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Abstract 
 

Shape memory alloys (SMAs) are utilized as an actuator for the heat engine to harvest energy from low-temperature 
geothermal sources, such as hot springs, which convert thermal energy into mechanical work. However, the alloy processing 
and engine design still require optimization to improve performance and durability. To discuss their potential as heat engine 
actuator, this study investigated the influence of oxide films on the TiNiCu SMAs in terms of surface and structural properties, 
recovery forces, and corrosion resistance. The results show that the surfaces of the etched samples were relatively coarser 
than those unetched with lower oxygen content. With the presence of oxide film, the Austenite Finish Temperature (Af) 
temperature of the unetched SMAs was lower with R-phase transformation. Also, it provided higher recovery force at above 
Af temperature (as high as 8.3 N at 70-mm displacement). Furthermore, the corrosion resistance of the unetched SMAs was 
higher than the etched samples, as analyzed by open-circuit potential and linear polarization in natural spring water at 70°C. 
These findings imply that the presence of oxide film could be beneficial for the SMAs when used as an actuator for heat 
engines, although it may require further study to investigate its impact on the fatigue behavior of the alloys. 
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1. Introduction 

Global warming has emerged as one of the major crises 

nowadays. The rise in average temperature was attributed to 

the release of greenhouse gases, particularly from fossil fuel 

consumption. As a result, alternative approaches have been 

implemented to mitigate this issue, including the use of solar 

or geothermal energy.[1] However, the efficiency of these 

approaches is also dependent on the condition of the sources, 

such as the accessible sunlight or the temperature of 

geothermal sources. Despite abundant availability, hot springs, 

one of the most commonly accessible geothermal energy 

sources across over 80 countries, are regarded as low-grade 

heat sources due to their low temperature ranging between 21 

and 149 °C.[2,3] Besides, this temperature range is also 

generally considered as low-efficiency for energy harvest.[3]  

During the past few decades, several attempts have been 

made to harvest heat from low-temperature sources,[4-7] one of 

which is the use of shape memory alloy (SMA) heat engine.[8] 

This approach is based on the thermoelastic properties of 

SMAs, which undergo phase changes between B19' 

monoclinic (martensite) and B2 cubic (austenite) influenced 

by temperature changes, resulting in force and displacement 

generation.[9-11] As a result, SMAs are used as actuators for 

several heat engine designs, which have been demonstrated to 

successfully convert heat to mechanical work at various power 

densities and efficiencies.[9,12,13] Nonetheless, the durability of 
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the SMA heat engine may also require further optimization as 

a number of cyclic deformations are taking place during the 

operation that could lead to fatigue.[14] Moreover, material 

degradation could also occur when SMAs are exposed to the 

environment, potentially affecting their force and 

displacement generation.  

Common types of SMAs are TiNi-based, which are known 

for their excellent corrosion resistance. This is primarily due 

to the stability of the oxide films and interfaces formed on the 

surface of the alloys. In some cases, these oxide layers also 

affect phase transformation, such as the presence of the 

rhombohedral phase (R-phase).[15] Moreover, some alloying 

elements, such as Cu,  have also been introduced to improve 

the structural properties of TiNi-based alloys. In general, thin 

and smooth oxide layers are formed on the surface of TiNi-

based alloys through oxidation below 500 °C[16] and become 

thick and porous at above 600°C with other interfacial layers, 

including TiO2 and Ti-Ni intermetallic compounds.[16-20] These 

layers are formed by atomic diffusion and the oxidation 

reaction at the surface. As a result, localized changes in the 

alloy composition are possible, depending on the heat 

treatment composition.[21,22] Furthermore, it has also been 

shown that oxide formation layers on the TiNi alloys could 

increase the stress required to induce martensitic 

transformation, strength and hardness; nonetheless, the 

excessive oxide formation could significantly reduce the 

ductility.[21,23,24] It could be seen that properties of SMAs can be 

manipulated through surface oxidation; however, the limited 

number of studies has demonstrated and discussed whether or 

not the presence of the oxide layers is beneficial for the 

application of SMAs as the heat engine actuator in terms of 

performance and durability.[25]  

Furthermore, excessive oxide formation could also be 

regarded as a surface imperfection affecting materials 

properties and may be removed for aesthetic reasons. 

