3.2 Measurement of Density and Porosity 

Table 2 displays the result of the percent porosity and density measurements of the CuAlNiMn 
SMA system. Comparing the two compositions, it is shown that the modified CuAlNiMn (C2) 
had lower porosity levels than the unmodified CuAlNiMn (C1) SMA system. 

Table 2. The percentage porosity for the produced CuAlNiMn SMA 

Composition 
Theoretical density, 

(𝑔𝑐𝑚−3) 
Experimental density, 

(𝑔𝑐𝑚−3) 
Porosity 

(%) 

C1 8.05323 7.963 1.12 

C2 8.05162 7.963 1.10 

 

It is observed that the micro-addition of the La causes the composites' percentage porosity to 
decrease. This shows that rare earth elements contribute to the excellence of the SMA produced 
by decreasing the percentage porosity. Additionally, the dispersion of La particles in the 
CuAlNiMn SMA was improved by the procedure, because the maximum permissible porosity 
value in sand casting composition is less than 4% [32], for porosity has a significant impact on 
material behavior. 

3.3 Mechanical Characteristics 

3.3.1 Hardness Properties 

Figure 3 shows the variation in the CuAlNiMn SMA hardness with and without the micro-
addition of La. The inclusion of La was found to marginally boost the alloys' hardness; in 
comparison to the unaltered CuAlNiMn, the weight percentage of La increased the 
composition's hardness value by 17.3%. The inclusion of La as a micro-alloying addition is 
responsible for the increased hardness found in the modified CuAlNiMn SMA. This change in 
grain edge morphology and reduction of elongated grain width (i.e., grain thickness) were the 
outcomes of these additions [33]. A hardening effect caused by the finely dispersed particles 
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could account for the modified CuAlNiMn SMA's increased hardness value [34]. The Hall-Petch 
relation is supported by the enhanced resistance to indentation with smaller grain sizes [35]. 

 

Fig. 3. Variation in hardness value of the produced composition 

3.3.2. Tensile Properties 

The ultimate tensile and yield strength are shown in Fig. 4.  As observed, the tensile strength 
and yield strength of the composition increase with the micro-addition of La by 22.14% and 
20.31% respectively. However, it was observed that the ultimate tensile and yield strengths for 
unmodified alloys were lower compared with the La-modified CuAlNiMn SMA. Hence, it is 
noteworthy that the inclusion of rare earth elements significantly improved the strength of the 
composition. The Rare earth elements help in achieving a refined and homogeneous structure 
by removing voids and micro-voids and also help in redistributing the particulates and second-
phase particles resulting in considerable elimination of particle clusters and segregation. The 
elimination of a considerable number of voids and porosity in the composition strengthens its 
ability by lowering the possibility of particle separation under tensile loading [36,37]. 

 

Fig. 4. Ultimate tensile strength and yield strength of the compositions 
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3.3.3 Fracture Strain Properties 

The fracture strain for the compositions is shown in Fig. 5. It is noted that there was an increase 
in the fracture strain owing to the addition of La compared with the unmodified CuAlNiMn SMA. 
Sample C2 has the greatest strain improvement with a 20 % increase compared with C1. This 
shows the possibility of the CuAlNiMn system to withstand plastic deformation and therefore 
the rare earth metals modification improves their cold workability especially when the alloy is 
solution heat-treated [38,39]. 

3.3.4 Percentage Elongation Properties 

Figure 5 shows the percentage elongation of the produced compositions. The highest 
percentage elongation was observed in sample C2 (0.06 wt % of La addition) with a 7.7 % 
increase when compared with the unmodified CuANiMn alloy. This is due to the ability to 
achieve better interphase interaction between the CuAlNiMn SMA particles and the rare earth 
metals.  

 

 

Fig. 5. Variation of fracture strain and percentage elongation of the produced compositions 

It is worth noting that rare metals are naturally ductile compared to the brittle CuAlNiMn 
system [22,40,41]. It implies that the CuAlNiMn SMA enhanced with La will have a greater 
ability to withstand plastic deformation. The reduction in percentage elongation of unmodified 
CuAlNiMn alloy can be ascribed to its sharp end grain boundaries, which can limit deformation 
through plasticity because of the triaxial stress condition that is formed at these locations [23]. 