Therefore, this study aims to investigate the influence of oxide 

films on the performance of TiNiCu SMAs as the heat engine 

actuator and their corrosion resistance when exposed to 

natural spring water. Forces generated by the alloys and the 

corresponding displacement are measured and discussed 

alongside surface and corrosion resistance characterization. In 

addition, the offset crankshaft mechanism is also used for the 

pilot test. It is expected the findings from this study will 

provide beneficial information for the SMA heat engine design 

in the future. 

 

2. Materials and methods 

2.1 TiNiCu shape memory alloys (SMAs) 

SMA wires with a diameter of 0.7 mm (NT-H8 As-Drawn, 

Furukawa Techno Material) were used in this study. These 

wires were shaped into a helical spring-like structure with an 

inner spring diameter of 4 mm (spring index of 6.71).[26] The 

shaped wires underwent two different annealing treatment 

conditions: one at 350 °C for 30 minutes; and another for 60 

minutes. Following the annealing process, the wires were 

promptly quenched in ice-cold water. Finally, the etching 

process was carried out by immersing in a mixture of 48% 

hydrofluoric acid (LobaChemie), 70% nitric acid (UNIVAR®, 

Ajax Finechem), and distilled water (volume ratio of 1:4:5) 

followed by washing in distilled water and methanol, 

respectively. The duration of the etching process was 

controlled at approximately 1 minute to remove the oxide 

layers of a specific set of samples and avoid significant effects 

on the underlying layer. 

 

2.2 Surface characterization and profile measurement 

The surface of the samples was characterized using 3D 

confocal laser microscope (OLYMPUS LEXT OLS5000-

SAF). Laser images were taken at 20X magnification, from 

which the corresponding transverse profiles were measured 

using the 'manufacturer's software. 

 

2.3 Scanning electron microscope and energy dispersive X-

Ray spectroscopy (SEM-EDS) 

A cross-section of the samples was sputter coated with gold 

and examined using SEM at a magnification of 5,000X with 

20 kV accelerating voltage (Apreo S, ThermoFisher 

Scientific). Relative chemical compositions across the depth 

from the outer layer were qualitatively analyzed using energy 

dispersive X-ray spectroscope (EDS) (Ultim® Max, Oxford 

Instruments) line scan at 10,000X magnification, including Ti, 

Ni, Cu, and O. 

 

2.4 Differential scanning calorimetry (DSC) 

Differential scanning calorimetry (DSC) was used to analyze 

the samples' phase transformation temperatures (METTLER 

TOLEDO, DSC-1) by measuring thermal changes within the 

specific temperature range. Samples were heated from room 

temperature (RT) to 100 °C and cooled down to 0 °C before 

being heated again to 100 °C. The heating and cooling rate was 

set at 10 °C/min.[27] Martensite start (Ms) and finish (Mf) 

transformation temperatures were determined using the 

extrapolated tangential method from the peaks during the 

cooling cycle. On the other hand, Austenite start (As) and (Af) 

transformation temperatures were determined from the second 

heating cycle. 

 

2.5 Recovery force measurement 

A universal tensile testing machine equipped with 100-N load 

cell (MultiTest 2.5-i, Mecmesin) was used to measure force 

and displacement generated by the SMA springs. The test was 

conducted at 5 mm/min speed up to the total displacement of 

70 mm. The testing temperature was maintained at 70 °C by 

submerging the sample holders in an acrylic tank filled with 

circulated water from an external water bath (Alpha A 6, 

LAUDA, Lauda-Königshofen, Germany). An initial pre-load 

of 0.1 N was applied to ensure minimal clearance before the 

test. Maximum recovery forces were statistically analyzed 

using the Real Statistics Resource Pack software (Release 

8.9.1).[28] 
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2.6 Corrosion test 

The corrosion resistance of the samples in this study was based 

on the measurement of open-circuit potential (OCP) and linear 

polarization resistance (LPR). The test was carried out at 70 ± 

1 °C using natural spring water (Aura, TIPCO FOODS PCL.) 

as an electrolyte to mimic the natural geothermal hot spring 

environment. The compositions of the natural spring water 

used in this study are shown in Table 1, as provided by the 

manufacturer. The three-electrode cell was assembled using Pt 

counter electrode, Ag/AgCl reference electrode, and sample as 

the working electrode. OCP was measured for 3,600 seconds, 

followed by LPR measurement from -600 to 1,600 mV vs 

Ag/AgCl using a potentiostat (Metrohm drop sets, µStat-i 400) 

at 20 mV/min, with a scanning range.[29] The obtained data 

were analyzed using the 'manufacturer's software. 

Table 1. Nominal chemical composition of natural spring mineral 

water. 

Nominal Chemical Composition mg/L 

Silica 50 

Calcium 57 

Potassium 1.5 

Magnesium 6.5 

Bicarbonate 220 

Chloride <1 

Fluoride 0.39 

Sulphate 6 

Sodium 4 

pH 7.6 

2.7 Offset crankshaft SMA heat engine mechanism 

The mechanism used for the pilot study was adapted and 

modified from the previous work, which was the offset 

crankshaft.[26] The outer and inner wheel diameters were 400 

and 63 mm, respectively. The widths of wheels were 310 mm 

for the outer wheel and 210 mm for the inner. Two wheels were 

connected via 8 rows of SMA actuators, each containing 13 

springs with 20 mm spacing. The rows were located along the 

surface of the outer wheel at 27.3° and of the inner wheel at 

8.3° from the longitudinal axis of the wheel. The distance 

between rows was 225 mm and 112 mm on the outer and inner 

wheels, respectively. Other relevant dimensions are shown in 

Figs. 1(a) and 1(b). It is noted that the SMA springs used in 

this pilot study were annealed at 350 °C for 60 minutes without 

subsequent etching. 

The pilot study was conducted at the nominal water 

temperature of 70 °C, and the actual temperature was 

monitored using digital thermocouples with an accuracy of 

±1 °C. The torque generated by the engine was measured using 

an advanced force and torque indicator (AFTI, Mecmesin) 

equipped with a rotary torque sensor (Model 2100-175, NCTE) 

and variable dead weight (Koshin Seikosho PERMA-TORK 

HC4-4J Brake Clutch) attached to the shaft of the engine, as 

shown in Fig. 1(c). In addition, a digital timer and a manual 

revolution counter were used to determine the average 

rotational speed, which was also required to determine the 

mechanical output power of this engine as power equals torque 

multiplied by rotational speed.[ 2 6 ] On the other hand, the 

overall efficiency of the engine was calculated by dividing the 

calculated mechanical work (Wout) by the heat required for the  

 
Fig. 1 Front-view (a) and side-view (b) diagrams and the actual image (c) of the offset crankshaft SMA heat engine used for pilot 

study. 
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austenitic transformation of the SMAs (Qin) analyzed from the 

DSC curve, assuming that the SMAs have uniformly 

undergone complete martensite-to-austenite transformation in 

each cycle.[26,30-32] The apparent Qin per cycle calculated in this 

study was 1,019 J using 104 SMA spring actuators with an 

average spring mass of 1.8 g per spring. 

 

3. Results 

3.1 Surface characterization 

Images of the surfaces of SMA samples annealed at 350 °C for 

30 and 60 min with and without etching are shown in Fig. 2, 

from which the significant differences were not visually 

noticeable. On the other hand, surface profiles from each 

sample were also measured and shown in Fig. 3. The etched 

samples' surfaces were noticeably coarser than those of no-

etching samples. 

The surfaces of the samples were further characterized in 

terms of their cross-sectional appearance and chemical 

composition using SEM-EDS line scan, of which the relative 

data are shown in Figs. 4 and 5, respectively. In addition to Ti, 

Ni, and Cu, it could be seen that the O content was relatively 

higher on the surface of no-etching samples (Figs. 5(a) and 

5(c)) than those of etched (Figs. 5(b) and 5(d)), particularly at 

the outer surface. The difference was more evident in the 

sample annealed for 60 min. Furthermore, it could also be 

observed that the oxide thickness was approximately 1 µm for 

30-min annealed samples and 1.5 µm for 60-min. 