3.3.5 Specific Strength Properties 

Specific strength, commonly referred to as a material's strengths-to-weight ratio, is an 
indication of a substance's durability. It is noted from Fig. 6 that the micro-addition of La 
increases the specific strength of the composition. C2 which has 0.06 wt% of La has the highest 
specific strength, compared to C1 which is an unmodified alloy, this is a result of the relatively 
higher density of the composition as shown in Table 2. This implies that grain structures with 
thinner walls of higher material strength-to-weight ratio can be produced using La as an 
additive to CuAlNiMn SMA without any adverse effect on strength performance [42,43]. 
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3.3.6 Fracture Toughness Properties 

Figure 6 shows the evaluation of the fracture toughness for the CuAlNiMn SMA. The stated 

values are valid for fracture toughness, as condition,  𝐷 ≥ (
𝐾1𝑐

𝜎𝑦
)2, given for the requirements 

for planar strain for the cylindrical round sample geometry were satisfied [27]. The micro-
addition of La is noted to increase the fracture toughness of the CuAlNiMn SMA. 22.5% increase 
in fracture toughness was achieved for C2 with La addition. The inclusion of the rare metal in 
the alloy composition enhances the ability of the CuAlNiMn SMA to prevent the propagation of 
cracks. This is because the addition of La to CuAlNiMn SMA causes a stabilizing and refining 
impact on the grain, enhancing the alloy's toughness and resistance to the propagation of crack 
[39]. This means that in an application where impact absorption and resistance to fracture are 
essential service requirements, the CuAlNiMn SMA with La will be more dependable [42]. 

 

 

Fig. 6. Variation of specific strength and fracture toughness of the produced compositions 

3.4 Corrosion Behavior  

The variation of weight loss (mg) and corrosion penetration rate (mm/yr.) of the CuAlNiMn 
SMA in 0.5 M NaCl and 1.0 M NaCl solutions are presented in Fig. 7 and Fig. 8 respectively. Fig. 
7(a), shows that the weight losses of the two alloy systems produced were less than 9 mg in the 
NaCl solution after 240 hours of experiment. The micro-addition of La has a modest effect on 
the alloy's resistance to corrosion in the solution, as may be seen by careful observation. 
Compared to the unmodified composition (C1) the corrosion tendency of the alloy was slightly 
reduced with the addition of the rare element. Fig 7(b) shows the weight loss variation in 1.0 
M NaCl solution. It was noted that the weight losses of the compositions were less than 10.0 mg 
in the NaCl solution after 240 hours of experiment. The compositions are influenced by the 
addition of La rare earth metal, which results in a considerable weight decrease compared to 
the unmodified alloy (C1), which exhibits the greatest weight loss throughout the experiment. 
Figure 8 shows the corrosion penetration rate of the produced compositions in 0.5 M and 1.0 
M of NaCl solutions. It was observed that the corrosion rate of the La-modified composition was 
reduced compared with the unmodified composition. It was also observed in Fig. 8(a) and 8(b) 
that C2 showed a resistance to corrosion (lowest corrosion penetrated rate) throughout the 
study while it was so evident at 114 hours for 0.5 M of NaCl solution and 96 hours for 1.0 M of 
NaCl solutions. In Fig. 7 and 8, it is observed that the addition of La to the CuAlNiMn SMA 
resulted in a significant improvement of the corrosion resistance of the CuAlNiMn SMA in NaCl 
solution. 
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(a) 

 

(b) 

Fig. 7. (a) Variation of weight loss for the produced CuAlNiMn-based SMA immersed in 
0.5M NaCl solution, (b) Variation of weight loss for the produced CuAlNiMn-based SMA 

immersed in 1.0M NaCl solution 

 

(a) 

 

(b) 

Fig. 8. (a) Variation of Corrosion Penetration Rate for the produced CuAlNiMn-based SMA 
immersed in 0.5 M NaCl solution, (b) Variation of Corrosion Penetration Rate for the 

produced CuAlNiMn-based SMA immersed in 1.0 M NaCl solution 

After the corrosion test, the surfaces were subjected to an ultrasonic treatment in deionized 
water, dried in a desiccator, and then evaluated under an optical microscope at a magnification 
of 10 to ascertain the surface state, as illustrated in Fig. 9. Pits are evident on the surfaces of C1 
and C2 as shown in Fig. 9a and 9b, which show a 0.5 M NaCl solution, but the surface of C2 
shows less pitting corrosion. Also, both C1 and C2 of the 1.0 M NaCl solution in Fig. 9c and 9d 
follow the same pattern as Fig. 9a and 9b but there is more evidence of pitting corrosion 
compared to Fig. 9a and 9b due to the higher concentration of NaCl in the solution. This is a 
positive indicator that micro-additions of La into CuAlNiMn alloy can improve the corrosion 
resistance for applications in environments with moderate NaCl concentrations  
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(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. 9. Optical Microscope images of the samples with corroded surfaces; (a) C1 of 0.5 M of 
NaCl solution, (b) C2 of 0.5 M of NaCl solution, (c) C1 of 1.0 M of NaCl solution, and (d) C2 of 