 

3.2 Phase transformation 

Phase transformation temperatures of the samples were 

determined by DSC. Exothermic and endothermic changes in 

the heat flow across the samples within the temperature 

ranging between 0 °C and 100 °C are shown in Fig. 6 The 

endothermic changes in the heat flow during the heating cycle 

corresponded to the structural transformation from B19' 

monoclinic to B2 cubic, whereas the exothermic changes in 

the cooling cycle were corresponding to the transformation 

from B2 to B19'. It could be noted that neither endothermic 

nor exothermic changes in heat flow were observed in the as-

drawn samples. Furthermore, the presence of intermediate R-

phase was also noticeable from double peaks of the DSC curve 

obtained from the no-etching sample annealed for 60 min.[33] 

The transformation temperatures were also quantified and 

presented in Table 2. 

 
Fig. 2 Laser images of the surface of SMA samples annealed at 350 °C for 30 min with (a) and without etching (b) and for 60 min 

with (c) and without etching (d) at 20X magnification. 
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Fig. 3 Surface profiles of the SMA samples annealed at 350 °C for 30 and 60 min with and without etching. 

 
Fig. 4 Representative cross-sectional SEM images across the outer surface of the SMA samples annealed at 350 °C for 30 min with 

(a) and without etching (b) and for 60 min with (c) and without etching (d) at 5,000X magnification. 
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Fig. 5 Relative chemical composition across the depth from the outer surface of the SMA samples annealed at 350 °C for 30 min 

with (a) and without etching (b) and for 60 min with (c) and without etching (d).

 
Fig. 6 DSC curves of the SMA samples annealed at 350 °C for 30 min with (a) and without etching (b) and for 60 min with (c) and 

without etching (d). 
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Table 2. Quantified transformation temperature of the SMA samples from DSC curves. 

Samples 
Transformation Temperature (°C) 

Ms Mf Rs Rf As Af 

350°C 30 min Etching                         52.0 13.5 - - 25.5 63.5 

350°C 30 min No Etching                         52.5 14.3 - - 25.0 62.3 

350°C 60 min Etching                         52.0 15.8 - - 33.0 64.3 

350°C 60 min No Etching                         31.5 27.5 38.0 32.5 38.3 41.5 

Ms = Martensite start temperature 

Mf = Martensite finish temperature 

Rs = Rhombohedral start temperature 

Rf = Rhombohedral finish temperature 

As = Austenite start temperature 

Af = Austenite finish temperature 

 

It is understood that the optimal operating temperature of 

the SMA samples would be higher than their Af at the heating 

side and lower than their Ms at the cooling side, which were 

over 64.3 °C and below 52.0 °C, respectively, for the samples 

in this study. Moreover, it was found from the results that 

etching does not significantly affect the transformation 

temperatures of the samples annealed for 30 min. On the other 

hand, the etching effect was significant in the samples 

annealed for 60 min as the presence of R-phase was 

suppressed after the etching process. Moreover, the presence 

of R-phase has significantly reduced Af to 41.5 °C and Ms to 

31.5 °C. 

 

3.3 Recovery force measurement 

Figure 7 shows the measured recovery force and displacement 

from the SMA spring samples at 70 °C, which is higher than 

Af temperature of all samples. The result shows that the 

influence of etching was not significant when annealing the 

samples for 30 min, with the average maximum recovery force 

of 6.05 N and 6.28 N for etched and unetched samples at 70-

mm displacement, respectively. On the other hand, the 

difference was significant in the samples annealed for 60 min. 

The average maximum recovery force of etched and unetched 

samples was 7.35 N and 8.32 N, respectively. Moreover, it 

could also be noticed that the longer annealing time could also 

result in a significant increase in the average maximum 

recovery force, as shown in the figure. In addition, the values 

of measured maximum recovery forces used for ANOVA 

analysis are tabulated in Table 3. 

Table 3. The measured maximum recovery forces used for ANOVA analyses. 

Samples 
Measured Maximum Recovery Force (N) 

Sample 1 Sample 2 Sample 3 Mean SD 

350°C 30 min Etching                         6.182 5.988 5.988 6.053 0.112 

350°C 30 min No Etching                         6.466 6.033 6.331 6.276 0.222 

350°C 60 min Etching                         7.899 7.272 6.884 7.352 0.512 

350°C 60 min No Etching                         8.019 8.467 8.481 8.322 0.263 

 
Fig. 7 Representative recovery force within 70-mm displacement (left) and the average maximum recovery force (right) measured 

from the SMA spring samples at 70 °C. Error bars represent SD (n = 3). * represents p < 0.05 (One-way ANOVA with 'Tukey's 

HSD pairwise comparison).
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3.4 Corrosion test 

The measured open-circuit potentials (OCPs) and linear 

polarization resistance (LPR) curves are shown in Fig. 8. It 

was observed from the results that the OCP of the samples 

annealed for 30 min were stabilizing towards 0.0075 V and 

0.0594 V for etched and unetched condition, respectively. On 

the other hand, the OCPs were 0.0156 V and 0.0642 V for 

etched and unetched samples annealed for 60 min, respectively. 

It could be seen that etching and the increased annealing time 

could result in the lower OCP. Moreover, the LPR curves have 

demonstrated that passivation occurred in etched samples and 

was not observable from the unetched samples. The LPR data 

were then fitted to obtain Ecorr and Icorr, as shown in Table 4. 

The results showed that the etched samples tend to exhibit 

lower Ecorr than the unetched samples from similar annealing 

conditions. However, Icorr was also found to have a similar 

trend. 

Table 4. Fitted Ecorr and Icorr from the linear polarization curves 

of the SMA samples. 

 Ecorr (V) Icorr (µA/cm2) 

30 min Etching -0.046 0.053 

30 min No Etching -0.040 0.311 

60 min Etching -0.038 0.132 

60 min No Etching -0.031 0.239 

 

3.5 Performance of the pilot offset crankshaft SMA heat 

engine 

Due to the promising properties, the unetched samples 

annealed for 60 min were used as actuators for the pilot offset 

crankshaft SMA heat engine test. Torque and rotational speed 

were measured when submerging the engine in water at 70 °C. 

The measured data were then used to calculate mechanical 

power and efficiency. The results are shown in Fig. 9. It can 

be seen that the engine could successfully convert thermal 

energy into mechanical work with the maximum torque and 

power of 4.75 N.m and 2.512 W, respectively. On the other 

hand, the maximum efficiency of this pilot engine was at 

0.99%, and the rotational speed could be as high as 31 rpm. 

 

4. Discussion 

4.1 Surface properties of the SMA samples 

Chemical etching is one of the common techniques for 

modifying the surfaces of metallic samples to meet various 

engineering requirements, such as sample preparation for 

optical microstructure analysis, and aesthetic requirements, 

such as surface decontamination from oxide layer or other 

contaminants. It could be seen from the results that etching has 

interacted with the surfaces of SMA samples, resulting in 

changes in the surface roughness and the oxygen content. 

Although the changes in the surface roughness may not be 

evident, the reduced oxygen content in the surface indicates 

that the oxide layer was removed by etching and thus the 

influence of oxide film can be discussed by comparing etched 

and unetched samples. 

In general, oxide films are formed on the surface of Ti-

based SMAs via oxidation, which could be induced by heat 

treatment. This is generally not a concern for alloy processing 

as it could protect the alloy from corrosion. However, it was 

also suggested that excessive oxide formation could affect the 

alloys' structural transformation and mechanical properties.[34] 

Since the oxide is a brittle ceramic phase that does not exhibit 

shape memory effect, it could hinder the phase transformation 

and performance of the alloys. In this study, heat treatment at 

350 °C was used to induce shape memory of the TiNiCu alloys 

into the helical spring shape, which was lower than the 

temperature used in previous oxidation studies on the TiNi.[21-

24] Therefore, it could be expected that only thin layers of 

oxides would be formed on the samples as indicated by the 

 
Fig. 8 The open-circuit potentials (left) and linear polarization resistance curves (right) of the SMA samples submerged in natural 

spring water at 70 °C. 
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Fig. 9 Torque, mechanical power, and efficiency of the pilot offset crankshaft SMA heat engine using the unetched samples annealed 

for 60 min. 