1.0 M of NaCl solution 

4. Research Significance  

Rare metals can greatly improve the performance of copper-based shape memory alloys 
(SMAs), providing several benefits for both basic science and practical applications. La metal 
addition to CuAlNiMn system is an active field of study with broad implications for applied 
engineering. It results in improved mechanical properties, increased resistance to corrosion, 
and the possibility of new, cutting-edge applications. This study attempts in developing a high-
performance material suited for harsh environment. 

5. Knowledge Gaps 

Rare earth metals have been employed by several authors in their SMA research, it has been 
discovered that these metals are limited in availability in Cu-based SMAs. The influence of 
Lanthanum as an enhancer for improved grain characteristics, mechanical, and corrosion 
properties of CuAlNiMn shape memory alloy in its as-cast state have been examined in this 
study. Although the as-cast condition is the main emphasis, these alloys may be optimized by 
investigating various benefits and constraints in the solution treatments. Furthermore, 
alternative metal-forming processes (such as powder metallurgy and rapid solidification) and 
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their effects on the inclusion and dispersion of rare metals in Cu-based SMAs have not been 
well explored. This requires a grasp of how processing factors influence the final properties of 
the alloy's system. 

6. Comparison of Previous Studies with The Current Study 

It is evident from Table 3, that the inclusion of rare elements in the Cu-based SMA affects its 
properties. These elements produced a shape memory alloy system with a refined grain 
structure and could control the amount of austenite to martensite transition [47]. More study 
is necessary to fully understand the potential of La addition to Cu-based SMA since the effect 
has not been well studied. 

Table 3. Comparative table showing the properties’ results of the previous studies on Cu-based 
SMA and the current study with additions of rare metals 

Reference(s) 
Shape Memory Alloy 

(SMA) 
Hardness 

(HV) 
Strength 

(MPa) 
Strain 

(%) 
Porosity 

(%) 

Corrosion 
Rate 

(mm/yr.) 

[45] 

CuAlNi 223.6 270 1.65 - - 

CuAlNi0.97wt%Mn 225.4 450 3 - - 

CuAlNi0.99wt%Ti 236.4 680 2.8 - - 

CuAlNi1.14wt% Co 345 650 7 - - 

[46] 

Cu11Al5Mn0.7Ti 190 266.5 0.65 - - 

Cu11Al5Mn0.7Ti1Ta 233.5 386.1 1.05 - - 

Cu11Al5Mn0.7Ti2Ta 247.2 393.6 1.22 - - 

Cu11Al5Mn0.7Ti3Ta 211.9 357.4 0.98 - - 

[47] 

Cu-14Al-4.5Ni - 622 12.66 - - 

Cu-14Al-4.5Ni-0.3Ce - 659 16.45 - - 

Cu-14Al-4.5Ni-1Ce - 637 15.35 - - 

Cu-14Al-4.5Ni-3Ce - 340 6.99 - - 

[48] 

Cu-11.9Al-2.5Mn - 380 3.5 - - 

Cu-11.9Al-2.5Mn-
0.4CuZr 

- 540 4.3 - - 

Cu-11.9Al-2.5Mn-
0.5CuZr 

- 530 7.0 - - 

Cu-11.9Al-2.5Mn-
0.7CuZr 

- 545 7.2 - - 

Cu-11.9Al-2.5Mn-
0.9CuZr 

- 720 8.5 - - 

Cu-11.9Al-2.5Mn-
1.0CuZr 

- 450 3.7 - - 

[49] 
 
 

(Cu83Al12M
n5)1-x Cex 

(Cu83Al12Mn5)100 Ce0 - 600 11 - - 

(Cu83Al12Mn5)99.5 Ce 
0.05 

- 890 15 - - 

(Cu83Al12Mn5)99.90 Ce0.1 - 800 16.7 - - 

(Cu83Al12Mn5)99.85 
Ce0.15 

- 790 20.5 - - 

[50] Cu-12.5Al-4Ni - - - 12.96 2.68 
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7. Conclusions 