 

SEM-EDS line scan, and the thickness could increase with 

prolonged treatment time.[16,35] Furthermore, the composition 

of the oxide formed is expected to be TiO2 as it is widely 

understood that Ti oxidizes relatively easier than other 

elements in the alloys used in this study, including Ni and Cu, 

with possible Ti-Ni intermetallic layer being formed 

underneath.[21-24,35,36] Although the chemical composition from 

the EDS line scan is consistent with the previous study, this 

study discusses the influence of the oxide layer collectively 

and may require further characterization to identify its exact 

composition.[21] 

 

4.2 Phase transformation and recovery force of the SMA 

samples 

During the operation as the heat engine actuator, the 

microstructure of Ti-based SMAs could be in three different 

phases: B2 cubic austenite, B19' monoclinic martensite; and, 

occasionally, rhombohedral phase (R-phase).[37] Based on the 

results from DSC, it could be seen that the effect of oxide films 

on transformation temperature was not evident in the sample 

annealed for 30 min; however, it became evident when 

annealing the samples for 60 min as phase transformation to 

R-phase was not visible after etching. This could be because 

oxide formation was not sufficiently formed to affect the alloy 

properties. It is also noted that the forward transformation 

temperatures to austenite and backward transformation 

temperatures of each sample are different due to thermal 

hysteresis from lattice distortion. 

The R-phase exhibits a structure similar to B19' 

(monoclinic structure) and has a rhombohedral structure with 

limited flexibility.[38] The presence of R-phase is reported to be 

common in aged TiNiCu alloys, and this could be beneficial 

for use as a heat engine actuator as R-phase transformation 

exhibits smaller thermal hysteresis (approximately 5 °C) and 

less lattice distortion than martensitic transformation.[34] In 

addition to the oxide, the R-phase transformation could also 

be induced by other alloy processing methods, such as 

precipitation, thermal cycling, and the introduction of a third 

element.[39,40] Furthermore, it could be noticed that the 

increased annealing time could increase As transformation 

temperature, particularly in etched samples. This observation 

could be due to the strengthening effect within the internal 

structure, including the formation of small precipitates. As a 

result, it would require higher energy to transform the matrix 

structure, resulting in a higher as transformation 

temperature.[41] 

In terms of the heat engine application, the alloys would 

operate at above their Af temperature on one side and lower 

than their Ms temperature on the other side of the engine in 

order to induce force and displacement through the cycles of 

austenitic-martensitic transformation, known as shape 

memory effect. In order to characterize the recovery force of 

the SMA samples, this study has carried out a test using a 

modified universal tensile testing machine to measure the 

force generated by the samples at 70 °C, which is above Af of 

all test samples. It could be noticed from the results that, 

despite comparable Af temperatures, the etched samples 

without the presence of R-phase exhibited significantly 

different maximum recovery force, and it is directly 

proportional to the annealing time. This observation implies 

that the stability of the austenite phase could direct the level of 

force generated by the SMA actuator. Furthermore, when 
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comparing with unetched samples, it is noticeable that the 

influence of the oxide films on the recovery force was not 

significant in the samples annealed for 30 min. 

On the other hand, the difference became significant in the 

samples annealed for 60 min, partly due to the presence of R-

phase transformation. These findings are consistent with the 

DSC data, suggesting that the formation of oxide was 

insufficient for affecting samples' properties with 30-min 

annealing. Moreover, it would also be worth pointing out that 

annealing longer than 60 minutes may potentially affect the 

properties of the SMAs as the alloy compositions could 

significantly change from diffusion during the oxide formation, 

such as stress-induced martensite and shape memory 

effects.[21-24] 

4.3 Corrosion resistance and feasibility of heat engine 

application 

Corrosion is one of the concerns when operating metallic 

engineering parts in humidified environments, including the 

use of heat engines to harvest geothermal energy from hot 

springs. Therefore, this study has investigated the corrosion 

resistance of the SMAs in natural spring water. The results 

indicate that the etched samples tend to have lower OCP than 

unetched, suggesting that they are more reactive to oxidative 

reactions.[42] This observation highlights the role of oxide films 

in preventing metal corrosion, which has already been widely 

noted, and this application is no different. Furthermore, the 

LPR curves have also shown consistent trends with the OCP 

data, from which the etched samples have exhibited lower Ecorr. 