CuAlNiMn alloy containing Lanthanum micro-alloying element has its mechanical properties, 
corrosion behavior, and grain characteristics adequately studied. The detailed outcomes of the 
present study are as follows:  

• The microstructures and grain features directly affect the remarkable increase in 
mechanical properties that alloyed CuAlNiMn alloy demonstrates. The microstructure 
was composed of combinations of Cu-rich α-phase, β-phase with a substantial volume 
portion, and a huge coarse intermetallic compound called α+γ2.  

• Adding La to the CuAlNiMn alloy caused a notable increase in the alloy's characteristics 
through grain refining. Following the micro-addition of the alloying element, the parent 
alloy's average grain size reduced from 9.25 μm to 6.08 μm, resulting in improved 
mechanical characteristics.  

• The CuAlNiMn alloy without alloying elements performed the least favorably in terms 
of physical properties, with 1.12% porosity, and mechanical properties, with 9.75 BHV 
of hardness, 160.21 MPa of UTS, 108.15 MPa of yield strength, 0.052 of fracture strain, 
5.2% of elongation, 19.89 MPa/gcm3 of specific strength, and 6.99 MPa.m1/2 of fracture 
toughness. In contrast, the CuAlNiMnLa alloy system achieved a lower percentage of 
porosity, higher value of hardness, UTS, yield strength, fracture strain, %elongation, 
specific strength, and fracture strain, with values of 1.10%, 10.80 BHV, 205.77 MPa, 
135.71 MPa, 0.065, 6.5%, 25.57 MPa/gcm3, and 8.91 MPa.m1/2, respectively. 

• Within the chosen media (0.5 M and 1.0 M of NaCl solutions), it was noticed from the 
corrosion rate and weight loss plots that the developed modified CuAlNiMn SMA 
exhibited a notable increase in corrosion resistance. 

• After 240 hours in a 0.5 M NaCl solution, the corrosion rates of CuAlNiMn decreased 
from 0.144 mm/yr. to 0.087 mm/yr. while CuAlNiMnLa from 0.096 mm/yr. to 0.067 
mm/yr. Additionally, after 240 hours of exposure to 1.0 M NaCl solution, the corrosion 
rates of CuAlNiMn decreased from 0.144 mm/yr. to 0.096 mm/yr., while CuAlNiMnLa 
decreased from 0.096 mm/yr. to 0.077 mm/yr. 

• The micro-addition of lanthanum considerably enhanced the corrosion behavior, 
mechanical, and physical properties of the CuAlNiMn alloy.  
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Cu-12.5Al-4Ni-1Ta - - - 9.0 1.79 

Cu-12.5Al-4Ni-2Ta - - - 7.5 0.74 

Cu-12.5Al-4Ni-3Ta - - - 11.0 0.29 

Current 
Study 

Cu-14Al-4.5Ni-0.7Mn 9.75 160.21 5.2 1.12 0.087 

Cu-14Al-4.5Ni-0.7Mn-
0.06La 

10.8 205.77 6.5 1.10 0.067 
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Nomenclature 

SMA – Shape Memory Alloy 
SME – Shape Memory Effect 
C1 – Composition 1 
C2 – Composition 2 
Cu - Copper 
Al – Aluminum 
Ni – Nickel 
Mn – Manganese 
La – Lanthanum 
Ce – Cerium 
Ti – Titanium 
Ga – Gallium 
Zn – Zinc 
Fe – Iron 
Si – Silicon 
Au – Gold 
Ag – Silver 
Cd – Cadmium 

Pt – Platinum 
Co – Cobalt 
FeCl3 – Iron (III) Chloride 
HCl – Hydrochloric Acid 
NaCl – Sodium Chloride 
CPR – Corrosion Penetration Rate 

𝜌𝐶  = Density of the composition 

𝜌𝐸= Density of the element 

𝑉𝐸 = Volume fraction of the element 
∑ = Summation 

𝜌𝑇 = Theoretical density 

𝜌𝐸𝑋 = Experimental density 
CNT = Circumferential notch tensile 

𝐾1𝑐  = Fracture toughness 

𝑝𝑓 = Fracture load 

D = Guage diameter 
d = Notch diameter 
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