This observation implies that the samples without oxide films 

tend to have lower stability in the oxidative environment, 

indicating lower corrosion resistance. The passivation 

characteristics were observed from the etched samples, which 

indicates the formation of new protective films.[43,44] The 

formed passive film was primarily composed of TiO2, which 

is commonly observed in Ti alloys.[45] By comparing the data 

between etched and unetched samples, it is understood that the 

presence of oxide films on the alloy surface could enhance 

corrosion resistance.[46] However, it is worth pointing out the 

difference in Icorr between etched and unetched samples. In 

theory, Icorr indicates the rate of electrochemical reactions, 

which is directly proportional to the corrosion rate.[47] Despite 

the lower Ecorr, the etched samples also exhibited lower Icorr 

than the etched samples, indicating the slower corrosion rate 

than the unetched samples. This could be interpreted that, 

although the etched sample is more likely to undergo oxidative 

reactions, it could form passive film in situ that slows down 

the reactions.[47] On the contrary, the unetched samples with 

oxide film presented are less likely to undergo oxidative 

reactions, but once the corrosion occurs, the rate could be high. 

Therefore, it is worth noting that long-term surface stability 

could also be another point to consider when designing the 

SMA actuator for heat engine applications, alongside other 

properties. In addition, it could also be noticed that the 

unetched samples annealed for 60 min exhibited greater 

corrosion resistance than 30 min. This could be because the 

longer annealing time has resulted in higher structural stability, 

which is reflected by greater corrosion resistance.[46]  

Based on the results, it could be decided that the unetched 

samples annealed for 60 min provide the lowest Af 

transformation temperature, the highest recovery force, and 

high corrosion resistance. Therefore, this condition was 

selected for a pilot test for heat engine application, and it was 

shown to be capable of driving the offset crankshaft heat 

engine to convert thermal energy into mechanical work at 

70 °C. It is observed from the results that the engine could 

operate at a wide range of rotational speed and torque, which 

delivers various power and efficiency. This information can be 

used to couple the engine with a suitable generator for optimal 

power generation in the future. Although it has been shown 

earlier that the performance of the engine was dependent on 

the geometry and water temperature, this study suggests 

another factor that could be used for engine optimization, 

which is the oxide formed on the surface of the SMA 

actuators.[26] Despite a similar trend, it may not be appropriate 

to compare the performance of the pilot engine in this study 

with the previous one due to the difference in engine geometry, 

and it could be expected that the performance of this engine 

could improve with increasing water temperature.[26] 

Nonetheless, this study has confirmed that etching may not be 

necessary during the alloy processing; however, the optimal 

oxide condition could still be inconclusive as it could affect 

the fatigue behavior of the alloys.[14] Therefore, it would be of 

interest to future studies to investigate the influence of the 

oxide films on the fatigue properties of the SMA actuators 

used for heat engine application. 

 

5. Conclusions 

It could be concluded from this study that oxide films formed 

on the surface of SMAs are beneficial for use as heat engine 

actuators due to the following reasons. Firstly, the oxide could 

influence R-phase transformation, lowering Af transformation 

and increasing the force generated from the shape memory 

effect. Secondly, the oxide works as a protective layer to 

prevent SMAs from corrosion when using heat engine to 

harvest the energy from geothermal hot springs. Heat-treated 

samples at 350°C for 60 min without etching were the most 

suitable for using as heat engine actuator for harvesting 

geothermal energy from hot springs. However, further study 

may be required to investigate the influence of oxide films on 

the fatigue properties of the SMAs, which could dictate the 

heat engine's durability.  
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